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century solar cells
Alan Richard Bowman

Abstract

This thesis focuses on the development of the next generation of solar panels. The motivation
behind this work is explained in Chapter 1. Chapter 2 gives a background to solar panels,
semiconductors and thesis relevant materials while main experimental and theoretical tools
used are introduced in Chapter 3.

Spectroscopic measurements are used to better understand recombination and passivation
in halide perovskites in Chapters 4 and 5. Specifically, low-bandgap halide perovskites
are studied in Chapter 4. They are demonstrated to have significantly longer lifetimes
and higher photoluminescence quantum efficiencies (PLQEs) than has previously been
observed. Furthermore, zinc iodide is shown to increase these materials’ tolerance to oxygen
substantially. It is shown that zinc iodide increases the mixing of lead and tin, removing
tin rich (oxygen sensitive) clumps from the surface of the material. Chapter 5 introduces a
method to obtain ratios between recombination rates in luminescent semiconductors rapidly
using PLQE measurements. Extracted rates agree well with those from transient absorption
spectroscopy. It is also demonstrated that non-radiative second order processes exist in halide
perovskites and cannot be explained by parasitic absorption alone. This approach will allow
for faster screening of solar cell absorber materials.

Chapters 6 and 7 shed new light on the role of re-emitted photons in solar cells. Photon re-
cycling, especially its relationship to controllable parameters, is quantified in single junction
solar cells and light emitting diodes (LEDs) in Chapter 6. Photon recycling and device per-
formance are both shown to improve for increased absorber thickness, better back reflection
and reduced charge trapping. However, photon recycling reduces and device performance
increases for better light management. Photon recycling is also found to be significantly
more important in LEDs than solar cells at operating voltages. Chapter 7 calculates the
limiting efficiency of two-absorber layer all-halide perovskite and halide perovskite-silicon



tandem solar cells using measured recombination rates as 40.8 % and 42.0 %. Luminescence
coupling (the emission of light from the high-bandgap layer and its re-absorption in the low-
bandgap layer) is found to be important in both these devices at experimentally achievable
charge trapping rates. This process relaxes current matching requirements, giving tandems
better spectral tolerance and allowing for lower bandgap, more stable halide perovskites to
be used as the high-bandgap absorber in tandems.

Chapter 8 explores a halide perovskite/singlet fission material interface. Experiments
screening for triplet transfer from singlet fission materials to halide perovskites are presented.
Triplet transfer was not observed in any experiment. The interface was modelled using
density functional theory; its formation energy is found to be weak and triplets are shown to
remain strongly localised on tetracene, even at a clean interface optimal for triplet transfer.
This goes some way to explain the experimental lack of triplet transfer. Finally, Chapter 9
summarises all findings and suggests future research directions.

All the work presented herein helps to pave the way towards a future with cheap, high
efficiency solar panels.
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Chapter 1

Introduction

1.1 A little history

The earth formed approximately 4.5 billion years ago [1]. Within one billion years life had
emerged in a myriad of forms [2]. All of these early life forms lived in the oceans, while
the proto-continents remained a barren wasteland. It is unclear when creatures first hauled
themselves onto the bare rock, but modern inhabitants, mainly algae and plants, made the
jump around 500 million years ago [3].

If a human were to travel back and watch the emergence of early plants, they would
struggle to breathe. There was much less oxygen in the atmosphere (less than 15 %, compared
with 21 % today) and much more carbon dioxide (ten times present day levels) [4]. These
conditions were ideal for plants and they spread rapidly. In fact, there are more coal deposits
(the remnants of plants) from this time than at any subsequent period in history. Slowly, plants
reduced the atmosphere’s CO2 level, and the temperature of the Earth followed. Whenever
CO2 and subsequently temperature have increased, plant life has (eventually) reduced the
levels again, as shown in Figure 1.1. While the CO2 level in the atmosphere has oscillated
significantly over the past 400 million years, oxygen content has steadily increased. This
allowed for the emergence of large animals, life as it is known today and of course, humans.

For most of humanity’s existence people have worked with their hands. However, Homo
Sapiens (alongside many other species) has always sought ways to make this work easier.
Fire is an early example, while the potential of steam power was first understood by the
Romans [5]. Coal deposits left by the earliest plants started to be burnt at scale in the late
18th century.

The industrial revolution harnessed energy stored in materials, enabling one person to do
work that would previously have required many people. It also made machines much more
efficient. Rather than reduce land and energy use, the opposite occurred. This conundrum is
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1.1 A little history

Fig. 1.1 Temperature (red line) and carbon dioxide levels (grey line) over the past 400 million
years. The formation of both coal deposits and ice sheets is represented in the lower plot.
Reproduced with permission of Cambridge University Press through PLSclear from ‘A short
introduction to Climate Change’ by T. Eggleton [4].

known as Jevon’s paradox [6]: something that is more efficient enables each person to do
more, which can increase total resource use.

Over the past 200 years, humanity has returned significant CO2 to the atmosphere and
dramatically reduced biodiversity on the planet. While global warming was first discussed
in the 1850s [7], it was only considered to be having an important effect in the late 1900s.
Similarly, the full scale of biodiversity reduction has only recently become apparent [8, 9]. It
is unlikely that making energy consuming devices (e.g. lighting, heating) more efficient will
alone counteract these effects. Therefore, humanity’s main energy source needs to change to
one that does not emit CO2, and ideally this should be done in a way that uses the smallest
possible amount of land. Renewable and nuclear energy sources will play a large part in this
transition.

This thesis focuses on one of the most promising renewable energy technologies: solar
panels.
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1.2 Solar energy

1.2 Solar energy

The conversion of solar energy into electrical energy was first observed in 1839 by Alexandre
Edmond Becquerel [10, 11]. This effect did not receive significant attention as a means of
generating energy for over a century. In the 1950s, energy needed to be generated in space
for satellites, marking the start of in-depth research into solar energy. Initially, solar panels
were too expensive for widespread use on Earth. This began to change in the 1970s, and
terrestrial solar panels became more widespread in the 1990s. Figure 1.2 plots world energy
consumption over the past ten years. Renewable energy sources (excluding hydroelectric
power, which was mostly installed in the 1900s and remained stable since) represent a small
part of total energy production (∼ 5 %), but they are also, relatively, the fastest growing
sector. Solar panels currently make up about 25 % of renewable energy production [12].

Fig. 1.2 Energy consumption over the past ten years, broken down by energy source. Repro-
duced using data from BP Statistical Energy Review 2020 [12].

From the 1950s to the present, the majority of terrestrial solar panels have been based
on one material: silicon. In Figure 1.3 the world record efficiency of different silicon solar
panel modules with time is plotted. Their efficiency has not increased significantly since the
early 1990s, remaining between 20 % and 25 %, primarily because by then silicon-based
solar cells were already well optimised devices for generating electricity. Since the 1990s the
important change has been the cost of silicon solar panels, which has dropped dramatically:
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approximately by a factor of 100 [13]. Today, the main expense of a silicon solar panel system
is the balance of systems cost (i.e. everything besides the solar panel, including installation
costs and other electrical components) [14]. This limits the rate at which solar energy
can displace other (CO2 emitting) forms of energy production (as improved manufacturing
processes will no longer drive costs down). To make terrestrial solar panels cheaper, their
efficiency must be increased for only a small increase in price.

Fig. 1.3 World record efficiencies of different silicon solar panel modules since 1990. Repro-
duced using data from the National Renewable Energy Laboratory [15].

To increase the efficiency of commercially available solar cells further, a device with two
layers absorbing different regions of the sun’s light is required (see Chapter 2). This can be
achieved either by adding a second absorbing layer to a silicon solar panel, or by combining
two entirely new materials. One promising material class which can be used in both of these
designs and is studied in most of this thesis is halide perovskites.

1.3 Halide perovskites

Halide perovskites were discovered to be promising materials for solar panels about a decade
ago [16]. They absorb light strongly and have relatively few energy loss mechanisms [17].
Importantly, halide perovskite based solar panels are predicted to be commercially competi-
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tive with silicon solar cells [18]. Since halide perovskites’ inception as solar panels, module
efficiencies have increased rapidly from 12.1 % in 2016 to 17.9 % today [15]. Such a rapid
efficiency increase is unprecedented in solar panel history. However, for a new product to
displace an existing technology it needs unique selling points. Halide perovskites promise
several beyond just higher efficiency solar panels:

• more flexible solar cells

• lightweight applications (for example in space [19])

• reduced material use per unit energy generated.

In short, halide perovskites are a strong contender to be the next generation of com-
mercially competitive solar panels. Significant progress has been made in using halide
perovskites as solar cells, but many questions remain. Understanding fundamental mecha-
nisms, and assessing how these relate to solar cell efficiency, will be key to improving these
materials as solar cells further.
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Chapter 2

How solar cells work

This chapter outlines the principles of solar cell operation and introduces the main materials
relevant to this work.

2.1 Idealised solar cells

A solar cell is a box which absorbs light and converts it to electricity. Its key operational
parameter is the fraction of the incident (light) energy converted to electrical energy: its
efficiency. To understand solar cells it is first useful to consider what a perfect solar cell
looks like i.e. a solar cell with maximum efficiency. There are two general approaches to
calculating maximum solar cell efficiencies, those based solely on thermodynamic principles,
and those including detailed balance models [20]. Detailed balance models, which equate
the number of incident photons to the number of emitted photons and extracted electrons, are
more useful here as they relate more closely to current solar cell materials and designs. The
limiting efficiency of a solar cell with a single absorber layer was calculated using a detailed
balance model in the seminal work by Shockley and Queisser [21], and is briefly outlined
here. Solar cells with multiple absorber layers, which can exceed this efficiency, are then
introduced.

2.1.1 The Shockley-Queisser model

Shockley and Queisser initially consider a body which absorbs all light incident on it;
this is the commonly referred to ‘black body’ which sparked the revolution of quantum
mechanics [22]. High energy photons incident on a black body at room temperature will
increase the black body’s temperature slightly. It is not possible to extract significant
quantities of energy from this black body as its temperature is still close to room temperature.
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2.1 Idealised solar cells

Therefore, most of the energy available from the high-energy photon has been lost. To
circumvent this, the body is changed so that it only absorbs and emits energy above some
specific energy Eg, termed the bandgap. Now each absorbed photon can add energy of
approximately Eg to the body.

If the absorber is at equilibrium (i.e. in the dark) it must absorb and emit the same number
of photons to maintain a constant temperature. The number of photons incident on the body
in the dark at energy E is that radiated by the surroundings, given by the black body emission
spectrum per unit area, per unit energy, per unit solid angle:

φBB(E) =
2E2e−

E
kBT

h3c2
γ

. (2.1)

Here kBT is the thermal energy, h Planck’s constant and cγ the speed of light in a vacuum.
Therefore, at all energies above Eg the light emitted by the body is also φBB(E). The

body is then placed out of equilibrium (but still in the dark) by having a chemical potential
µ (also referred to as the quasi-Fermi level splitting), so the emitted light increases by a
factor e

µ

kBT (see Würfel et al. for details [23]). Here the Shockley approximation, that

(e
E−µ

kBT + 1)−1 ≈ e
µ−E
kBT , has been made which is true provided that µ ≪ E. As φBB is per

unit solid angle, an assumption about the surface of the solar cell must be made. Here it is
assumed to be flat so interacts with a full 2π hemisphere of surroundings. This allows the net
emitted light from the body (per unit area) to be written as

π

∫
∞

Eg
φBB(E)dE(e

µ

kBT −1) =
J0

e
(e

µ

kBT −1) (2.2)

where J0 is typically referred to as the recombination current and e is the charge of an
electron.

The energy in sunlight depends on the number and energy of photons emitted by the
sun, the distance of the earth to the sun, and the composition of the atmosphere. The solar
spectrum can vary significantly during the course of a day and throughout a year. Early
descriptions of solar cells modelled the sun as a black body emitter at 6000 K [21], but it
is now standard to use the experimentally measured AM1.5 solar spectrum for efficiency
calculations of terrestrial solar panels (as is done in this thesis) [24, 25, 26]. This corresponds
to ‘typical’ solar conditions during a sunny day, based on an analysis of multiple locations in
the United States [27]. The intensity of the global (i.e. full sky) AM1.5 spectrum is 1000
Wm−2, which is distributed over wavelengths in the visible and infra-red spectrum. It is
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shown in Figure 2.1a, and the photon flux from AM1.5 per unit area is defined as φAM1.5(E).
The current density extracted from an ideal solar cell, J(µ), can now be defined as the
difference between absorbed photons and emitted photons multiplied by e:

Fig. 2.1 a) The AM1.5 global solar spectrum. b) The current-voltage (solid black line) and
power-voltage (dashed red line) curves for an idealised solar cell with bandgap of 1.1 eV.
The short-circuit current, Jsc, open circuit voltage, Voc and maximum power point, MPP are
marked on the figure.

J(µ) = e
∫

∞

Eg
φAM1.5(E)dE − J0(e

µ

kBT −1) = Jsc − J0(e
µ

kBT −1). (2.3)

Here Jsc is referred to as the short-circuit current and the solar panel’s surface is assumed
perpendicular to the incident solar radiation.

To calculate the limiting efficiency, some assumption must be made about the relationship
between the external voltage applied across the solar cell, V , and the chemical potential µ .
The chemical potential is defined as the energy change when an excitation is removed from
the absorber, and the voltage as the energy per unit of charge in the external circuit. In an
ideal case these are equal, that is µ = eV . This allows for a calculation of the maximum
efficiency of a solar cell as the maximum of

J(eV )V
IAM1.5

(2.4)

where IAM1.5 is the incident power per unit area. The current-voltage and power-voltage
relationships are plotted for a body with 1.1 eV bandgap in Figure 2.1b. Jsc is marked
alongside the open circuit voltage (Voc), where the extracted current goes to 0, and the
maximum power point (MPP). The maximum power can be extracted when a voltage of ∼
0.78 V is applied.
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Figure 2.2 presents the maximum efficiency of a solar panel with one absorber layer
under AM1.5 as a function of bandgap. It can be seen that the maximum efficiency is 33.8
% for bandgap of ∼1.34 eV. Hirst et al. [28] discuss the loss processes associated with this
solar cell design via a thermodynamic analysis. These loss mechanisms are: all energy above
the bandgap is lost as excitations generated by absorbed photons rapidly relax in energy
to Eg (termed thermalisation); photons below the bandgap are not absorbed; some light is
re-emitted to the surroundings; and (as termed in Hirst et al.’s work) there are unavoidable
Carnot efficiency losses.

Fig. 2.2 Efficiency of a single absorber layer solar cell under AM1.5, as a function of
bandgap.

2.1.2 Extending efficiency limits

Several approaches have been suggested to extend efficiency limits beyond 33 %. The two
most relevant to this thesis are: multi-junction tandem solar cells [29]; and singlet fission
materials [30]. The former has been commercialised and demonstrated to work well, while
the latter is a nascent technology yet to reach market. Importantly, commercialised tandem
solar cells are currently too expensive for widespread applications [31].

Tandem and singlet fission solar cell approaches are both based on having more than one
material to absorb light. If two bodies have different bandgaps, Eg1 and Eg2 (where subscript
1 corresponds to the lower-bandgap material), then they can absorb complementary parts
of the solar spectrum, with respective short-circuit currents Jsc1 = e

∫ Eg2
Eg1 φAM1.5(E)dE and

Jsc2 = e
∫

∞

Eg2 φAM1.5(E)dE. Here the same total number of photons are absorbed as a single
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2.1 Idealised solar cells

absorber layer with Eg = Eg1 , but photons absorbed in the higher bandgap material retain
more energy compared to the case of a single absorber layer (Eg2 instead of Eg1).

Tandem solar cells

Different designs exist for tandem solar cells depending on how charges are extracted from
the device. Specifically, each absorbing layer can be in a separate external circuit (a four-
terminal cell), three electrodes can be used, or all charges flow through both absorbing layers,
a two-terminal cell (see Figure 2.3). The operation of two-terminal tandem solar cells with
two absorber layers is discussed here, as these are likely to be the most commercially relevant
(as they have the fewest layers); extensions to more absorber layers are well discussed in the
literature [29].

As excitations flow through both absorber layers in a two-terminal cell, they must be
excited by two photons, one in each absorber layer. This means the same current must flow
through each absorber layer, termed current-matching, which places additional constraints
on the device design. The total voltage across the two-terminal tandem solar cell is given by
V =V1 +V2, the sum of the voltages in the sub-cells, and the current out of the tandem is

J(V ) = Jsc1 − J01(e
V1

kBT −1) = Jsc2 − J02(e
V2

kBT −1). (2.5)

The equality of the currents determines V1 and V2.
The limiting efficiency of a tandem solar cell is found in the same way as in a single

bandgap solar cell, by maximising JV
IAM1.5

. For a two-terminal tandem solar cell under AM1.5
the maximum efficiency is given by 45.8 %, significantly beyond that of a single junction
solar cell (c.f. Figure 2.2). The limiting efficiency of tandem solar cells is explored further in
section 7.2.

Singlet-fission solar cells

A second approach to extracting energy from two absorber layers is converting one high-
energy excitation into two lower energy excitations, and injecting these low energy excitations
into the low bandgap absorber layer or directly removing them to an external circuit. One
process which can convert one high-energy excitation into two low-energy excitations is
singlet fission [32]. Singlet fission has been observed in a number of molecular crystals and
is discussed further in section 2.3.2. The maximum efficiency from a singlet-fission-based
solar cell is comparable to that given by two-terminal tandem solar cells: 45.9 % [30], but
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2.2 Real absorber layers

Fig. 2.3 Schematics of four, three and two-terminal tandem solar cells are shown in a), b) and
c) respectively. In each case high- and low-energy photons (blue and orange dashed lines)
are absorbed in the high- and low-bandgap sub-cells (labelled Eg2 and Eg1). Net current
flowing into and out of the tandem cell is shown by solid black lines in each case. Current
matching is only required in the two-terminal tandem solar cell.

importantly current matching is not required as each excitation is extracted to an external
circuit after absorbing only one photon.

2.2 Real absorber layers

The discussion thus far has focused on ideal black-body-like absorber layers. This has
required the following assumptions:

• All incident light above the bandgap is absorbed and none below the bandgap is
absorbed

• Excitations are extracted only to an external circuit or re-emitted to the surroundings

• No energy is lost from material relaxation (Stokes shift) following photon absorption

• Any motion of excitations within the body can be ignored (i.e. charge extraction is
instantaneous)

• There are no resistive losses in the solar cell

• The external circuit voltage is equal to the chemical potential.

Approaches that go beyond the first two of these assumptions are discussed here and
these models are used throughout this thesis.

No material will absorb all incident light on it at all energies. Instead, some fraction
adirect(E) is absorbed at energy E, referred to as the absorptance (where the ‘direct’ sub-
script corresponds to light incident perpendicular to the solar cell’s surface). Importantly,
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the absorptance for sunlight is different to light absorbed from the surroundings, due to
sunlight being incident only from one direction. The above descriptions of short-circuit
and recombination currents (c.f. equation 2.3) are adapted to be e

∫
adirect(E)φAM1.5(E)dE

and eπ
∫

a(E)φBB(E)dE respectively (assuming no Stokes shift, see section 3.2.1). These
integrals are now over all energy rather than from a bandgap energy, as in real systems
the bandgap is less well defined and sub-bandgap absorption is possible. Specific forms of
absorptance are discussed in Chapter 3.

For most solar cell materials additional loss processes can occur which remove excitations
from the system (beyond extraction to an external circuit and emission to the surroundings).
These processes are in general referred to as non-radiative recombination events. The
mathematical form of these processes depends on the specific material being studied, but
they typically correspond to interaction of excitations with ‘trapping centres’ within the
material (where the excitation can no longer travel freely) and the transfer of energy from
one excitation to a second excitation (resulting in fewer excitations than there previously
were). Generally, non-radiative recombination processes can be a function of voltage and
illumination, so the governing equation for a single absorber layer is adapted to

J(V ) = Jsc − J0(e
eV

kBT −1)− JNR(V,Jsc) (2.6)

where JNR describes the non-radiative recombination current densities.

2.3 Materials

2.3.1 Semiconductors

Any atom in isolation has a discrete set of electronic energy levels. When atoms bond together
to form large solid materials their energy levels interact with those of other atoms. A mix of
thermal effects and (in some cases) long range order cause these energy levels to become
smeared into quasi-continuous energy states, referred to as bands. At zero temperature,
electrons will occupy these bands to some energy level, termed the valence band maximum
(VBM) or highest occupied molecular orbital, and above this level states will be unoccupied.
The lowest unoccupied state is termed the conduction band minimum (CBM) or lowest
unoccupied molecular orbital. The size of the bandgap, that is the energy difference between
the VBM and the CBM, determines whether the material is a conductor (no bandgap), a
semiconductor (small bandgap) or an insulator (large bandgap): see Figure 2.4.

12



2.3 Materials

Fig. 2.4 As the number of atoms increases in a molecule or crystal the energy levels become
smeared, eventually resulting in insulators, semiconductors and metals. The dashed line
corresponds to the Fermi level, the maximum energy level occupied at 0 K.

When a material absorbs a photon an electron gains extra energy, taking it to an energy
higher than the VBM. A material which only absorbs light above a bandgap comparable to the
energy of the solar spectrum is, by necessity, a semiconductor. Some general semiconductor
properties relevant to this thesis are discussed and then specific materials (or material classes)
introduced.

Background doping

At 0 K (and with no zero-point motion) the valence band is fully occupied and the conduction
band is empty. At finite temperature and while still in equilibrium a small number of electrons
will be promoted from the valence band to the conduction band. The number of promoted
electrons is referred to as the background density of electrons, ni. Similarly, the empty states
left in the valence band are referred to as the background density of holes, pi. For an intrinsic
semiconductor ni = pi, while for a doped semiconductor ni can be different from pi. Doped
systems occur due to localised states existing between the VBM and CBM which results in
the promotion of additional holes or electrons into only one band [33].

When light is incident on a semiconductor, measuring or calculating the total number
of excited electrons or holes is difficult. However, for a reasonable bandgap (∼> 0.1 eV) it
can be assumed that the distribution of excited electrons and holes both follow Boltzmann
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statistics with their own chemical potentials µn and µp, that is n = nie
µn

kBT ; p = pie
µp

kBT i.e.
the excited charge densities are described relative to the background doping level. The total
chemical potential (as introduced in section 2.1.1) is µ = µn +µp.

Emission

Following absorption of a photon, excitations readily relax to valence and conduction band
edges. At this point a process frequently referred to as bandgap re-normalisation or Stokes
shift occurs, where the bandgap of the semiconductor reduces (for example, due to atomic
re-arrangements as a bond has been broken, see section 3.2.1 for further discussion). This
represents an additional loss mechanism when solar cells operate, so in the majority of good
solar cell materials this process is small. In the limiting case of no Stokes shift, emission
and absorption are mathematically equivalent processes (due to time reversal symmetry).
This means that the emission of light with energy E (per unit volume, per unit energy)
within a semiconductor can be described as 4πα(E)n(E)2φBB(E)e

µ

kBT [34]. Here α(E) is
the absorption coefficient of the material (per unit length) and n(E) the (real) refractive index.
The 4π factor originates from emission into a sphere and n(E)2 is present as the density of
photon states is higher inside a semiconductor by this factor [33].

From an electronic point of view, the probability of photon emission is determined by
the number of holes in the valence band, the number of electrons in the conduction band,
and a factor describing the probability of radiative recombination, br. Therefore, the two
expressions for photon emission can be equated to give

brni pi = 4π

∫
α(E)n(E)2

φBB(E)dE. (2.7)

This is generally referred to as the van Roosbroeck-Shockley relation.

2.3.2 Materials for solar cells

The bandgap of a solar cell should be of the order of 1 eV (c.f. Figure 2.2). Addition-
ally, any material for solar cells should strongly absorb light, have small Stokes shift and
transport excitations efficiently. A significant number of materials have been demonstrated
as having desirable properties for solar cells. Commercially available materials include
silicon, cadmium telluride, copper indium gallium selenide and III-V semiconductors [35].
Those attracting significant interest from research communities include a range of organic
semiconductors, quantum dots and halide perovskites [36, 37, 16].
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Silicon

Silicon solar panels currently make up 90 % of the commercial market [38]. These panels
were developed as an offshoot from the computer industry, where silicon has been highly
refined for use as a semiconductor. From a physical perspective silicon is not a particularly
good material for solar panels, but due to low manufacturing costs it is one of the cheapest
solar panels available. The main drawback of silicon is that it has an indirect bandgap.
This means any electron absorbing a photon must receive some additional momentum
simultaneously [35]. Absorption is thus an unlikely process so silicon is on the order of 100
µm thick in a solar cell, between 100 and 1000 times thicker than the absorber layer in all
other solar panels. Once a photon has been absorbed, the indirect bandgap makes it harder
for this extra energy to be lost radiatively, so in a well passivated layer of silicon charges
can travel the large distances required for them to be extracted to an external circuit [39].
Commercial silicon solar cells currently have efficiencies of 20 % to 25 % (see Chapter 1).

Halide perovskites

Halide perovskites are the focus of a large portion of this thesis. These materials were studied
in the 1990s, but their photophysics were not significantly explored at this time [40]. They
were first tried in solar cells in 2010 and showed significant promise. Halide perovskites
have several advantageous properties, including tunable and direct bandgaps [41], strong
absorption above the bandgap [42], an ability to be solution processed [16], long charge
diffusion lengths (greater than those required in solar panels [43]) and a high tolerance to
defects [17].

The empirical formula of the perovskite crystal structure is ABX3. Depending on
temperature, pressure and the Goldschmidt tolerance factor (or similar metric, see [44])
the unit cell can be cubic, tetragonal, orthorhombic, trigonal or monoclinic [42]. In the
halide perovskites first investigated for solar cells, A is methylammonium (CH3NH+

3 , MA
for short), B is lead, C is iodine and a tetragonal structure is adopted at room temperature and
pressure [45]. While the inclusion of MA suggests an organic/inorganic material, the A site
cation has very little involvement in the electronic structure, where delocalised wavefunctions
form in accordance with traditional inorganic semiconductors [46].

Many chemical substitutions to all the components in MAPbI3 have now been explored.
Exchanging part or all of the A site cation for formamidinium [43] (HC(NH2)+2 , FA for short)
or caesium [47] increases the stability of the compound and enhances charge extraction.
When a fraction of lead is replaced with tin, the bandgap of the halide perovskite can be
reduced from 1.6 eV to about 1.25 eV [48, 49] (Figure 2.5). Similarly, exchanging iodine with
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chlorine or bromine can be used to raise the bandgap of a halide perovskite to a maximum of
3 eV, although this can introduce additional stability issues [50, 51].

Fig. 2.5 Change in bandgap of a halide perovskite as lead is replaced with tin. Similar effects
are seen for different proportions of caesium at the A site. Reproduced with permission from
Prasanna et al. [49].

Perhaps the most surprising property of halide perovskites is their high tolerance of
trap states. The density of traps in halide perovskites is higher than in other photovoltaic
technologies (on the order of 1015 cm−3 compared to 1013 cm−3 for copper indium gallium
selenide cells), but charge lifetimes are much longer than for comparable materials [17].
Posited reasons include charges existing in traps for long periods of time (screening traps
from other charges) [52] or trap states mainly existing within valence and conduction bands.
Recently charge traps have been observed to be mainly on halide perovskite surfaces and
between some (but not all) grain boundaries [53]. Appropriate passivation techniques,
including adding organic molecules or monovalent cations to the halide perovskite, have
been shown to remove some of these defects [54, 55].

Several techniques have been employed to understand the radiative and non-radiative
loss mechanisms in halide perovskites. These have found that halide perovskites follow first,
second and third order loss processes at excitation densities approximately greater than 0.1
suns (noting that more advanced trapping models need to be employed at lower excitation
densities, see Kiligaridis et al. for more details [56], and that loss processes are not an explicit
function of illumination). That is, for excitation density n of electrons and holes within the
material, decay processes will go as [57, 58]
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dn
dt

=−an−bn2 − cn3. (2.8)

where a, b and c are the first, second and third order loss processes and t is time. These
are generally interpreted to be loss due to charge trapping, second order processes (some
of which is radiative recombination, see Chapter 5) and Auger recombination respectively.
Charge trapping and Auger recombination are both non-radiative processes so contribute to
JNR in solar cells. Auger recombination is an intrinsic process which where one electron and
hole recombine and the excess energy is transferred to another excited charge carrier [33].

Halide perovskites have shown great promise in single junction solar cells. More ex-
citingly, halide perovskites are predicted to have a low enough levelised cost of energy to
make commercially competitive tandem solar cells, in both all-halide perovskite and halide
perovskite-silicon combinations (see Chapter 7) [18, 59]. However, two significant concerns
constrain halide perovskites from being immediately commercialised: stability and lead
content. Halide perovskite solar cell efficiencies can drop quickly following fabrication and
the material is not fully stable when light is incident on it. Several degradation pathways have
been identified, including reactions with oxygen, light-induced degradation, diffusion of ions
within the halide perovskite, and diffusion of ions between the halide perovskite and other
layers of the solar cell [60]. Techniques to mitigate many of these degradation pathways
have now been developed [55, 54, 61]. The content of lead within halide perovskites is
also a barrier to commercialisation, as many governments are trying to phase out the use of
lead. Tin based halide perovskites may provide a solution here, as well as the possibility of
exceptions to some legislation combined with judicious recycling programmes. While not
the focus of this work, it should also be emphasised that many other applications of halide
perovskites are being explored, including use as light emitting diodes and transistors [62,
63].

In summary, metal halide perovskites have the potential to be a new form of solar cell
with high efficiencies and low production costs. The main barriers to commercialisation are
the long term stability of halide perovskites in real world conditions and potential toxicity
issues. Many groups around the world are working on solving these issues [64, 65] and
start-up companies are hoping to bring the first halide perovskite based products to market in
the next few years [66, 67].
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Singlet fission materials

Materials observed to carry out singlet fission are based on small organic molecules. This
means that, unlike in silicon or halide perovskites, optical excitations are typically in the form
of excitons, where the excited electron and hole are strongly bound together [33]. Excitons
have a total spin of 1 or 0 (when electron and hole spins of 1

2 align or anti-align), which
are described as triplet and singlet states respectively. Typically the ground state of organic
molecules are singlet states, meaning that only singlet states can absorb and emit photons (to
conserve spin).

In singlet fission materials one high energy singlet exciton (generated by light absorption)
is converted into two low energy triplet excitons on adjacent molecules [32, 36], as shown in
Figure 2.6. Both triplets have approximately half the energy of the singlet. Singlet fission has
been observed in a range of organic molecules, the most promising of which are derivative of
four and five membered acenes (tetracene and pentacene) [68, 69, 70, 71, 72]. The conversion
efficiency of singlet to triplet is very high in these acenes, with some groups suggesting
close to 100 % of singlets are converted [73, 74]. In pentacene this conversion occurs over
ultra-short timescales (∼ 100 fs [70]) while in tetracene the conversion is slower (∼ 100 ps
[69]).

Fig. 2.6 The process of singlet fission. An excited singlet exciton, S1, is generated from the
ground state, S0, on a molecule. By coupling with the neighbouring molecule this singlet is
converted into two triplets, one on each molecule, termed T1. Circled numbers correspond
to the order in which processes occur. Reprinted with permission from Smith et al. [32].
Copyright 2010 American Chemical Society.

Spin is conserved in small organic molecules, so it is important to consider how singlet
fission can proceed. The excited singlet state has spin 0, so the total spin of the two triplet
states must also be spin 0. Each triplet can adopt three quantum spin numbers in a spin 1
manifold, 1, 0 or -1. Therefore, the two triplets have, in the absence of an external magnetic
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field, three possible routes for singlet fission to occur by (where the overall spin of the
triplet-triplet state is 0). The singlet state is thought to convert into two free triplets via some
form of bound triplet-triplet state, though the exact nature of the intermediate state is still
under discussion [75].

When singlet fission materials are exposed to magnetic fields, different linear combi-
nations of spin states become eigenstates of the system. At high magnetic field, only two
triplet-triplet eigenstates have spin 0, so singlet fission is less likely to occur. As only singlet
states can emit light, and singlet fission occurs less at high magnetic field, singlet fission
materials emit more light at high magnetic field [76, 77]. More generally, singlet fission
materials have a characteristic change in emitted light with applied magnetic field, as shown
in Figure 2.7.

Fig. 2.7 The change in photoluminescence intensity (PL) as a function of magnetic field for
the singlet fission material 1,6-Diphenyl-1,3,5-hexatriene. Fabrication details for this sample
can be found in Appendix A.7.1

Singlet fission by itself does not increase solar cell efficiency. Rather, any singlet fission
material must be coupled to a second absorber material with lower-bandgap, most likely
an inorganic semiconductor. Ideally, this material would have an energy comparable to the
triplet energy in the singlet fission material. It has proven difficult to extract triplet excitons
from singlet fission materials directly into inorganic systems. Triplets have been extracted
into PbS and PbSe quantum dots and, more recently, to silicon solar cells [78, 79, 80, 81].
However, this transfer and more generally what determines whether triplets will transfer
remains poorly understood. This is further discussed in Chapter 8.
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Chapter 3

Measurements and models

The main experimental and theoretical techniques relevant to this thesis are now introduced.
All additional experimental and modelling details can be found in Appendices A and B.

3.1 Experimental tools

3.1.1 Generating light

Most experiments in this work use lasers and white light sources to excite materials and solar
cells.

Lasers

Lasers generate coherent, quasi-monochromatic (single wavelength) light. In general they
fall into two categories: continuous wave and pulsed. The former generate a uniform
number of photons at all times, while the latter produce short bursts of photons, with some
frequency of pulse generation (here this typically lies between 1 kHz and 100 MHz). All
lasers produce light following the same basic principle of population inversion, where a
material is electrically driven until there are more excitations in an excited state than the
ground state (Figure 3.1 plots this for a three level system). This population inversion is
unstable so causes a transition of excitations from the excited state to the ground state, and a
corresponding strong emission of light at a single wavelength. For experiments carried out
here lasers produced near ultra-violet, visible or near-infra-red light (300-1000 nm) and were
based on diode lasers [82].
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Fig. 3.1 Schematic of population inversion and lasing. Charges are pumped from the ground
state (E0) to an excited state (E2, blue arrow) and then rapidly fall in energy to a long-
lived lower energy state (E1, green arrow). If pumping is sufficiently rapid this builds up a
population inversion, where there are more excitations in the excited state then the ground
state, which can result in lasing (as marked on figure by the dashed red line).

White light sources

Exciting a solar cell material with one wavelength of light is useful for understanding photo-
physical properties, but, as discussed in Chapter 2, the sun generates light at a range of
wavelengths which is approximately given by the black-body emission spectrum. This can
be mimicked by heating a thin metal wire surrounded by a noble gas to a high temperature,
for example a tungsten-halogen light source. A typical emission spectrum from such a
source is shown in Figure 3.2, alongside a comparison with black-body radiation at a similar
temperature.

3.1.2 Cameras

Cameras are used in this thesis to observe light emitted from solar cell absorber materials.
The detection of light in cameras uses the same technology as a solar cell: the absorption
of a photon within a material, which generates an excited charge, followed by the charge’s
extraction to an external circuit. Consequently, solar cell materials are also used as the
detection layer in cameras: typically silicon is used for observation of visible light (350-
950 nm) and InGaAs for near-infra-red light (up to ∼1800 nm). Importantly, a single
semiconductor pixel cannot detect the wavelength of the light incident on it, so diffraction
gratings are used to split incident light into different wavelengths, with each wavelength
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Fig. 3.2 Calibrated emission spectrum from the Thorlabs SLS201L temperature stabilised
tungsten white light source, compared with the Black-Body emission spectrum at 2796 K, as
taken from the Thorlabs website [83].

incident on a separate pixel (Figure 3.3). This combination of diffraction grating and detector
allows for good observation of light in the visible and infra-red wavelength range with
sub-nm precision.

Fig. 3.3 Multi-wavelength light is emitted from a source (dashed arrows) and enters the
spectrometer. It is incident on a diffraction grating which splits the light into different
wavelength components. Each component is incident on a separate pixel on the camera,
allowing for wavelength resolution.

3.2 Spectroscopic experimental techniques

The majority of experimental techniques relevant to this thesis are spectroscopic in nature i.e.
they are a measurement of emitted light.
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3.2.1 Photoluminescence and photoluminescence quantum efficiency

When light is absorbed by a sample it generates excited charges. Photons can then be emitted
from the sample (photoluminescence, or PL) and recorded as a function of wavelength
by a camera, with a typical result shown in Figure 3.4a. PL measurements are useful by
themselves, especially in telling whether the sample emits with a single sharp peak or a
broader spectrum, which can be suggestive of a range of effects including vibronic coupling
and trapped charges. If the absorption coefficient of a sample is known, then in combination
with the PL it can be established whether the sample emits in a similar way to a black
body (i.e. with no Stokes shift), or with a large Stokes shift, which is suggestive of a large
reorganisation of atoms within the material after excitation (Figure 3.4b). It is noted that
detailed balance models presented in Chapter 2 still hold when Stokes shifts occur, but with
the material’s bandgap being lowered by the energy lost in this reorganisation [84].

Fig. 3.4 a) The typical result of a photoluminescence measurement. Laser emission is
recorded at 520 nm and sample emission between 700 nm and 900 nm. b) The Stokes shift is
the difference in energy between the absorption and emission spectrum of the same electronic
transition. In an ideal (black-body) case there would be no difference in energy. Image by
Sobarwiki [85].

The photoluminescence quantum efficiency (PLQE) of a sample is defined as

PLQE =
Number of photons emitted

Number of photons absorbed
. (3.1)

To record the total number of emitted photons, relative to those absorbed, an integrating
sphere is used. The inside of an integrating sphere is painted in a material which scatters
light in a relatively uniform manner across all wavelengths considered and in all directions.
Three spectrally resolved measurements are taken to measure the PLQE. In the first the
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laser beam enters the sphere with no sample present, giving a measure of the laser counts
which will be incident on the sample, La. In the second measurement the laser beam is
incident on the wall of the sphere and the sample in the sphere, giving a measure of the
laser not indirectly absorbed by the sample, Lb, and any photoluminescence due to indirect
absorption, Pb. In the final measurement the laser beam is directly incident on the sample,
allowing for laser counts not absorbed, Lc, and the total sample photoluminescence, Pc, to
be measured. These correspond to measurements a), b) and c) respectively in Figure 3.5,
and this approach is commonly referred to as the de-Mello method [86]. The fraction of
light absorbed by the sample is given by A = 1− Lc

Lb
and the PLQE = Pc−(1−A)Pb

LaA . For a
luminescent semiconductor typical PLQE values are on the order of a few percent, while for
isolated molecules in solution or nanoparticles values can be close to 100 % [87, 88].

Fig. 3.5 The three measurements taken to record PLQE are shown: a) sphere is illuminated
with no sample present; b) sphere is illuminated with sample in sphere, but not on the direct
laser path; and c) sample is directly illuminated by laser beam. Reproduced with permission
from de Mello et al. [86].

Using standard error analysis the error in a PLQE measurement is given by

σ
2
PLQE =

(
σLaPLQE

La

)2

+
(σPb(1−A))2 +σ2

Pc
(LaA)2 +σ

2
A

(
Pc −Pb

LaA2

)2

. (3.2)

Here σLa, σPb, σPc and σA are the error in La, Pb, Pc and A respectively. Importantly, the
quantity A appears in the denominator of this expression. Therefore, for weakly absorbing
materials there is a large error in PLQE measurements, while for materials which absorb
more strongly (like halide perovskites) this error rapidly reduces.

In halide perovskites under steady state illumination the number of external photons
absorbed from a laser (Gext) must be balanced locally by recombination (i.e. an+bn2 + cn3
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per unit volume, assuming uniform internal excitation density, see section 2.3.2). Similarly,
the light emitted is described by the recombination of electrons and holes, with a radiative
rate constant of ηescbr. ηesc is the probability an emitted photon escapes the material, which
is further discussed in Chapter 6. Assuming a p-type material and an equal number of
electrons and holes, this means the PLQE can be written as

PLQE =
ηescbr(pin+n2)

an+bn2 + cn3 . (3.3)

Here b includes both radiative and non-radiative second order loss processes, with the
radiative term being equal to ηescbr (i.e. reabsorption is included in this equation, see
Chapter 6 for more details). This form of PLQE is used to extract rate constants in Chapter 4
and 7.

Quasi-Fermi level splitting

It was shown in section 2.2 that the light flux emitted from a solar cell at energy E can be
described as IPL(E) = πa(E)φBB(E)e

µ

kBT . By substituting in for the black-body emission
spectrum it can be shown that

ln(
IPL(E)h3c2

γ

2πa(E)E2 ) =− E
kBT

+
µ

kBT
. (3.4)

Here h is Planck’s constant and cγ the speed of light in a vacuum. Therefore, if a(E) is
known in some energy region (for example, for strongly absorbing materials it is close to
1 well above the bandgap), the shape and intensity of measured photoluminescence (e.g in
Figure 3.4a) can be used to extract the quasi-Fermi level splitting, µ ,within an absorber layer.
This can be used to ascertain the difference between the externally applied (electrical) voltage
(eV ) and the chemical potential across the absorber layer. It should be noted that this can
only be applied to materials with minimal Stokes shift. This technique is applied to assess
tandem solar cells in Chapter 7.

Urbach tail fitting

When the absorptance is very weak, for any absorptance model a(E) ∝ α(E), i.e. the
absorptance is proportional to the material’s absorption coefficient. Furthermore, below
the bandgap of a material, there will always be some trap states and disorder, meaning that
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α(E) never fully goes to 0 below the bandgap. For many materials it can be approximately
described as α(E) = α0e

E
Eu below the bandgap, where Eu is the Urbach energy [89, 90,

91]. Therefore, it can be shown (using equation 3.4) that for materials with minimal Stokes
shift, at low energy IPL(E) ∝ E2e

E
Eu e

−E
kBT . This means the low energy tail of measured

photoluminescence can be fitted to extract a value for Eu. While there remains debate as to
whether this Urbach model perfectly describes the below bandgap absorption coefficient of a
halide perovskite, it can be used to parametrise α(E) appropriately well below the bandgap
(i.e. below the energy resolution of experimental setups). This can assist with modelling
halide perovskites, as in Chapters 6 and 7.

Experimental details

In all photoluminescence and PLQE measurements samples were excited by continuous wave
temperature controlled Thorlabs 405 nm, 520 nm or 647 nm lasers and excitation fluence
varied with an optical filter wheel. The emission was recorded using an Andor IDus DU420A
silicon detector for lead-only samples, and an Andor IDus DU490A InGaAs detector for
mixed lead-tin samples.

3.2.2 Time resolved photoluminescence

Following pulsed excitation, photoluminescence with time can be recorded. Two methods
were used to measure time resolved photoluminescence (TRPL) in this thesis.

Time correlated single photon counting

Time correlated single photon counting (TCSPC) is a robust method for measuring TRPL [92].
An experimental schematic is shown in Figure 3.6. Pulsed laser light (typically with fre-
quencies on the order of 1 MHz) is absorbed by a sample, which luminesces at subsequent
times. Emission from the sample is collected and focused on a single-photon avalanche diode
(SPAD). Filters are used to remove any reflected laser light. Upon emission of a pulse, the
laser also triggers a linearly rising voltage ramp, which is stopped by photon detection by
the SPAD. The time at which the voltage ramp stops is recorded and a histogram of photon
arrival times plotted, building a picture of the sample’s TRPL. For each laser pulse only a
single photon is detected, meaning this can be an exceptionally sensitive technique, but for
samples with long lifetimes it can be slow to build a full picture. At most only 2 % of the
pulses on the sample should result in a detection event as otherwise observations will be
strongly biased towards early times.
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Fig. 3.6 Schematic of a time-
correlated single photon counting
experiment. A pulsed laser emits
a group of photons (dashed blue
arrow) and at the same time triggers
a voltage ramp in a computer. The
laser light causes a sample to
photoluminesce (yellow dashed lines),
which is subsequently detected by the
SPAD. This in turn stops the voltage
ramp, giving the TRPL.

Here TCSCP measurements were acquired using a FluoTime 300 PicoQuant GmbH setup.
Samples were photoexcited using a 635 nm laser head (LDH-P-635, PicoQuant GmbH)
pulsed at a frequency of 0.2 MHz and a pulse duration of 73 ps. The PL was collected using
a high resolution monochromator and near infra-red photomultiplier detector assembly (NIR
PMT, H10330A, Hamamatsu).

Intensified gated time resolved photoluminescence

Electrically gated cameras can be used to record the TRPL directly, down to ∼ 4 ns. This
allows for wavelength and time resolution following pulsed photoexcitation of a sample.
Generally the photoluminescence signal is increased by use of a phosphor screen (meaning
one photon emitted from the sample gives several possible counts at the detector). However,
this technique is still less sensitive than TCSPC and has poorer time resolution. Intensified
gated TRPL preferable when the sample needs be excited infrequently (as many photons are
detected following each laser pulse on the sample).

In this thesis intensified gated time-resolved PL spectra were recorded using a gated
intensified CCD camera (Andor iStar DH740 CCI-010) connected to a calibrated grating
spectrometer (Andor SR303i). A Ti:sapphire optical amplifier (1 kHz repetition rate, 90 fs
pulse width) was used to generate narrow bandwidth photoexcitation (20 nm full-width at half
maximum) with a wavelength of 520 nm/400 nm (Chapter 5/Chapter 8), via a custom-built
noncollinear optical parametric amplifier.

3.2.3 Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) is a method which allows for direct observation of
both radiative and non-radiative processes in materials [93, 94]. A short (< 100 fs) quasi-
monochromatic pulse incident on a sample, termed the pump pulse, generates excitations.
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A second pulsed beam containing a broad set of wavelengths, termed the probe pulse, then
impacts the same point on the sample at much lower power. Typically the probe beam has
smaller spatial extent so only probes the centre of the region excited by the pump. The
spectrally resolved intensity of the probe beam is measured following transmission. The
difference between this transmitted probe beam and a second similar measurement, where
no pump pulse is first incident on the sample, reveals which probe absorptions are due to
excitations. Specifically, the signal in TAS is defined as

∆T
T

=
Probe after pump−Probe with no pump

Probe with no pump
(3.5)

where ∆T
T is a function of wavelength. By varying the time delay between the pump and

probe beams, a time resolved signal of the excited states is built up.
Consider a two level system, with the lower level (valence band) occupied. If no pulse is

present then a significant portion of the probe will be absorbed at wavelengths at and above
the bandgap. Conversely, if a pump pulse has recently excited the material then there will be
fewer empty states in the conduction band, meaning that less probe will be absorbed at the
bandgap and more transmitted. Therefore ∆T

T will be positive. This is termed a ‘ground state
bleach’ and an example is shown in Figure 3.7a for a halide perovskite. Importantly, it can be
shown that this signal is proportional to the sum of the excited electrons in the valence band
and excited holes in the conduction band, both weighted by their respective band curvatures,
as a function of time (see supplementary information in Bowman et al. for more details [95]).
Therefore, in situations where the number of excited electrons and holes can be assumed
equal, the change in the ground state bleach with time gives the lifetime of excitations in the
sample. Two other types of signal can be recorded from TAS experiments (though are less
relevant in this work): stimulated emission (the stimulated emission of a photon by the probe
beam, which gives a positive signal); and photo-induced absorption (an excitation absorbing
a photon from the probe beam to promote it to an even higher energy level, which gives a
negative signal). TAS can be used to probe carrier dynamics down to ps time-scales.

As was introduced in Chapter 2, halide perovskites have first, second and third order
loss processes (see equation 2.8). These loss processes can be directly observed in TAS. If a
halide perovskite sample is excited by a pump pulse of (time averaged) power Ppu the initial
excitation density can be calculated as nt=0 =

APpu
Eph fputApu

, the number of photons absorbed
from the pump pulse. Here Eph is the energy of a photon at the pump wavelength, fpu the
frequency of the pump pulse and Apu the area over which charges are excited. The ground
state bleach can be integrated over and the signal scaled to be equal to the number of excited
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charges at all times (via knowledge of nt=0). Therefore the number of excited carriers, n, and
it change with time, dn

dt , can be found. This is shown in Figure 3.7b for a halide perovskite,
where charges are seen to decay according to 1st, 2nd and 3rd order decay processes.

Fig. 3.7 a) Ground state bleach at different times following photoexcitation of a
CH3NH3PbBr3 halide perovskite. The centre of the ground state bleach is integrated about
(±100 eV about the peak) and scaled appropriately to obtain carrier density n versus dn

dt , as
is shown in b). This allows for extraction of decay kinetics. Reproduced with permission
from Richter at al. [57].

For TAS measurements carried out in this thesis, for the pump, sub-ns pulses 532 nm
were generated by a frequency doubled q-switched Nd:YVO4 laser (AOT-YVO-25QSPX,
Advanced Optical Technologies) in Chapter 4, 520 nm pulses were generated with a TOPAS
optical amplifier pumped with the output from a SpectraPhysics Solstice Ace Ti:Sapphire
amplifier (1 kHz) in Chapter 5 and 532 nm pulses were generated by a Picolo-25 MOPA
laser (InnoLas) in Chapter 7. The probe beam was generated using a Spectra Physics Solstice
Ti:Sapphire laser generated 90 fs pulses at a frequency of 1 kHz and a home-built noncollinear
optical parametric amplifier in Chapters 4 and 7, while in Chapter 5 a LEUKOS Disco 1 UV
supercontinuum laser (STM-1-UV, 1 kHz) was used. In all cases the probe was split into a
reference and probe and both were focused onto the sample. Probe and reference beams were
measured with a dual-line array detector (Hamamatsu S8381-1024Q in Chapters 4 and 7,
Hamamatsu G11608 in Chapter 5) mounted on a spectrograph (Andor Solis, IDus DU420A
in Chapters 4 and 7, Shamrock SR-303i in Chapter 5) and read by a board from Stresing
Entwicklungbüro (custom made). Excitation fluence was varied with an optical filter wheel.

3.2.4 Beam profiling

To obtain quantitative results from spectroscopic experiments it is important to measure the
area of incident laser beams at the sample position. In this thesis laser beams were measured

29



3.2 Spectroscopic experimental techniques

by a Thorlabs beam profiler. An example of its output is shown in Figure 3.8. All beams
were measured at the sample location. Most laser beams have an approximate Gaussian
profile, typically described by an intensity profile of

I(x,y) = Icente
−( x

x0
)2−( y

y0
)2
, (3.6)

with x and y being the in-plane laser beam coordinates along the major and minor axis, Icent

the intensity of the centre of the laser beam, and x0 and y0 the distance in each direction over
which the intensity falls by 1

e .
The diameter of a laser beam is typically defined by where the electric field falls to 1

e ;
here the intensity goes to 1

e2 ∼ 13.5 %. For the Thorlabs beam profiler, three parameters
relating to this distance are measured (see left hand side of Figure 3.8): ‘the effective beam
diameter’, the ‘effective area’ and the ellipse fitting. The effective beam diameter is the
diameter given by an equivalent circular beam which is made up of all pixels with an intensity
greater than 13.5 % of the maximum registered power. For a perfectly circular beam (x0 = y0)
the effective beam diameter corresponds to 2

√
2x0.

The effective area is calculated by (Thorlabs personal communications)

Sum of all intensity recorded
Maximum intensity recorded

×Apixel (3.7)

where Apixel is the area of a single pixel of the beam profiler. This area corresponds to the
area which would be given by a ‘top hat’ beam profile with intensity Icent . Therefore, the
effective area is useful in measurements which probe only the beam centre, for example TAS.

Lastly, the ellipse fitting is shown by the red lines on Figure 3.8. This fits the recorded
beam with an ellipse, again to the ∼ 13.5 % intensity level. Therefore the major and minor
ellipse diameter values give 2

√
2x0 and 2

√
2y0. For a well-shaped Gaussian beam this is the

best fitting to understand measurements where the whole beam is sampled, for example in
PLQE and TRPL measurements.

3.2.5 Establishing absorption coefficients

In this thesis absorption coefficients, α(E), and real refractive indices, n(E), were measured
using two techniques.
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3.2 Spectroscopic experimental techniques

Fig. 3.8 A typical measurement output from a Thorlabs beam profiler. The 2D projection
(right hand side) shows the beam shape, alongside its projection in x and y axes (yellow
lines) and a Gaussian fit to this (red lines). A range of fitting parameters are shown on the
left hand side, with relevant parameters, namely ‘effective beam diameter’, ‘effective area’
and ‘ellipse’ fits discussed further in the main text.

Photothermal deflection spectroscopy

When a monochromatic beam of light is incident on a sample (perpendicular to its surface),
its absorption produces a temperature gradient on the surface of the sample. This temperature
gradient in turn causes a refractive index gradient. If a second laser beam then grazes (i.e.
is incident close to parallel to the sample surface) this heated region, it is deflected by the
heating (the mirage effect). The deflection of the beam is proportional to the light absorbed
at that wavelength, allowing the absorptance and therefore absorption coefficient to be
measured (with a model assumed to extract α from a(E)). Use of a lock-in amplifier means
photothermal deflection spectroscopy (PDS) is extremely sensitive close to the bandgap
of the material. However, further above the bandgap ellipsometry is generally a more
accurate technique for measuring absorption coefficients, as here there is little signal in PDS
measurements. In this text all PDS measurements were carried out by Mojtaba Abdi-Jalebi.

Ellipsometry

In ellipsometry a quasi-monochromatic beam of polarised light is incident on a sample at
an angle. The difference in polarisation between the incident and reflected beams (both
orientation and intensity) is recorded. After scanning through many different wavelengths, an
optical model is applied which can be used to calculate α(E) and n(E). Ellipsometry is the
experiment of choice for obtaining absorption coefficients and refractive indices above the
bandgap, but significant care must be taken to ensure the correct model is used to fit the data.
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In this work all ellipsometry was carried out by Alberto Jiménez-Solano, in the laboratory
of Bettina V. Lotsch (Ludwig-Maximilians-Universität, Germany), with assistance in fitting
data from Miguel Anaya.

3.3 Other experimental techniques

3.3.1 Atomic force microscopy

Atomic force microscopy (AFM) probes the height of a sample’s surface with sub-nm
precision. A schematic of the experimental setup is shown in Figure 3.9. While not near the
sample, a tip (which at its point is a few atoms across) is raised and lowered repeatedly at
a known frequency, while the height of the tip is measured by a laser. A feedback loop is
built up between the driving oscillation and laser data. When the tip approaches the sample
surface, deviations from this feedback loop are recorded, giving differences in phase and
amplitude. Via careful calibration, differences in applied and measured amplitude can be
converted into the height of the sample surface. By raster scanning (scanning backwards and
forwards horizontally) it is possible to build up a picture of the surface.

Fig. 3.9 The main features of an atomic force microscopy setup. The AFM tip oscillates
vertically, and this oscillation is monitored by a laser beam (red dashed line). When the tip
approaches a sample, differences between the driving oscillation and the laser beam are
used to determine the sample height.

The main use of AFM in this work is in determining sample thickness. To determine the
thickness a scratch is made on the sample, exposing the substrate, and the difference in height
between the substrate and sample surface measured. AFM was carried out using an Asylum
Research MFP-3D atomic force microscope in non-contact AC mode. 0th order flattening
and 1st order plane fits were applied to all data. All measurements and data processing were
carried out on Asylum Research AFM Software version 15.
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3.4 Numerical modelling of solar cell efficiency

3.3.2 Solar cell efficiency measurements

To determine the efficiency of a solar cell, light approximating AM1.5 is generated by a
white light source. The incident power of the light is set by use of a reference solar cell/diode
with known current response to AM1.5. The solar cell is then placed at a specific distance
from the light source and connected to an external circuit. Different voltages are applied and
current recorded, both when the cell is under illumination and in the dark. This gives the light
and dark current-voltage curves and therefore the solar cell’s efficiency. The current-voltage
curves can also be indicative of other effects including shunt and series resistances [96]. In
addition to solar cell efficiency measurements, maximum power point measurements are
frequently undertaken to gain some insight into cell stability. Here the solar cell is held at
the maximum power point voltage for a prolonged period of time and the current with time
recorded.

In this work current-voltage characteristics were recorded in ambient air under simulated
AM1.5 solar light (1-Sun, 100 mWcm−2) generated by an ABET Class AAB sun 2000
simulator. The solar simulator was calibrated for low-bandgap halide perovskite materials
with bandgaps around 1.2 eV by using a certified KG2 filtered silicon reference cell to correct
for spectral mismatch. Each device was measured with a 20 mV voltage step and a 100 ms
time step (i.e. scan rate of 0.2 Vs−1) using a Keithley 2400 source meter. All devices were
masked with a 0.0919 cm2 metal aperture to define the active area and eliminate edge effects.
Stabilised power output measurements were performed by holding the device at the voltage
of the maximum power point voltage for 60 s.

3.4 Numerical modelling of solar cell efficiency

3.4.1 Main algorithm

As outlined in Chapter 2, to calculate the efficiency of a solar cell it is necessary to maximise
η = JV

IAM1.5
. Here a Newton-Raphson algorithm to find this maximum is introduced. This

algorithm was developed and written for this thesis in the computer programme MATLAB.
A Newton-Raphson algorithm finds the solution to the equation type F⃗ (⃗x) = 0 by varying

x⃗. Importantly it is a fourth-order root-finding method, allowing for extremely rapid calcula-
tions of solar cell efficiencies. In this thesis the solar cells of interest are two-terminal cells,
meaning that the same current flows through all sub-cells (as these are more commercially
relevant). A general outline is given for solving equations of this form for any number
of sub-cells, while equations relevant to systems modelled in other parts of the thesis are
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3.4 Numerical modelling of solar cell efficiency

presented in Appendix B. The set of governing equations can be written in a vector form as
(for M sub-cells)

J⃗(⃗V ) = J⃗sc − R⃗(⃗V ); (3.8)

V = 1⃗TV⃗ . (3.9)

Here each column vector entry corresponds to one sub-cell (so all vectors have M entries),
all the entries for external current J⃗ are equal, J⃗sc are the sub-cell short-circuit currents, R⃗ are
all loss processes in the solar cell (both radiative and non-radiative), V⃗ the sub-cell voltages
and 1⃗ a column vector of 1s. The governing equation to solve for maximum efficiency is
f = dη

dJ =V +J dV
dJ = 0. Within a Newton-Raphson approach, an initial solution is suggested,

J1, and then a better solution is found using the equation

J2 = J1 − f (J1)
d f (J1)

dJ
(3.10)

where the sub-scripts correspond to trial 1 and trial 2. This process is iterated until a
converged value for J is found. At each iteration it is necessary to calculate the voltage in
each sub-cell, which is found by solving g⃗ = 0 = J⃗sc − J⃗− R⃗(⃗V ) for V⃗ (a re-arrangement of
equation 3.8). Again applying a Newton-Raphson method, given initial guess V⃗1, the trial 2
solution is given by

V⃗2 = V⃗1 −Φ
−1⃗g(⃗V1) (3.11)

where Φ is defined below. This is iterated to find a converged solution for V⃗ . Therefore, the
overall approach used is

1. Guess a value for J

2. Find a new value for J using equation 3.10

3. Guess a set of values for V⃗

4. Fully solve for the correct values of V⃗ for the value of J given using equation 3.11

5. Repeat steps 2-4 until J is converged
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3.4 Numerical modelling of solar cell efficiency

6. Calculate the efficiency with the converged value of J.

This algorithm was found to work extremely well on all solar cells considered. It should
be noted that, as is typical for Newton-Raphson algorithms, it was necessary to bound the
values of V⃗ and J appropriately: each element of V⃗ cannot be larger than the bandgap of the
sub-cell it represents and J cannot be larger than the maximum possible current given from
AM1.5. Convergence was typically set for both voltage and current to be 1 part in 108.

Finally, it is necessary to define some additional terms used in computation. These are

d f
dJ

= 2
dV
dJ

+ J
d2V
dJ2 (3.12)

Φi, j =−dRi(⃗V )

dVj
(3.13)

dV
dJ

= 1⃗T
Φ

−1⃗1 (3.14)

d2Vi

dJ2 =−Σ j,kΦ
−1
i, j Θ j,k(ΣlΦ

−1
k,l 1⃗l)

2 (3.15)

Θi, j =
dΦi, j

dVj
(3.16)

where for the final two equations it has been assumed that Φi, j is only a function of Vj, the
voltage in sub-cell j (which is true for all systems considered in this thesis). Here subscripts
i and j correspond to entries in row i, column j of the vector or matrix.

These equations outline a rapid algorithm for calculating the efficiency of a two-terminal
solar cell, with any number of absorber layers and any loss mechanisms present. In this
thesis this approach is applied primarily to single junction and two-absorber layer tandem
solar cells in Chapters 6 and 7.
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3.4 Numerical modelling of solar cell efficiency

3.4.2 Absorption models

As discussed in Chapter 2, when modelling real solar cells only a fraction of sunlight is
absorbed by each absorber layer at each energy, the absorptance a(E). Different models for
calculating the absorptance exist, three of which are introduced here.

The best known model for a(E) is based on the Beer-Lambert law. The absorption coeffi-
cient, α(E), is defined as the fraction of light intensity absorbed in distance dz. Therefore,
for light intensity I(z), where z is a position,

I(z+dz) = I(z)(1−αdz) (3.17)

which can be solved to give Beer-Lambert absorption as I(z) = I0e−αz. Here I0 is the intensity
of light where z = 0. This allows for the fraction of light absorbed in distance z to be written
as I0(1−e−αz). For a solar cell, some light is reflected at the surface of the solar cell, some at
each interface within the material, and some at the back of the solar cell. The Beer-Lambert
model can be extended to calculate the fraction of light absorbed in each layer by use of the
transfer-matrix model [97].

Transfer matrix model approaches typically assume that light travels mainly along one
path through a material (see Figure 3.10a). This requires all external surfaces and interfaces
within the material to be flat, which is often not the case. In his seminal paper on Statistical
Ray Optics, Yablonovitch demonstrated that the absorptance of a layer can be increased
significantly beyond that calculated from the Beer-Lambert model by use of rough surfaces,
which randomise the direction of light at each interface [98]. This increased absorption is
due to light travelling further through an absorbing layer before leaving the material (see
Figure 3.10b). Yablonovitch treats light as fully randomised in direction once it has entered
the absorbing layer, and therefore argues that it can (mathematically) be treated as equivalent
to black-body radiation. In the original analysis the focus is on absorption close to the
bandgap, allowing exponential terms to be expanded due to weak absorption coefficients
(i.e. e−αt ∼ 1−αt), simplifying the algebra. This means that further above the bandgap
Yablonovitch’s expression slightly underestimates the absorptance. This model is frequently
used in limiting efficiency calculations (see Chapter 7).

In 2002 Green presented an absorptance model which combined Beer-Lambert and
Yablonovitch approaches with analytical solutions [99]. In this work Green assumes that
light is randomised in direction at each interface, due to rough surfaces, but when travelling
within a layer follows Beer-Lambert type absorption (Figure 3.10c). This combined model
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demonstrates strong absorption both at the bandgap and well above the bandgap (further
details on this model are presented in Appendix B.4).

These three absorption models, which are hereby termed ‘Beer-Lambert’, ‘Randomised’
and ‘Hybrid’, were used as a basis for modelling absorptances within this work. Their
mathematical forms are presented in Appendix Table B.1, for a single absorber layer with
front and back transmission coefficients (see Figure 3.10). Their application to halide
perovskites, and a direct comparison between their relative merits, can be found in section 7.5.
One additional absorptance model, termed ‘Maximal’, is also included in Table B.1. This is
further discussed in Chapter 6.

Fig. 3.10 Beer-Lambert, Randomised and Hybrid absorptance models are schematically
demonstrated in a), b) and c) respectively. Here yellow lines are light, the blue box the
absorbing layer (of thickness t), T1 and T2 the front and rear transmission coefficients, I0 the
intensity of incident light and α the absorption coefficient.

3.5 Materials modelling

Since Schrödinger and Dirac penned their non-relativistic and relativistic governing equations
describing quantum mechanics, the motion of all small and low mass systems has, in principle,
been solved. In practice, however, these equations are so complicated that apart from very
simple systems of only a few atoms it is not possible to compute solutions. In the last 70
years significant progress has been made in developing computational methods to solve
approximately systems of many particles within the framework of quantum mechanics.
These methods allow for semiconductors used in solar cells to be better understood. Several
computational exist today, one of the most popular (and most relevant to this thesis) being
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Density Functional Theory (DFT). DFT is a computational approach to find the electronic
ground state of a material [100] and is now briefly outlined.

3.5.1 Density functional theory

Within the Born-Oppenheimer approximation (where the motion of electrons and nuclei are
decoupled [101]), the electronic Schrödinger equation is of primary interest as electrons
govern most relevant material properties (e.g. phonons, Young’s modulus). The time-
independent Schrödinger equation for a many body system can be written as

(
−∑

i

ℏ2∇2
i

2me
+∑

i
Vn,i(⃗ri)+

1
2 ∑

i̸= j

e2

4πε0|⃗ri − r⃗ j|

)
Ψ(⃗r1,⃗r2, ...,⃗rn) = EΨ(⃗r1,⃗r2, ...,⃗rn).

(3.18)

Here ℏ is Planck’s constant divided by 2π , me the mass of an electron, Vn,i the potential
energy of electron i interacting with nuclei, e the charge of an electron, ε0 the permittivity of
free space, r⃗i the position of electron i and Ψ the many-body wavefunction of the ne electrons.
In principle material properties can be found by solving for E.

The main reason equation 3.18 is difficult to solve is that there are ne interacting electrons,
and the potential energy of each electron depends on the wavefunction of all other electrons.
Therefore, it is sensible to reduce the number of coupled variables in the system. It was
suggested by Hartree and Fock [101] that a Slater determinant approach could be used, where
quasi-single-particle states are combined using a variational method to solve the governing
equation of the system.In DFT single-particle states are first solved for, which are here termed
Kohn-Sham states [102], φi(⃗r j) (where i and j run over all ne electrons), and then the Hartree
Fock method is applied to find a converged solution to the system.

Using the φi basis it is possible to split the above Schrödinger equation into ne equations
of the form

(
−∑

i

ℏ2∇2
i

2me
+Vn(⃗r)+VH (⃗r)

)
φi(⃗r)+

∫
d⃗r

′
VX (⃗r,⃗r

′
)φi(⃗r

′
) = εiφi(⃗r). (3.19)

Here VH is the Hartree potential, which is defined below, VX the Fock exchange potential
which is equal to
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−∑
j

e2φ j (⃗r
′
)∗φ j (⃗r)

4πε0 |⃗r− r⃗′|
(3.20)

and εi the Kohn-Sham energies. This re-writing of the Schrödinger equation does not simplify
the problem beyond allowing for smaller steps in the algorithm to solve for Ψ, as the set of
ne equations still includes electron-electron interactions. A significant breakthrough came
from Hohenberg and Kohn, who showed that the ground state of the system can be fully
described by the electron density, n(⃗r) [103]. By definition

n(⃗r) =
∫

d⃗r2...d⃗rnΨ(⃗r1 ,⃗r2, ...,⃗rn)
∗
Ψ(⃗r1,⃗r2, ...,⃗rn) = ∑

i
|φi(⃗r)|2. (3.21)

It is now possible to define the Hartree potential as ∇2VH = −4πn(⃗r) (in analogy with
classical electrostatics). Within this description, Hohenberg and Kohn noted the energy can
be written as

E =
∫

d⃗rn(⃗r)Vn(⃗r)+ ⟨Ψ|T̂ +Ŵ |Ψ⟩. (3.22)

Here T̂ and Ŵ are the kinetic energy and electron-electron coulomb interaction operators.
These two terms are the same for any many-electron system, meaning that the ground state
of the system is fully determined by Vn.

Hohenberg and Kohn suggested that if the energy is instead written as E =
∫

d⃗rn(⃗r)Vn(⃗r)+
F [n(⃗r)] then some functional F must exist which describes the ground state density. However,
this functional is not known and cannot be fully derived. It is possible to derive some terms
and show

E =−∑
i

∫
d⃗rφi(⃗r)∗

ℏ2∇2
i

2me
φi(⃗r)+

∫
d⃗rn(⃗r)Vn(⃗r)+

1
2

∫ ∫
d⃗rd⃗r

′ e2n(⃗r)n(⃗r
′
)

4πε0|⃗r− r⃗′|
+Exc(n(⃗r)).

(3.23)

Here Exc, the exchange correlation energy, which contains the portion of the functional which
is not known analytically. Using the variational principle (the lowest energy state will be
given by solving δE

δn∗ = 0 for n) it is possible to obtain the governing equation of DFT as
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(
−∑

i

ℏ2∇2
i

2me
+Vn(⃗r)+VH (⃗r)+Vxc(⃗r)

)
φi(⃗r) = εiφi(⃗r). (3.24)

The exchange correlation potential is Vxc =
δExc(n(⃗r))

δn |n(⃗r) in this basis. This equation repre-
sents a significant simplification as each φi can be computed separately, n(⃗r) calculated, and
this process iterated until the value of E is converged (rather than a set of linked equations
which must be solved simultaneously). However, the form of Vxc is unknown. Several differ-
ent exchange correlation potentials have been suggested and developed to the point where
results are in very good agreement with experiment. It is important to use the correct ex-
change correlation energy for the system being modelled. The simplest exchange correlation
potential, referred to as ‘local density approximation’, uses the numerically exact exchange
correlation potential for a free-electron gas. This tends to overestimate the attraction between
atoms the free electron gas is reached at very high densities. A second common type of
exchange correlation potential is the generalised gradient approximation, which is based on
the shape of the gradient of n(⃗r). It tends to slightly underestimate atomic attraction.

Nearly all exchange correlation potentials are fully local, so if the system being consid-
ered has significant long-range interaction between different electrons (e.g. van der Waals
interactions) then additional corrections, which are normally based on semi-empirical models,
also need to be applied. This is especially relevant for small organic crystals such as singlet
fission materials. One of the most commonly used van der Waals semi-empirical corrections
is the Tkatchenko-Scheffler correction, which successfully reproduces ground state results of
many weakly interacting materials [104, 105].

In DFT codes Kohn-Sham wavefunctions are represented by a basis set. The main options
for this basis set are plane waves and atomic orbitals. All calculations in this work are based
on crystalline structures so codes with plane-wave basis sets are used. That is, for all φ j

φ j (⃗r) =
Ecut

∑
G⃗=0

c j,G⃗ei(G⃗+⃗k)·⃗r. (3.25)

Here G⃗ is a reciprocal lattice vector, c j,G⃗ is the amplitude of each plane wave vector and the

set of reciprocal lattice vectors are defined by G⃗.R⃗1,2,3 = 2πm, for all three lattice vectors (m
is an arbitrary integer). All terms are introduced schematically in Figure 3.11. In an ideal
world this sum would be to infinity, but this is not possible due to computational limits, so the
sum is to the cut-off energy, the reciprocal lattice vector where ℏ2(⃗k+G⃗)2

2me
= Ecut . Finally, k⃗ is
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the wavevector, which describes the precise location being considered in the Brillouin zone
(Figure 3.11). Again, ideally the whole Brillouin zone would be sampled while in practice
only specific k⃗-points are sampled for each calculation. In any DFT calculation, both the
cut-off energy and the number of k⃗-points being sampled must be converged until a result of
appropriate accuracy is achieved. This was done for all calculations presented in this thesis.

Fig. 3.11 A rectangular lattice in real space, and the corresponding reciprocal lattice are
presented. Unit vectors R⃗1 and R⃗2 are marked, alongside an example of a position vector
r⃗. Correspondingly in reciprocal space reciprocal lattice vectors G⃗1 and G⃗2 are shown
alongside the wavevector k⃗.

The final simplification in modern DFT codes is that of pseudopotentials. This approach
is based on the observation that, for many atoms, the majority of electrons are not involved
in bonding but rather remain close to the nuclei at all times - the ‘core shell’ states. Instead
of modelling all these electrons, core shell states are approximated by wavefunctions based
on single-atom results. Two general types of pseudopotential exist: norm-conserving and
ultra-soft [106]. Norm-conserving pseudopotentials conserve the value of

∫ rx
0 |φpp(⃗r)|2d⃗r

within some relevant radius rx, while ultra-soft pseudopotentials do not. Both forms of
pseudopotential have been developed to reproduce experimental results which would be
obtained from all core-shell states being fully modelled, but at a fraction of the computational
cost. Ultra-soft pseudopotentials allow for faster computation but, typically, codes have
not been developed to allow them to be used in calculations where the probability density
must be conserved (e.g. phonon calculations). In this work ultra-soft pseudopotentials
were used for all ground state calculations (except those including spin-orbit coupling) and
norm-conserving pseudopotentials for DFT calculations being used as the input for excited
state calculations (see Appendix A.8 for more detials).

The description presented above works well for light atoms, but for heavier atoms spin-
orbit coupling must also be included in simulations. Here interactions between the spin of
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electrons (magnetic moments) and electric fields (for example, from the nucleus of the atom),
which appear as magnetic fields in the rest frame of the electron, become important. To
include spin-orbit coupling the total angular momentum of each state becomes the quantum
number to use. This doubles the number of states (as spin up and spin down are no longer
degenerate), and each state is described by a spinor (representing spin up and spin down
components) instead of a scalar. Therefore, the computational cost of including spin-orbit
coupling is quadruple that of where it is not included. In halide perovskites spin-orbit
coupling needs to be included to model electronic states correctly, as otherwise discrepancies
of ∼ 1 eV are observed between experimentally measured and theoretically calculated
bandgaps [107, 108].

Modern density functional theory codes have demonstrated remarkable accuracy in
reproducing all measurable ground-state material properties including work functions, inter-
atomic distances, phonon dispersion curves and elastic constants [101]. In this work DFT
codes are used to calculate energies, inter-atomic distances and the (ground state) density of
states. As noted above, the derivation of DFT relies on the wavefunction of interest being
the ground state wavefunction [100]. Therefore, excited states are poorly reproduced within
DFT. Most notable for this thesis is that bandgaps are poorly reproduced; they are typically
found to be 0.5-1 eV below experimental values. DFT alone cannot resolve this issue, but
it is possible to use DFT results as a starting point for more accurate calculations. Many
approaches to calculate bandgaps exist (e.g. time dependant DFT, Hartree-Fock approaches).
That which is relevant to this thesis (and most fully implemented in computer codes) is
Green’s function approaches. A full discussion of this topic is beyond the scope of this thesis,
but a general outline is presented below.

3.5.2 Beyond density functional theory: excited states

It is worth considering first the meaning of a bandgap. There are two options: the electrical
bandgap and the optical bandgap. For the electrical bandgap, an electron is added or removed
from the system and the energy difference is measured. Importantly, this gives the system a
net charge. Considering the case of electron addition, this extra charge results in the formation
of a quasiparticle, where the added electron is surrounded by parts of hole wavefunctions,
creating additional screening and changing the electron energy and wavefunction. This
process can be modelled by the ‘GW approximation’ [109], which accounts for most of the
possible interactions between an electron and the surrounding hole cloud.

For the optical bandgap, the system remains neutrally charged but an electron is excited
from its ground state to the lowest excited state. This gives an interaction between the excited
electron and the hole in the valence band. This is fundamentally a two-particle problem

42



3.5 Materials modelling

where the attraction between electron and hole lowers optical bandgaps with respect to the
electrical bandgaps. Typically the Bethe-Salpeter equation is used to solve this problem [110,
111], and results are in good agreement with experiment.

Here the GW approximation is briefly introduced, but for more details please refer to
Friedrich et al. [109]. A time-ordered Green’s function, G(⃗rt ,⃗r

′
t
′
), is defined as iℏG(⃗rt ,⃗r

′
t
′
)

being the probability amplitude for an additional electron propagating from (⃗r
′
, t

′
) to (⃗r, t)

within a system. Dyson showed that for any interacting system, within the frequency domain

G(⃗r,⃗r
′
;ω) = G0(⃗r,⃗r

′
;ω)+

∫ ∫
G0(⃗r,⃗r

′′
;ω)Σ(⃗r

′′
,⃗r

′′′
;ω)G(⃗r

′′′
,⃗r

′
;ω)d⃗r

′′
d⃗r

′′′
. (3.26)

Here G0 is the mean-field Green’s function (i.e. that of a non-interacting system), approx-
imately given by the DFT solution, ω the frequency multiplied by 2π and Σ the nonlo-
cal self-energy operator. The Dyson equation can be reformulated as G = G0 +G0ΣG0 +

G0ΣG0ΣG0 + ..., which is a form of scattering equation with Σ being a scattering potential.
This equation includes all possible interactions between an additional electron and the sur-
rounding hole cloud, which can be described by a series of Feynmann diagrams. In general
it is hugely computationally intensive to solve the Dyson equation fully for all interactions,
so it is more common to make the G0W0 approximation, where only the simplest possible
interaction is considered (the interaction of an electron with an electron-hole pair that is
created and then annihilated). Furthermore, it is assumed that the correction to energies is
small enough that Kohn-Sham (DFT) wavefunctions can be used to describe the valence and
conduction bands. Within this approximation, and using first order perturbation theory, the
energy of an electronic state within the G0W0 approximation is given by

εi,G0W0 ≈ εi + ⟨φi|Σ(εi)−Vxc|φi⟩. (3.27)

The main effect of G0W0 is to shift conduction band energies higher and valence band
energies lower when compared to Kohn-Sham energies, as shown in Figure 3.12a for the
halide perovskite CsPbI3. Shifts in energy are typically larger for more localised states (e.g.
in small organic molecules). For materials with free electrons and holes the G0W0 reproduces
not only the electrical, but also optical bandgap well, as there is only weak interaction
between electrons and holes. Good agreement is found between G0W0 and experimental
electronic bandgaps as is demonstrated in Figure 3.12b.

When there is strong interaction between electron and hole (where excitons readily form,
as in singlet fission materials) it is necessary to go beyond G0W0 and use the Bethe-Salpether
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3.5 Materials modelling

Fig. 3.12 a) The effect of the G0W0 correction on DFT level bandstructures, for the example
of cubic CsPbI3. The conduction band is shifted upwards and the valence band downwards.
Symbols on the x-axis correspond to specific positions on the Brillouin zone. b) A comparison
of experimental and calculated elecctronic bandgaps. Calculated bandgaps are taken from
both DFT and G0W0 approaches (marked GW on the figure). Reprinted from Van Schilfgaarde
et al [112]. with permission from the American Physical Society.

approach (for a full discussion please refer to [110, 111]). This methodology is similar to that
of the G0W0 approach, but instead of single-particle Green’s functions, two-particle Green’s
functions must instead be used to describe both the excited electron and hole. The equivalent
to the Dyson equation in 3.26 is

L(12;1
′
2
′
) = L0(12;1

′
2
′
)+

∫
d(3456)L0(14;1

′
3)K(35;46)L(62;52

′
) (3.28)

where L is the two-particle Green’s function, L0 the two-particle Green’s function describing
free (i.e. non-interacting) electrons and holes, K the electron-hole interaction kernel (serving
the same place as the self-energy operator above) and the numbers correspond to different
set of joint space/frequency coordinate systems. This equation can be solved using a similar
approach to that of the G0W0 method. Importantly, it is also possible to calculate the
two-particle spatial exciton wavefunctions from single-particle states,

χS(⃗r,⃗r
′
) = Σv Σc AS

vc ψc(⃗r)ψv(⃗r
′
). (3.29)

Here c and v correspond to conduction and valence bands, ψ are single-particle wavefunc-
tions of a system (typically the DFT Kohn-Sham wavefunctions), AS

vc are the electron-hole
amplitudes and S denotes the electron-hole excitation levels (starting from the lowest energy
exciton excitation). It is difficult to visualise fully an electron-hole wavefunction due to
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3.5 Materials modelling

its high dimensionality, so it is more typical to fix the hole at a point in space and plot the
electron density for this given hole position. Fixing the hole in several different positions
builds up a general picture of the excitonic wavefunction. An example of the electron density
in tetracene’s lowest energy singlet exciton is plotted in Figure 3.13.

Fig. 3.13 A plot of the lowest energy singlet exciton in tetracene. The hole (dark sphere) is
fixed at a tetracene carbon atom, and the corresponding electron density plotted in yellow.

As discussed in Chapter 2, excitons typically occur in small organic molecules or where
significant localisation occurs. The Bethe-Salpethe approach has been successful at repro-
ducing the optical bandgaps and absorption spectrum of such systems. Excitonic effects
frequently increase the strength of photon absorption near the bandgap, due to an additional
resonance feature. Additionally, triplet states with energies significantly below the optical
bandgap can be revealed in these calculations. DFT and post-DFT calculations are used on
halide perovskites and singlet fission materials in Chapter 8.
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Chapter 4

Exploring recombination and passivation
in low-bandgap halide perovskites

The work discussed below is based on the paper by Alan R. Bowman et al. “Microsecond
Carrier Lifetimes, Controlled p-Doping, and Enhanced Air Stability in Low-Bandgap Metal
Halide Perovskites”. In: ACS Energy Lett. 4 (2019), pp. 2301–2307. [95].

4.1 Introduction

An area of significant potential for halide perovskites is tandem solar cell configurations,
which provide a route for surpassing the single junction Shockley-Queisser efficiency limit
(see Chapter 2). In all tandem devices a low-bandgap absorber (< 1.3 eV) is required to
achieve a notable efficiency gain [29]. While the first generation of commercial, halide
perovskite-based tandem devices are likely to use silicon as the low-bandgap material [113],
there is also potential for adopting halide perovskites as both the high- and low-bandgap
absorbers, for example due to enhanced radiative recycling [114] and compatibility with
deposition on lightweight, flexible substrates. To date, the highest performing low-bandgap
halide perovskites use mixtures of lead and tin, which exhibit bandgaps as low as 1.23 eV [49].
Single junction power conversion efficiencies for lead-tin-based devices are typically in the
range of 17 % [48], with two recent reports of ∼ 20 % [115, 116]. These performances are
still far below expected practical efficiency limits of ∼ 30 % [117]. In addition there are
stability issues in low-bandgap halide perovskites owing to the sensitivity of Sn2+, which
can readily oxidise to Sn4+ in the presence of oxygen or moisture, leading to uncontrollable
p-type doping [118] and eventual degradation of the halide perovskite structure. Although
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4.2 Spectroscopic measurements

some control of this p-doping has been reported in the pure tin systems, such control was yet
to be reported in mixed lead-tin systems when this study was carried out [119].

One of the reasons for the relatively poor solar cell performance in low-bandgap mixed
Pb-Sn halide perovskite films is that, in contrast to standard 1.6 eV halide perovskites, they
have low reported photoluminescence quantum efficiencies (PLQEs) consistent with a large
density of sub-bandgap trap states [17]. This large trap density has a negative impact on
device performance, limiting the maximum achievable open circuit voltage [120]. The
PLQEs under solar illumination conditions in lead-tin alloys are reported to be on the order of
0.1 % [121] and photoluminescence lifetimes are generally on the order of a few nanoseconds,
with a few recent exceptions where lifetimes of 0.1–1.2 µs have been observed [48, 115,
122]. By comparison, well-passivated lead halide perovskite films have been reported to
have PLQEs under solar illumination greater than 30 % [55, 87] and photoluminescence (PL)
lifetimes as long as 8 µs [54].

Here, FA-based Pb-Sn iodide thin film halide perovskites with PLQEs up to 3.5 % and PL
lifetimes exceeding a microsecond are presented. Enhanced stability against ambient air is
demonstrated by employing ZnI2 as an additive in the precursor solution. Transient absorption
spectroscopy and electrical gating of the thin films demonstrate that Zn additives control the
level of p-type doping in films. These properties translate to enhanced performance and short
term stability of thin solar cells with halide perovskite absorbers containing ZnI2. Scanning
transmission electron microscopy energy-dispersive X-Ray Spectroscopy (STEM-EDX)
cross-sections reveal that processing with Zn leads to a more uniform mixing of Pb and Sn.
This improved homogeneity reduces the density of Sn-rich regions which are otherwise the
sites that lead to oxygen-induced degradation, leading to a greater tolerance to air exposure.
X-Ray Diffraction (XRD) results hint that there may be some incorporation of Zn into the
halide perovskite structure, providing a potential lever for controlled doping. These results
represent an extremely promising step towards high-performance, stable low-bandgap bottom
cells for halide perovskite-halide perovskite tandems.

4.2 Spectroscopic measurements

Thin films of FAPb0.5Sn0.5I3-based halide perovskites were fabricated by Matthew Klug
(University of Oxford, see Appendix A.1.1 for full fabrication details). Samples were spin-
coated using a single precursor solution (main components FAI, SnI2 and PbI2, with the
addition of 20 % SnF2 with respect to SnI2 and 6 % Pb(SCN)2 with respect to PbI2). For
deposition the gas quenching method was used [123, 124] in a nitrogen-filled glovebox. In
addition, a small quantity of the PbI2/SnI2 precursor was replaced with ZnI2, which has
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previously been shown to enhance lead based halide perovskites [125, 126]. Defining x to be
the molar percentage of ZnI2 relative to the number of moles of FAI in the precursor solution
(which was constant in all samples), films were fabricated with x=0 %, 2 %, 5 % and 10 %.
The resulting polycrystalline films have a uniform grain size, with slightly smaller grain size
for x=5 %, but on the same order of magnitude (∼ 200 nm diameter, see Figure A.1). All
films were encapsulated inside a nitrogen filled glovebox immediately following fabrication.

In Figure 4.1, PL measurements from pristine (x=0 %) and zinc-containing films (with
optimal zinc contribution of x=5 %) are shown. The position and shape of the PL peak is
observed to be similar for both films (Figure 4.1a, inset), but the peak width at half of the
maximum value gives a hint of differences with the x=5 % peak being 10 meV narrower than
the x=0 % peak. For both samples the PLQE is found to increase with excitation density
(Figure 4.1a), which is attributed to a trap filling effect at higher carrier densities, and an
increasing competitiveness of radiative recombination with trap assisted recombination, as
is observed for the pure lead counterparts [127, 128]. For x=0 %, the PLQE reaches 1.5
% at excitation densities equivalent equal to those under solar operating conditions (1 sun),
and a maximum of 2.0 % at higher densities (∼ 13 suns). These values increase further for
x=5 %: at 1 sun, the PLQE is 2.5 % and plateaus at 3.5 % at ∼ 13 suns. Highly Sn-rich
halide perovskites showed reasonable PLQE values of close to 1 % at the time of this study,
which have recently increased to ∼ 10 % [129], due to the rapid radiative recombination
of conduction band electrons with the sea of p-doped carriers [130]. However, for the
more stable, lower band gap technologically relevant compositions around the 50:50 Pb:Sn
range, the highest previously reported PLQE values were ∼ 0.1 % [121, 131], one order of
magnitude lower than what is observed here.

The time resolved photoluminescence of all samples was measured using time correlated
single photon counting (TCSPC) with 635 nm excitation (with thanks to Bernard Wenger
for use of equipment at the University of Oxford). The initial PL signal has a second order
dependence on laser power, suggesting the recombination of photo-excited electrons and
holes in bimolecular processes. PL lifetimes (defined as the time taken for counts to fall to
1
e of the initial value) of 0.36 µs for x=0 % and 0.49 µs for x=5 % were found at a fluence
of 50 nJcm−2 (Figure 4.1b). At lower fluences (5 nJcm−2), lifetimes extended beyond
a microsecond, reaching 1.5 µs for x=0 % and 1.19 µs for x=5 % (see Table 4.1 for all
lifetimes). This demonstrates at higher fluences (50 nJcm−2) films processed with ZnI2 have
longer lifetimes, while at lower fluences (5 nJcm−2), pristine films have longer lifetimes.
These observations are explained later by demonstrating that at lower fluences a regime
more dominated by doping occurs for the case of x=5 % films, where shorter lifetimes are
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Fig. 4.1 a) PLQE with laser intensity when illuminated by a 648 nm excitation for x=0 %
and x=5 % films. Dashed vertical line corresponds to 1 sun equivalent excitation density.
The inset shows PL spectra. b) Normalised PL decays for the same films, when illuminated
by a pulsed 635 nm laser with intensity of 50 nJcm−2. PL decays of x=0 % and x=5 % films
are shown in c) and d) respectively, recorded when samples are encapsulated (as in b) ),
following one minute of air exposure, and after 45 minutes of air exposure. Arrows mark the
change from the initial signal with time.

expected (compared to films with less doping). This also explains the increase in PLQE at
low excitation densities for x=5 % films.

Excitation flu-
ence (nJcm−2)

Time for signal to fall to 1
e of initial value (ns)

x=0 % x=2 % x=5 % x=10 %
50 360 510 490 160
33 530 610 550 190
17 780 780 740 240
5 1520 1170 1190 370

Table 4.1 The time taken for TCSPC signal to fall to 1
e of the initial value for four excitation

fluences for each film composition.
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4.2 Spectroscopic measurements

Long lifetimes reported here were achieved only by encapsulating the films immediately
after fabrication. If films were stored overnight even in a nominally clean nitrogen-filled
glovebox before encapsulation this resulted in lower PLQEs and TRPL lifetimes (the im-
portance of encapsulation has subsequently been recognised also in pure tin systems [129]).
The use of tin fluoride and lead thiocyanate additives also resulted in films with improved
optoelectronic quality. Therefore, high PLQEs and long lifetimes, even in the control samples,
are attributed to rapid encapsulation and improved fabrication processing. These results were
observed in multiple batches from different laboratories, suggesting this fabrication method
is highly reproducible.

To investigate the stability of films in ambient air, the encapsulation was removed (using
a razor blade, ensuring no marks were made on the sample) and photoluminescence lifetimes
were measured over a period of 45 minutes. The results (Figure 4.1c and d) show that all films
have a reduction in PL lifetime immediately following atmospheric exposure, but the lifetime
in zinc containing films then remains comparatively stable. Conversely, the lifetime of x=0 %
films drops substantially to ∼ 1 ns after 45 minutes of air exposure. These results suggest that
processing with ZnI2 leads to enhanced resilience to degradation of optoelectronic properties
in ambient air.

Transient absorption spectroscopy (TAS) was performed on encapsulated films to better
understand the charge-carrier decay kinetics, following methods described in section 3.2.3.
Here, the wavelength region of 800 nm and 1000 nm was probed, which included a broad
ground state bleach centred at 945 nm following photo-excitation with a 532 nm pulsed
laser (Figure 4.2a). The peak of the ground state bleach was integrated about (± 30 nm)
and this signal was confirmed proportional to the number of photo-excited charges by a
linear relationship between the initial (time 0) ground state bleach and laser power (see
Figure 4.2b, c for x=0 % and 5 % respectively). The TAS decays at different excitation
densities overlap well, though some deviations from this overlap are seen at early time
(Figure 4.2d). This is attributed to charges slowly funnelling down to the lowest energy
sites within films. Therefore, early time windows were excluded from further analysis (see
Figure 4.2d-f and corresponding caption for further discussion).

The curvature of the valence band maximum and conduction band minimum are similar
in halide perovskites [108] (in both cases the main contribution is from p-type orbitals) and
in all TAS measurements the excitation density is likely to be higher than the number of traps
in the material. Therefore, it is reasonable to assume that the number of excited electrons and
holes are approximately equal in all measurements. To this end the ground state bleach was
scaled to obtain the number of excited charges (electrons or holes) at each time following
photoexcitation, n(t). In Figure 4.3a, b, n(t) versus dn

dt is plotted for x=0 % and x=5 %,
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4.2 Spectroscopic measurements

Fig. 4.2 a) presents the ground state bleach at different times following excitation for x=0 %
(N.B. this excitation produces a carrier density of 1018 cm−3 hence the faster signal decay).
b) and c) show that the TAS signal integrated about the ground state bleach at time 0 scales
linearly with the power of the pulse beam for both x=0 % and x=5 % films respectively. d)
Demonstrates the overlap of TAS decay kinetics: by shifting time 0 the different fluences can
be made to overlap, except at lower excitation densities (initial part of pink and orange lines
in d) ) where there is some ‘history dependant’ part in the TAS spectra. This lack of overlap
at short times is also observed in TCSPC spectra, as shown for x=0 % in e). It is noted that
this history dependant part is reduced for x=5 %, as shown in f). As the zinc containing films
are more uniform (see section 4.5), so this initial fast decay is attributed to charges finding
the lowest energy sites. A discussion on similar observations in Cu(InGa)Se2 films can be
found in C. J. Hages et al.[132].

respectively. Excitations are observed to decay according to first, second and third order
processes. Low-bandgap lead-tin halide perovskites are p-type materials, meaning that in
addition to bimolecular radiative recombination, first order radiative recombination between
an excited electron and a background hole can also play a role; dn

dt =−an−bn(n+ pi)−cn3.
Extracted decay rates are presented in Table 4.2. For x=0 % the decay is dominated by
bimolecular processes at nearly all excitation densities probed (1015 cm−3 to 1018 cm−3). In
contrast, first, second and third order kinetics dominate at different excitation densities for
x=5 % films as marked on the figure. Excitation charge densities that yield the highest PLQE
values correspond to bimolecular recombination in all films (Figure 4.3).

Combining TAS and PLQE measurements, x=5 % films have higher a values but also
higher PLQE (including at low excitation densities). This can be explained by an increase
in p-type doping (pi) within films with the addition of ZnI2. This could also explain PL
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4.2 Spectroscopic measurements

Fig. 4.3 Carrier density, n, versus decay rate, dn
dt , for a) x=0 % and b) x=5 % films respectively.

Solid red lines show plots are fitted with dn
dt =−an−bn(n+ pi)− cn3. Dashed black lines

are placed at a
b and b

c to highlight transitions between different decay regimes. Red arrow
marks where peak PLQE was obtained in Figure 4.1. Each colour represents a different
measurement with different initial fluence.

Parameter
MAPbI3 (from
Richter et al. [57])

x=0 % x=5 %

a+bpi (s−1) 1×106 1×105 3×105

b (cm3s−1) 8×10−11 6×10−11 2×10−11

c (cm6s−1) 1×10−28 1×10−29 7×10−29

ηescbr
(cm3s−1) 9×10−12 (1.1±0.2)×10−12 (0.9±0.1)×10−12

pi (cm−3) 0 (none observed) < 1×1015 (3.7±0.3)×1015

Table 4.2 Decay kinetic parameters measured for the low-bandgap halide perovskite films
(x=0 %, x=5 %) compared to previously recorded MAPbI3, as measured using TAS (for
a+ bpi, b and c), and an estimation of ηescbr and doping density from a combination of
PLQE and TAS.

lifetimes increasing less for x=5 % films rapidly with decreasing fluence than for x=0 %
films.

In order to quantify the p-type doping, parameters from TAS data are used to fit the
low energy region of the PLQE measurements. Specifically, at low excitation densities
PLQE ∼ ηescbr(pi+n)

a , where ηescbr is the escape probability multiplied by the second order
radiative rate (see Chapter 6 for more details). This enables a measurement of the background
hole concentration. For x=0 % an upper bound of 1×1015 cm−3 can be placed on pi, while
for x=5 % a background hole concentration of ∼ 3.7×1015 cm−3 is obtained. This supports
the background hole concentration being higher for x=5 % than the 0 % analogue.
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4.3 Electrical characterisation

4.3 Electrical characterisation

To confirm and explore the nature of doping induced by the ZnI2 additive, bottom gate bottom
contact halide perovskites field effect transistors (FETs) were fabricated and measured, using
x=0 % and 5 % halide perovskites films as the active layer, by Satyaprasad Senanayak (for
further measurement details please refer to Appendix A.2.1). Surprisingly, both the devices
exhibited clear transistor characteristics at room temperature, with the expected p-type
channel (i.e. a higher current when the applied gate voltage is less than 0 V, Figure 4.4a, b).
While there have been previous reports of transistors fabricated from MAPbI3 and other neat
lead or neat tin based halide perovskites [62, 133], to the best of the author’s knowledge this
is the first report of a transistor based on low-bandgap mixed lead-tin halide perovskites. The
observation of p-type transport is in agreement with previous transport characterization of
Sn-based halide perovskites performed using terahertz conductivity [118] and Hall Effect
measurements [45]. FET devices fabricated with the inclusion of Zn exhibit enhanced p-type
behaviour, with the channel current increasing approximately three times compared to x=0
% films. Furthermore, a positive turn on voltage and larger off current for the x=5 % film
both point towards enhanced p-type doping, corroborating doping results from spectroscopic
measurements. The field effect mobility (µFET ) reaches a value of 0.007 cm2(Vs)−1 for
x=5 % and 0.003 cm2(Vs)−1 for x=0 %, with both values being comparable to previous
lateral FET mobility measurements on halide perovskite thin films (where transport laterally
across many grain boundaries in the FET device can significantly reduce effective mobilities
recorded relative to single crystal or terahertz measurements [133]). It is noted that control
devices fabricated from ZnI2-only solutions yielded insulating characteristics, demonstrating
that the observed enhancements in mobility originate from the Zn additives in the halide
perovskites rather than from the ZnI2 ionic solid.

To investigate the effect of illumination FET devices were illuminated with white light to
a maximum intensity of 10 mWcm−2 (∼ 0.1 sun equivalent, Figure 4.4a, b). In both devices,
an enhancement in channel current, Id , was observed, but the current still remains higher
for Vg < 0, indicating that of the photo-generated charge carriers, holes are more mobile
than electrons. Photoinduced charge density in the halide perovskite FETs are shown in
Figure 4.4c (see Appendix A.2.1 for calculation details). The charge density is approximately
3 times higher for x=5 % films compared to x=0 % films, pointing to reduction in trap density
which enables more charges to exist in the film under steady state illumination.
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Fig. 4.4 Electrically-gated measurements (gate voltage Vg versus channel current Id) of
charge transport and photo-induced doping on bottom contact bottom gate FET devices
(channel length 100 µm, channel width 1 mm) fabricated with a) x=0 % and b) x=5 % halide
perovskite. Photoinduced characteristics correspond to white light excitation densities across
the range stated. c) Estimated photo-induced charge density in halide perovskite thin-film
field-effect transistors. d) Schematic of the FET architecture.

4.4 Proof of concept solar cells

To validate spectroscopic results , solar cells in the architecture indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/halide perovskite/[6,6]-Phenyl
C61 butyric acid methyl ester (PCBM)/Bathocuproine(BCP)/Ag were fabricated (Figure 4.5b,
inset) and measured with assistance from Michael Farrar (University of Oxford, for further
fabrication details see Appendix A.1.1). The halide perovskites again contained varying
fractions of ZnI2 in the precursor solution. The same film thicknesses (of ∼ 200 nm) were
used as in the above spectroscopic measurements (meaning that short-circuit current was not
maximised) and, due to processing constraints, a solvent quench step was used instead of
a gas quench. Films exhibited similar trends following air exposure as gas quenched films
previously explored, though stability in air was less pronounced than for gas quenched films.

Solar cell results for Zn content varying from 0-10 % are shown in Figure 4.5a-d. There
is a clear increase in all solar cell parameters with the addition of ZnI2, with x=1 % being the
optimum for overall performance (discussed further below). The x=1 % exhibited median
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power conversion efficiency (PCE) of 11.1 % and interquartile range of 1.8 % (champion
PCE 12.7 %), compared to (9.3±3.5) % for x=0 % (champion 12.3 %). In particular,
increases in both open-circuit voltage and short-circuit current are seen, consistent with
the enhanced luminescence observed in spectroscopic measurements. It is noted that these
absolute performances are respectable given that the active layer is only ∼ 200 nm thick to
match spectroscopic measurements.

Fig. 4.5 Box and whisker plots showing thin solar cell a) open circuit voltage (Voc), b) short
circuit current (Jsc), c) fill factor (FF) and d) power conversion efficiency (PCE), with x=0-10
%. The inset in b) is a schematic of the device stack used. e) shows champion pixel PCE of
each composition held at initial maximum power point voltage for 60 s. f) demonstrates the
PCE of devices from d) after two days of storage in a nitrogen filled glovebox and 2.5 hours
of air exposure.

Figure 4.5e shows the power conversion efficiency of the champion pixel from each
composition held at the initial maximum power point voltage for 60 seconds. While there is
typically a decrease in PCE during the initial time for x=0 % films, this ‘burn in’ is positive
for x=1 % and x=2 % cells. Furthermore, devices were exposed to air (for 2.5 hours) and then
stored in a nitrogen glovebox for 48 hours before re-testing. The x=0 % devices substantially
degraded during this time while the x=1 % and x=2 % devices had mostly maintained their
efficiency (Figure 4.5f).

These lead-tin solar cells were measured unencapsulated. While bare films investigated
above (cf. Figure 4.1c, d) showed substantial degradation without encapsulation, this seemed
to be less of a problem in full devices. To further explore why it was possible to achieve
reasonable efficiencies for Pb-Sn halide-halide perovskites solar cells without encapsulation,
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TCSPC was carried out on a glass/halide perovskite(x=0 %)/PCBM/BCP stack with and
without a capping silver electrode (Figure 4.6). The photoluminescence lifetime of stacks
without silver electrodes drops to < 1 ns within an hour of air exposure, while for regions
covered by silver electrodes the photoluminescence lifetime remains the same following
17 hours of air exposure (between measurements samples were stored in a desiccator).
Furthermore, by illuminating a region of the stack with an electrode, but in a region not
covered by the electrode (due to a mask during silver evaporation) it was confirmed that the
silver electrode provides protection from air: in this region the lifetime had again fallen to <
1 ns following 17 hours of air exposure.

Fig. 4.6 TCSPC decay curves of halide perovskite emission from the stack glass/halide
perovskite(x=0 %)/PCBM/BCP without a) and with b) a silver electrode capping the stack
following different amounts of air exposure. In b) ‘off electrode’ corresponds to a region of
the same device stack which was not covered by silver due to being under the mask during
evaporation. Samples were stored in a desiccator between measurements.

4.5 Nanoscale chemical distributions

In order to determine the mechanism by which ZnI2 addition leads to the enhanced prop-
erties of the Pb-Sn films and devices, Scanning Transmission Electron Microscopy and
Energy Dispersive X-ray spectroscopy (STEM/EDX) on cross sections of gas quenched
films deposited on Si substrates was performed by Tiarnan Doherty and Giorgio Divitini (for
further measurement details please refer to Appendix A.2.2). Air exposure was minimised
during this process and a capping layer of Spiro-OMeTAD was used to limit exposure to the
electron and ion beam during sample preparation. Figure 4.7a-c shows the chemical spatial
distribution of Pb, Sn and Zn in the halide perovskite films, with x=0 % below and x=5 %
above in each case. Pb appears to be relatively homogeneously distributed through both
films, with no observable differences between the samples. However, the distribution of Sn
is markedly different: for x=0 % Sn-rich regions of size ∼ 200 nm are observed to form at
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the surface of the film, which are absent in the films prepared using ZnI2 in the precursor
solutions (x=5 %). More generally, the Sn is much more uniformly inter-mixed with Pb in the
Zn-containing samples. The majority of the added Zn localises along the bottom of the film
(substrate side); this is not substrate dependant as depositing films on the solar cell device
contact PEDOT:PSS obtained the same results. The presence of this Zn layer may explain
why optimal device performance was found at x=1 % compared to x=5 % from spectroscopic
measurements such as PLQE: there is a compromise between the beneficial effects from the
addition of Zn such as doping and stability, and the excess Zn layer acting as an insulating
layer limiting carrier collection.

X-Ray Diffraction data (Figure 4.7d), measured by Edward Peter Booker, reveals a small
but statistically significant relative increase in halide perovskite lattice parameter (∼ 0.05 %)
for the films with x> 0 %, consistent with a small quantity of Zn (< 1 %) being distributed
throughout the bulk of the x=5 % film (potentially at interstitial sites), but at a level below the
detection limits of STEM/EDX measurements. The width of the XRD peaks was comparable
for all compositions, and thus no clear differences in grain size or strain effects were seen.

Further STEM/EDX measurements demonstrate that oxygen in the film is associated
primarily with the Sn-rich regions of the x=0 % films (Figure 4.7e). As has been proposed by
Leitjens et al. [134], the mechanism for low-bandgap halide perovskite degradation is the
reaction of tin with oxygen. Therefore, the absence of these Sn rich regions (as in the x=5 %
films) renders greater resistance to degradation in ambient air.

Overall these results show that films prepared with ZnI2 in the precursor solution exhibit a
more homogenous mixing of Pb:Sn, higher PLQE and conductivity, a simultaneous increase
in the p-doping, and a greater resistance to ambient air exposure. It is proposed that the ZnI2

may both help during film formation and play an active role as a dopant either in interstitial
or lattice sites, as was suggested by Saidaminov et al. [135] for larger bandgap films. The
improved film formation could be due to the ZnI2 seeding growth of higher quality grains
that are more chemically homogeneous, possibly due to the additives assisting the formation
of more homogeneous halide perovskite complexes in the precursor solution. Further work is
now required to confirm this mechanism.

4.6 Conclusion

This study presents low-bandgap mixed lead-tin metal halide perovskite films with substan-
tially better optoelectronic properties than those previously reported in literature. Carrier
lifetimes over 1 µs and PLQEs of 3.5 % in neat encapsulated films are reported following
the addition of zinc iodide to the precursor solution. The addition of zinc also dramatically
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4.6 Conclusion

increases the stability of the films to ambient air, with long photoluminescence lifetimes
retained following air exposure. Zn additives can be used to control the p-type nature of the
films, as is shown by clean transistor behaviour. Solar cells fabricated from these materials
also show enhanced performance and short term stability with Zn compared to the controls.
These enhancements are attributed to improved mixing of Pb and Sn within the halide per-
ovskite as well as possible trap management through Zn incorporation within the film. This
work demonstrates improved low-bandgap halide perovskite films and devices and highlights
this material’s potential in versatile electronic applications including in solar cells.
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4.6 Conclusion

Fig. 4.7 The distribution of a) Pb, b) Sn and c) Zn from a cross sectional lamella as measured
by STEM/EDX is shown for films spun on silicon. In each figure two films are shown, x=0
% is below and x=5 % above. The colourbar represents signal intensity in arbitrary units.
d) XRD results showing an increase in lattice parameter with increasing fraction of ZnI2 in
the precursor solutions. e) Cross-section revealing Sn rich regions on the surface of an x=0
% film, f) with these same regions corresponding to increased concentration of oxygen with
brief air exposure.
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Chapter 5

Extracting decay rate ratios from
photoluminescence quantum efficiency

The work presented in this chapter is currently being prepared for journal submission.

5.1 Introduction

Rapid improvements have been observed in halide perovskites devices over the last decade,
primarily due to improved thin film processing, passivation methods and compositions. In
order to contextualise these improvements, identify remaining power loss pathways, and
enable further advances, recombination mechanisms need to be fully quantified. Several
methods have been used to understand excited charge carrier processes in films, including
transient absorption spectroscopy (TAS), terahertz spectroscopy, impedance spectroscopy
and time resolved current-voltage measurements [136, 57, 137, 138]. The majority of
these techniques are time-intensive, inaccessible and difficult to run successfully, meaning
recombination rates have been fully quantified for only a small subset of halide perovskites.

Here a method to rapidly quantify ratios between recombination rates in luminescent
semiconductors measuring only photoluminescence quantum efficiency (PLQE) at different
laser intensities measurements is introduced. By combining PLQE measurements with com-
plementary time resolved photoluminescence (TRPL) measurements – screenable techniques
readily accessible to many laboratories – all absolute recombination coefficients can be
extracted. Excellent agreement is found when benchmarking the PLQE/TRPL approach
against TAS measurements on methylammonium lead iodide thin films (MAPbI3). This new
approach reveals that in MAPbI3, as well as triple cation formamidinium (FA)-containing
(FA0.79MA0.17Cs0.05)Pb(I0.83Br0.17)3 and low bandgap FAPb0.5Sn0.5I3 alloys, there must be a
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5.2 Modelling and fitting PLQE data for luminescent semiconductors

non-radiative second-order recombination component. The origin of this component remains
an open debate in the literature [58, 139]. Here it is demonstrated that parasitic absorption
and photon recycling alone cannot explain second order non-radiative recombination.

5.2 Modelling and fitting PLQE data for luminescent semi-
conductors

As was introduced in section 2.3.2, recombination rates in luminescence semiconductors
are generally described by first, second and third order loss processes with respective rate
constants a, b and c [57, 140]. These rates are typically interpreted to be charge trapping,
second order processes (at least some of which are radiative) and Auger recombination,
respectively. Here a luminescent semiconductor is defined to be one in which the number
of excited electrons and holes are approximately equal, as laser generation rates produce
excitation densities in excess of trap densities. This corresponds to a semiconductor with a
reasonably high (> 0.1 %) PLQE (as long as traps are not luminescent). For example, in halide
perovskites trap densities are approximately 1015 cm−3 [17], so the model presented can be
applied at excitation densities above this (as is probed in PLQE measurements here) [139].
With these assumptions, when a region of the luminescent semiconductor is excited by a
steady-state laser beam, the generation of charges is balanced by recombination. That is

Gext(x,y) = an(x,y)+bn(x,y)2 + cn(x,y)3. (5.1)

Here Gext(x,y) is the number of charges generated per unit time per unit volume in the
film by an external laser beam at location x, y (with coordinates denoting the two in-plane
directions of the film) and n(x,y) is the number of excited charges per unit volume. It is
assumed that charges are distributed uniformly from the front to the back of the thin film.
This is approximately true if diffusion lengths are larger than film thickness (as is the case
in halide perovskites [141]), noting that surface traps can result in higher bulk excitation
densities (which is beyond the scope of this model). In all experiments carried out here the
incident laser beam was sufficiently large (> 0.2 mm diameter) that lateral diffusion effects
can be ignored.

The number of photons emitted at position x, y (per unit time, per unit volume) is

ηescbr(pin(x,y)+n(x,y)2) (5.2)
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5.2 Modelling and fitting PLQE data for luminescent semiconductors

where ηesc is the probability an emitted photon escapes the material, br the radiative re-
combination rate and pi a background electron or hole concentration (which contributes to
luminescence upon recombination with an excited charge). The PLQE can now be defined as
the light emitted over the sample volume divided by the total (external) generation over the
volume:

PLQE =

∫ ∫
dxdyt(ηescbr(pin(x,y)+n(x,y)2))∫ ∫

dxdyt(an(x,y)+bn(x,y)2 + cn(x,y)3)
. (5.3)

This is a general form which can be applied for any laser beam shape. It reduces to forms
previously discussed for a uniform excitation density [57], while here a Gaussian laser beam
is discussed.

The intensity of macroscopic laser beams used, I(x,y), can be described by a two-
dimensional Gaussian distribution. Defining the coordinate system such that the laser is most
powerful at the origin, is incident perpendicular to the sample surface, and its ellipse axes
align with the coordinates axes (see section 3.2.4 for details on measuring beam sizes)

I(x,y) = Icente
−( x

x0
)2−( y

y0
)2
. (5.4)

Here Icent is the laser beam intensity at the origin and its diameter in the x and y directions is
2
√

2x0 and 2
√

2y0 respectively (noting that the diameter of a laser beam is typically defined
as where the laser intensity falls to 1

e2 of its maximum). It can be shown that Icent =
Pm

πx0y0
,

where Pm is the power as measured on a (macroscopic) power meter. The local external
generation rate can be defined as

G(x,y) =
APme−( x

x0
)2−( y

y0
)2

πx0y0Epht
=

G0,minPm

Pm,min
e−( x

x0
)2−( y

y0
)2
. (5.5)

Here A is the fraction of laser light absorbed by the sample (which is measured in a PLQE
measurement), Eph the energy of a photon at the laser wavelength, t the sample thickness
and Pm,min the lowest power used in any measurement. Using this form of generation rate
equation 5.3 can be simplified to one integral by using radial coordinates

r2 =

(
x
x0

)2

+

(
y
y0

)2

; tan(θt) =
x0y
xy0

. (5.6)
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5.2 Modelling and fitting PLQE data for luminescent semiconductors

Additionally all variables can be made dimensionless with the transformation

ñ(r) =

√
ηescbr

G0,min
n(r). (5.7)

This gives a computational method to calculate the PLQE with four free parameters:

1. Calculate ñ(r) at every point r from

Pm

Pm,min
e−r2

= βPLQE ñ(r)+ γPLQE ñ(r)2 +δPLQE ñ(r)3; (5.8)

2. Find the PLQE using

PLQE =
2Pm,min

Pm

∫
∞

0
r(αPLQE ñ(r)+ ñ(r)2)dr. (5.9)

Here αPLQE =
pi
√

ηescbr
G0,min

; βPLQE = a√
ηescbrG0,min

; γPLQE = b
ηescbr

and δPLQE =
c
√

G0,min

(ηescbr)
3
2

, all

of which typically fall between 0 and 1000 for halide perovskites, allowing for easier
computation (noting that fits are not bounded to fall in this region). By multiplication or
division of

√
G0,min these can be converted into four relevant decay rate ratios:

pi
√

ηescbr;
a√

ηescbr
;

b
ηescbr

;
c

(ηescbr)
3
2
. (5.10)

It is important to consider why only ratios between recombination rates can be extracted
from PLQE. This is explained by noting that if n(x,y)→ 1

2n(x,y) the same PLQE value can
be obtained if a → 2a, b → 4b and so on, such that the products an(x,y), bn(x,y)2... are
unchanged. However, the ratios between recombination coefficients presented above are
unaffected by a change in the value of n(x,y).

A statistical approach is used to fit PLQE data. Specifically, each dataset is fitted four
times by varying αPLQE , βPLQE ... using a least-squares algorithm until the data and fit agree
well. In each fit each parameter has random starting value between 0 and 1000 and the
fitting algorithm is run until a converged output is achieved. Following each of these four
initial fittings, a further three fits are carried out, again with random starting parameters, but
bounded within the regions defined in the initial fits. Again the fitting algorithm is run until a
converged output is achieved. The spread in each extracted parameter is recorded to confirm
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5.3 Extracting ratios from experimental PLQE data

that there is only one converged solution. The algorithm was found to work extremely well
when fitting computer generated data sets of PLQE. The 95 % confidence interval for each
parameter is output following fitting. This is used as an estimate of error in the measurement,
except when more than three points on the surface of a sample are measured, when the range
of fitted values is instead used as an error estimate.

5.3 Extracting ratios from experimental PLQE data

To explore the PLQE fitting approach, and ascertain its reliability, spin-coated passivated
MAPbI3 films of different thicknesses were fabricated by Satya Nagane (see Appendix A.3.1
for details). Sample 1 was the thinnest (230 nm) and sample 4 the thickest (760 nm), with
samples 2 and 3 taking intermediate thicknesses of 270 nm and 330 nm respectively. In
all measurements, unless otherwise stated, samples were excited with 520 nm sources. To
reduce the chance of sample decay rates changing over the measurement period, Stuart
Macpherson assisted with TAS. Only example fits are shown in the text, while all extracted
values are presented in Tables 5.1 and 5.2. To quantify any variation in decay rates across
sample surfaces (as these are spin-coated films), four points were measured across the surface
in PLQE and TRPL and three points in TAS for two samples (samples 1 and 2). In PLQE
measurements relatively small differences were found across the sample, while the range of
results from other measurements are discussed further below.

The normalised photoluminescence at different laser intensities and PLQE versus both
external generation rate (G0,minPm) and excitation density n (as estimated from TAS and
TRPL measurements) of a MAPbI3 film (sample 3) is presented in Figure 5.1a and b. The
shape of the photoluminescence does not significantly change with generation rate confirming
sample stability. As the generation rate is increased the PLQE rises from ∼ 0.1 % to ∼ 4 %
over the intensities measured.

In Figure 5.1b several fits to the PLQE data are plotted, each of which is differently
constrained. Specifically, ‘full fit’ uses the complete model presented in equation 5.3, ‘no
Auger’ fits have c=0, ‘no doping’ pi=0, ‘only trapping’ b=0 and ‘only radiative bimolecular’
ηescbr = b. First the low generation region is considered. Here there are small discrepancies
for all models. This is attributed to not all traps being filled in this region, which is not
included in equation 5.3 (as it significantly increases the complexity of the model [139]).
By observing the fit with no doping, it can be seen that pi determines the value of the fitted
PLQE at these low excitation densities. Therefore, it is anticipated that the value of pi is
relatively unreliable, as it includes a trap contribution from unfilled traps.
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5.3 Extracting ratios from experimental PLQE data

Fig. 5.1 a) the photoluminescence of a MAPbI3 sample at difference laser intensities, when
illuminated by a 520 nm laser with excitation intensities (as marked in legend). The photolu-
minescence quantum efficiency (PLQE) of this sample is presented in b), alongside different
fits based on equation 5.3. The excitation density, n, is estimated using values obtained from
TAS and TRPL measurements. Error bars in PLQE measurements were calculated using the
approach outlined in section 3.2.1 (with 5 % error assumed in all relevant quantities).

At higher generation rates, ‘full fit’, ‘no Auger’ and ‘only radiative bimolecular’ fit the
data best, while for other models there are more significant discrepancies. The model ‘no
Auger’ fits the data as well as ‘full fit’ but contains fewer parameters, so it is suggested
‘no Auger’ should be used to fit the data. Both ‘no Auger’ and ‘only radiative bimolecular’
fit the data equally well and require the same number of fitting constants. However, ‘only
radiative bimolecular’ relies on a large Auger coefficient, as can be seen in the fit peaking at
a generation rate of ∼ 3×1024 cm−3s−1. For ‘only radiative bimolecular’, even assuming
an optimistic first order trapping rate of 105 s−1 (i.e. on the order of the best ever observed
for MAPbI3 [54]), an Auger recombination rate of ∼10−24 cm6s−1 is found, four orders of
magnitude higher than has been observed [142]. Therefore, it is suggested that ‘no Auger’ is
the model which best fits the data with the fewest constants required and gives physically
reasonable parameters. A similar approach is taken in fitting all PLQE data – using the
simplest possible model which gives physically reasonable decay rates. For all samples this
was found to be the no Auger model. All values extracted from PLQE fits are presented in
Table 5.1.
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5.4 Decay rates from time resolved photoluminescence

Sample pi
√

ηescbr
(cm−1.5s−0.5)

a√
ηescbr

(cm−1.5s−0.5)
b

ηescbr

Sample 1 (1.9 ± 0.4)×109 (2.9 ± 0.4)×1011 4.0 ± 0.6
Sample 2 (2.3 ± 0.3)×109 (5.4 ± 0.1)×1011 9.8 ± 0.4
Sample 3 (1.5 ± 0.4)×109 (2.0 ± 0.1)×1012 11.4 ± 0.7
Sample 4 (1.1 ± 1.0)×109 (5.1 ± 1.6)×1012 114 ± 88

Sample 1 low PLQE

N/A (PLQE < 0.1
% in fitting region,
within instrument re-
sponse)

N/A (PLQE < 0.1
% in fitting region,
within instrument re-
sponse)

42 ± 15

Triple cation (2.2 ± 0.4)×109 (6.0 ± 0.4)×1011 18.2 ± 1.0
Low-bandgap pristine* N/A N/A 42 ± 20
Low-bandgap passivated* N/A N/A 24 ± 3

Table 5.1 Parameters extracted from PLQE measurements. Errors given are the 95 %
confidence interval in the fit except for sample 1 and 2, where they are calculated from
the spread of fit results for the four spots measured. Low bandgap samples (marked *
and discussed in Chapter 4) were measured prior to the start of this study and there is
some uncertainty in beam size, so only b

ηescbr
is quoted (which does not rely on beam size).

Error bars are the average over the ‘plus’ and ‘minus’ error bar. Pristine and passivated
correspond to x=0 % and x=5 % Zn passivation.

5.4 Decay rates from time resolved photoluminescence

To convert ratios extracted from PLQE into decay rates, a second measurement is required.
Here intensified gated TRPL is employed to obtain values for pi and a. To ensure that no
traps were filled between excitations, a laser beam with 1 kHz repetition rate was used in all
measurements, which is long enough for most charge traps to empty (on the order of 10-100
µs [128, 52]). Accounting for a Gaussian laser beam it can be shown that immediately
following excitation the TRPL signal is given by

T RPL0 ∝ ηescbr

(
piPpu +

XP2
pu

2πx0y0Eph fpu

)
. (5.11)

Here X = A
t if charges are uniformly distributed from the front to the back of the film, or α

2
if they remain where they were absorbed in the film (where α is the absorption coefficient).
Ppu is the pump power and f frequency of the incident laser beam. The second term gives
the initial excitation density multiplied by Ppu. Measuring the scaling of T RPL0 against
Ppu allows for quantification of the background hole density pi. This fitting approach is
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5.4 Decay rates from time resolved photoluminescence

demonstrated in Figure 5.2a, for sample 1. In all measurements only an upper bound could
be placed on pi of ∼ 1014 cm−3, which is reasonable as MAPbI3 films are generally thought
to be close to intrinsically doped [117].

Fig. 5.2 a) the scaling of initial time-resolved photoluminescence counts (T RPL0) for different
excitation densities and the fit used to estimate pi. ln(T RPL), the natural logarithm of the
counts, as a function of time, is plotted in b) for two different initial excitation densities (see
legend). A fit to each data set is also presented. First order decay rates extracted from these
fittings, for measurements at four different positions and two different excitation densities,
are presented in c).

At low excitation densities, it can be stated that the change in n(x,y) with time is
dn(x,y)

dt =−an(x,y). As photoluminescence is due to recombination of excited electrons and
holes (i.e. T RPL ∝ n2),

ln(T RPL(t)) = k−2at (5.12)

where k is an arbitrary constant. In Figure 5.2b ln(T RPL(t)) versus time is plotted to extract
a. For all spots measured two initial excitation densities were used (as marked on plot) to
ensure extracted a values were robust. It can be seen that at higher excitation density there is
a faster initial drop in the signal. This is attributed to second-order recombination effects.
All fits were restricted to the linear portion of the data, as shown on the figure.

For two samples (samples 1 and 2) four surface locations were measured, to ascertain
the variation in a. The spread of results is presented in Figure 5.2c. For both samples decay
rates were relatively uniform across the sample surface (± 25 % at most), despite these being
rough spin coated films. This justifies the approach in combining values extracted from
TRPL with those from PLQE measurements, even though different points on the sample
surface were measured. All a values extracted from TRPL measurements and b values from
TAS (see below) are presented in Table 5.2.
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5.5 Background doping discrepancies

Sample a (s−1) b (cm3s−1)
Sample 1 (1.3 ± 0.2)×106 (8.5 ± 2.0)×10−11

Sample 2 (1.0 ± 0.3)×106 (7.6 ± 2.0)×10−11

Sample 3 (6.8 ± 0.4)×106 (1.3 ± 0.5)×10−10

Sample 4 (6.8 ± 0.4)×106 (1.8 ± 0.5)×10−10

Sample 1 low PLQE (1.1 ± 0.2)×107 (5.8 ± 1.5)×10−10

Sample 2 low PLQE (8.5 ± 1.0)×106 (4.4 ± 1.0)×10−10

Low-bandgap pristine* 1.0 ×105 (5.5 ± 1.5)×10−11

Low-bandgap passivated* 3.3 ×105 (2.4 ± 0.5)×10−11

Table 5.2 Parameters extracted from TRPL (a) and TAS (b) measurements. Low bandgap
samples (*) were measured in Chapter 4 with a and b values from TAS.

5.5 Background doping discrepancies

In Figure 5.3 pi values extracted from the combination of PLQE fittings and a values from
TRPL are plotted. Additionally, upper bounds obtained from TRPL alone are shown. The
first upper bound (in black) is assuming uniform excitation density throughout the film, while
the second upper bound (in red) follows the (less likely) case of no charge redistribution
following photoexcitation prior to measurements. The value of α used is from Pazos-Outón
et al. [117] with an (assumed) front transmission coefficient of 90 %.

Values obtained from PLQE/TRPL are higher than TRPL upper bounds. This is explained
by noting that pi determines PLQE fitting shape at low generation rates (as shown in
Figure 5.1). At these low excitation densities two effects come in to play: doping; and charge
traps not being completely filled. The latter effect is not included in this PLQE model, but
can contribute to the extracted pi value. Therefore, it is suggested that the ‘pi’ obtained from
the PLQE/TRPL combination is a convolution of the background doping density and trap
density within the material.

5.6 PLQE/TRPL comparison with transient absorption spec-
troscopy

The PLQE/TRPL fitting approach is now benchmarked against TAS by comparing extracted
values of ηescbr and b. In all TAS measurements a ground state bleach was observed which
did not change spectrally following photoexcitation. Following the methods outlined in
Chapter 3, the ground state bleach was integrated over and scaled to estimate n at all times.
Care was taken in all measurements to ensure that the pump beam was sufficiently large
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5.6 PLQE/TRPL comparison with transient absorption spectroscopy

Fig. 5.3 pi values obtained from the combination of PLQE and TRPL measurements are
presented with error bars. Dashed black lines mark the upper bound on pi values from the
power scaling of the TRPL signal at initial times assuming uniform excitation density from
the front to back of the film, and dashed red lines assumes no charge redistribution following
photoexcitation.

compared to the probe beam that only a region of approximately uniform excitation density
was measured (and therefore uniform decay rates). Within this region spatial variation in the
pump and probe beams can be neglected so

dn
dt

=−an−bn2 − cn3. (5.13)

TAS signals were measured at a range of excitation powers. As Auger coefficients could
not be extracted from PLQE measurements, TAS focused at powers lower than where Auger
recombination was significant. In this region it can be shown that

1
n
= (

b
a
+

1
n0

)eat − b
a

(5.14)

where n0 is the excitation density when t=0. Furthermore, in the region where second order
recombination dominates

1
n
=

1
n0

+bt. (5.15)
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5.6 PLQE/TRPL comparison with transient absorption spectroscopy

Therefore 1
n versus time was plotted and the relevant regions of the TAS data was fitted with

both exponential and linear fits (equations 5.14 and 5.15). These fits give values of b. Both
fitting approaches were applied as for some samples it was not possible obtain reliable values
of a (i.e. using equation 5.14 was sometimes overfitting the data). An example of these
fitting approaches are presented in Figure 5.4a. The two fits gave comparable values of b for
all samples. For two samples (samples 1 and 2) b was measured at three different positions
across the sample surface. The variation in b values (± 33 %) was more significant than that
in a from TRPL measurements. This validates combining PLQE with TRPL measurements
rather than with TAS measurements.

Fig. 5.4 a) 1
n versus time, as measured in transient absorption spectroscopy (TAS). Inset

shows the TAS signal as a function of time, with different measurements shifted in time so
they overlap. Each colour corresponds to a different measurement. Two fits to this data are
shown – a linear fit to the high power data, and an exponential fit to all the data (see main
text for more details). b) measured PLQEs alongside those predicted from TAS and TRPL
measurements for samples 1 and 2. c) All second order rates extracted from PLQE/TRPL
and TAS measurements. There is good agreement between the second order rate in TAS and
b measured from PLQE/TRPL in all cases. d) presents the ratio of b to ηescbr from PLQE
measurements of the four MAPbI3 samples measured. For samples 1 and 2, TAS and TRPL
error bars are obtained from the spread of data at different points on the surface, while for
samples 3 and 4 20 % and 30 % error bars were assumed respectively, based on quality of
data taken.
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5.7 Second order non-radiative recombination

In Figure 5.4b measured PLQE for samples 1 and 2 are presented, alongside predicted
PLQEs from time-resolved measurements (i.e. TRPL and TAS) using equation 5.3 and
assuming only radiative second order recombination. There is a large discrepancy between
measured and calculated values in this case, significantly beyond what can be explained
from variation across the sample surface. For example, for sample 2 predicted PLQEs are
approximately an order of magnitude larger than measured PLQEs. This discrepancy is more
noticeable at higher generation rates, which have been explored less by others [139]. This
adds weight to the possibility of 2nd order non-radiative recombination.

To ascertain whether the PLQE/TRPL measurement approach is in agreement with
TAS measurements, all extracted second order rates (ηescbr and b) from both measurement
techniques are presented in Figure 5.4c. There is good agreement between values of b
obtained from PLQE/TRPL and TAS measurements, validating the PLQE/TRPL fitting
approach. Furthermore, ηescbr values are clearly not in agreement with b values extracted
from TAS, demonstrating that only a proportion of second order recombination is radiative.
This is highlighted in Figure 5.4d, where the ratio b

ηescbr
is presented for the four samples

measured. This value varies significantly between samples. It is noted that sample 1 had the
highest measured PLQE (up to ∼ 10 %) and the lowest value of b

ηescbr
, while sample 4 had

the lowest PLQE (up to 0.3 %) and the largest value of b
ηescbr

. To confirm observations of
second order non-radiative recombination were not isolated to MAPbI3, the low-bandgap
FAPb0.5Sn0.5I3 and the triple cation (FA0.79MA0.17Cs0.05)Pb(I0.83I0.17)3 halide perovskites
were measured in PLQE. In all cases a significant difference between b and ηescbr was found
(see Table 5.1).

5.7 Second order non-radiative recombination

In luminescent semiconductors with free electrons and holes it is unusual to observe non-
radiative second order recombination. Such processes have however been observed previously
in halide perovskites by Richter et al. and Staub et al. [57, 143] although they are not yet
readily explained [144, 139, 56]. The presence of this non-radiative second order rate is now
discussed, especially whether it could be caused by experimental error or parasitic absorption
(noting parasitic absorption would reduce the measured value of ηescbr). Specifically the
following possibilities are considered:

• a systematic error in PLQE measurements

• an error in thickness or power measurements

• parasitic absorption within halide perovskite thin films.
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5.7 Second order non-radiative recombination

5.7.1 Systematic errors in PLQE
b

ηescbr
varies by over an order of magnitude between samples measured here (Figure 5.4d).

However, most systematic errors should give uniform parasitic absorption in all samples.
Additionally, it is extremely uncommon to measure PLQE values on the order predicted by
time resolved measurements (c.f. Figure 5.4b). Therefore, most systematic errors can be
readily discounted.

The one process in PLQE measurements which could reduce measured PLQEs signifi-
cantly, and vary between samples, is photoluminescence being reflected from the integrating
sphere’s walls back onto non-excited regions of the sample (where it will be re-absorbed and
undergo non-radiative decay). This form of parasitic absorption is generally not accounted for
in PLQE measurements. However, the equivalent effect is included for scattered laser light
being parasitically absorbed by the sample. Therefore, the maximum re-absorbed sample
photoluminescence can be estimated from the re-absorption of scattered laser light (this is a
maximum as the sample’s absorption coefficient is weaker at the bandgap than at the laser
wavelength). Following the standard de-Mello treatment [86],

Lb = La(1−µabs). (5.16)

Here La are the laser counts recorded when no sample is in the sphere, Lb the laser counts
recorded when a sample is in the sphere but not directly illuminated by the laser and µabs the
fraction of laser light indirectly absorbed by the sample. µabs was calculated for samples 1 to
4 and values are presented in Table 5.3. The maximum increase in PLQE this effect could
give is 18 %, significantly below what is needed to explain the discrepancy between radiative
and total second-order decay. Therefore, all systematic errors in PLQE measurements can be
discounted as the main source of the discrepancy.

Sample µabs

1 17.6 %
2 17.0 %
3 18.0 %
4 16.6 %

Table 5.3 Fraction of scattered laser light indirectly absorbed samples in PLQE measure-
ments.
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5.7 Second order non-radiative recombination

5.7.2 Thickness and power measurement errors

It was shown in section 5.2 that b
ηescbr

is independent of thickness and generation rates.
Specifically, it only relies on relative powers being accurate (i.e. 2 µW is twice 1 µW). This
is demonstrated to be the case in Figure 5.5 by showing a linear relationship between laser
power measurements and the laser signal recorded with no sample in the sphere. Therefore
these errors can be discounted.

Fig. 5.5 Linear scaling of measured power with recorded laser counts, when no sample is
present in the integrating sphere.

5.7.3 Parasitic absorption within the sample

There are several possible parasitic absorption processes within samples which are presented
in Figure 5.6a-c. All rely on regions of the sample with extremely low excitation densities, so
these regions do not significantly contribute to measured signals. Any photons re-absorbed
in these regions (prior to escaping the film) are rapidly lost to traps, i.e. effectively a form of
parasitic absorption. These processes are now discussed in turn.

Waveguiding

A photon being waveguided from an excited to an unexcited region of the sample is presented
in Figure 5.6a. This process can be discounted as a significant source of parasitic absorption
for two reasons. Firstly, it would occur to the same extent in all halide perovskite thin films
of the same thickness. However, significant variation in the ratio of b

ηescbr
was found for the
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5.7 Second order non-radiative recombination

same film following prolonged storage (see text below). Secondly, all measurements were
macroscopic, with the smallest beam minor ellipse radii used in PLQE ( 1

e2 size) being on the
order of 0.2 mm. Calculations suggest that only 4 % of emitted photons are able to travel
this distance in halide perovskites before being re-absorbed (even before considering any
effects of surface roughness or scattering). Therefore, this process will not be significant
within samples.

Fig. 5.6 Schematics for possible parasitic absorption processes within thin films are presented.
In all cases a portion of the film is illuminated (green arrow), causing a region to become
excited (yellow region) and generating charges (orange). A charge could re-emit a photon
(red arrow) which: a) travels to an unexcited region of the film; b) travels to a less radiative
region in the excited part of the film; or c) is absorbed in a non-emissive surface layer.

Dark grain photon re-absorption and light soaking effects

The second parasitic absorption process is the emission of photons from a bright grain and
their subsequent absorption in a dark grain (where it is quickly lost to charge trapping,
Figure 5.6b). A brief mathematical analysis of this case is now presented. Consider two
regions, 1 and 2, with different rate constants. Assuming all second order recombination is
radiative, if there is no photoluminescence transfer between the two regions then each region
is balanced by local recombination:

Gext,1 = a1n1 +ηesc,1br,1n2
1;Gext,2 = a2n2 +ηesc,2br,2n2

2. (5.17)

Here subscripts 1 and 2 correspond to the two regions and Auger recombination is neglected
for simplicity. In this case the local PLQE from region 1 is given by

PLQE1 =
ηesc,1br,1n2

1

a1n1 +ηesc,1br,1n2
1
. (5.18)
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5.7 Second order non-radiative recombination

Now a fraction of light, f1→2, is emitted from region 1 and absorbed in region 2. In any
region the total generation is given by the external generation and re-absorption of photons
(photon recycling). For region 1 the total generation is therefore Gext,1 + (1− ηesc,1 −
f1→2)br,1n2

1, which is balanced by the local recombination, a1n1 +br,1n2
1 (see Chapter 6 for

more details). The local PLQE of region 1 is given by (noting measured PLQE is relative to
the external generation rate)

PLQE1 =
ηesc,1br,1n2

1

a1n1 +(ηesc,1 + f1→2)br,1n2
1

(5.19)

and therefore in region 1 the total second order recombination rate is larger than the radiative
rate ( b

ηescbr
> 1). In the same scenario the PLQE from region 2 is

PLQE2 =
ηesc,2br,2n2

2

a2n2 +ηesc,2br,2n2
2 − f1→2br,1n2

1
. (5.20)

If n1 and n2 scale similarly with the external generation rate (which is the case if either
1st or 2nd order recombination dominate in both regions) then here the total second order
recombination rate is smaller than the radiative rate i.e. b

ηescbr
< 1. Therefore, if the discrep-

ancy in second order recombination rate is due to luminescence transfer from ‘net exporters’
of photons to net absorbers, on a local PLQE map b

ηescbr
should take values distributed above

and below 1. To test this hypothesis Kyle Frohna measured local PLQE maps on sample 3 at
different (405 nm) laser generation rates (see Appendix A.3.2 for experiment details). In this
approach the maximum possible PLQE from each point on the sample was estimated (giving
a minimum value for b

ηescbr
).

An example of a local PLQE map at low excitation density (∼ 2 mWcm−2 at 405 nm
excitation) is presented in Figure 5.7a. There are significant variations in PLQE across the
sample surface (from 0.05 % to 0.2 %), but overall values were approximately Gaussian
distributed at all powers. Significant changes in morphology were observed at high laser
intensities, and there was a corresponding drop in PLQE at these high powers (see Figure 5.7a
and b for local PLQE maps at before and after the morphology change, and c for the drop
off in PLQE at high laser intensities). A similar drop in PLQE was seen in macroscopic
measurements at high generation rates, as is shown for a bulk measurement of the same
sample in Figure 5.7c. This drop is well below generation rates where Auger recombination is
important and the same PLQE values at low laser intensities could not be obtained following
observing this drop. Therefore these morphology changes and PLQE drops were attributed to
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5.7 Second order non-radiative recombination

light soaking. All PLQE values where this drop was observed were removed from analyses
in this chapter. The three data points below the peak PLQE were also removed to exclude
even the onset of light soaking.

Fig. 5.7 Local PLQE maps (with 405 nm excitation) of the same region at low, a), and high,
b), intensity illumination are presented. A gradual change from the first to second image
was observed at laser powers above 386 mWcm−2. A corresponding drop was observed
in the PLQE measured at all grains and in the PLQE averaged across the surface as the
morphology changed, as shown by the red triangles in c). Similar drops were observed in
bulk (macroscopic) PLQE measurements at higher laser intensities, as shown by the black
squares in c). It is noted that bulk (macroscopic) PLQE measurements were much faster,
explaining why the PLQE drop is at higher intensities. With thanks to Kyle Frohna for a) and
b) image production.

Returning to the local PLQE measurements, the laser beam was spatially uniform in this
setup and therefore modelled as a top hat function. PLQE with power was recorded and
fitted for every point measured on the sample surface. Any fit result where the confidence
interval in b

ηescbr
was larger than 50 % was removed from the results (this corresponds to

removing ∼ 30 % of data points). The resulting spreads in a√
ηescbr

and b
ηescbr

are presented
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5.7 Second order non-radiative recombination

in Figure 5.8a and b. The former is uniformly distributed about its central value while the
latter has more outliers at higher than lower values. However, upper and lower quartiles
are extremely narrow in both cases. Importantly, all values of b

ηescbr
are greater than 1 (as

marked by whisker), meaning local parasitic absorption of the type shown in Figure 5.6b
cannot explain the discrepancy in second order rates.

Fig. 5.8 a√
ηescbr

and b
ηescbr

values extracted from microscopic PLQE measurements are

presented in a) and b) (with poorly fitted data removed from results, see main text). Overlaid
on these plots are the maximum, minimum, median, upper and lower quartiles. There is at
best poor correlation between extracted quantities, as plotted in c).

a2

ηescbr
versus b

ηescbr
obtained at every point measured spatially is plotted in Figure 5.8c,

for the fitted PLQE map. There is no clear relationship between these two values, suggesting
the discrepancy in second order rate is not necessarily related to regions with higher charge
trapping rates. However, these quantities are both normalised by ηescbr, which also varies
from spot to spot, so no absolute conclusions can be drawn here.

Surface absorption

The final potential parasitic absorption process is re-absorption of photons at the surfaces of
thin films (Figure 5.6c). This is a potential parasitic absorption process as surface regions
of halide perovskites have more charge traps than the bulk [53]. It is suggested that this is
not the source of non-radiative second order decay as this would still be interpreted as a first
order loss process in TAS measurements (as re-absorbed photons will still contribute to the
TAS signal) and it is unlikely surface regions are thick enough to absorb ∼ 90 % of emitted
photons.
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5.8 Evidence for the second order rate changing

5.8 Evidence for the second order rate changing

If the discrepancy between b and ηescbr cannot be explained by parasitic loss processes, this
implies b can change significantly within a single sample, or samples of similar thicknesses
and surface roughnesses while ηescbr remains constant. Some evidence for both processes
was found.

When samples 1 and 2 were first fabricated they had relatively low PLQEs at all generation
rates (< 1 %). However, after two months storage in a nitrogen filled box their PLQEs had
risen significantly to those presented in Figure 5.4b. b was measured for these samples using
TAS immediately after fabrication and two months after fabrication. Over this time the
value of b changed in both samples (from (5.8 ± 1.5)×10−10 cm3s−1 to (8.5 ± 2.0)×10−11

cm3s−1 and (4.4 ± 1.0)×10−10 cm3s−1 to (7.6 ± 2.0)×10−11 cm3s−1 for samples 1 and
2 respectively). Similar variation in b following passivation has previously been observed
by others [145]. For sample 1 it was possible to measure b

ηescbr
reliably from PLQE before

and after storage. Comparable values of ηescbr were obtained (despite the change in b), of
(1.4 ± 0.7)×10−11 cm3s−1 and (2.1 ± 0.8)×10−11 cm3s−1 before and after storage. Finally,
as was discussed in the previous chapter, FAPb0.5Sn0.5I3 samples of similar thicknesses
had very different values of b, while ηescbr was a relatively uniform value of 1.0×10−12

cm3s−1. These combined results suggest that b can vary between samples while ηescbr

remains constant. All extracted values of ηescbr are presented in Table 5.4.

Sample Estimated ηescbr (cm3s−1)
Sample 1 (2.1 ± 0.8)×10−11

Sample 2 (3.7 ± 1.9)×10−12

Sample 3 (1.1 ± 0.1)×10−11

Sample 4 (1.7 ± 1.3)×10−12

Sample 1 low PLQE (1.4 ± 0.7)×10−11

Low-bandgap pristine (1.3 ± 0.6)×10−12

Low-bandgap passivated (1.0 ± 0.2)×10−12

Table 5.4 Estimated values of ηescbr using the combination of PLQE and TRPL data. Sample
2 gives a value lower than expected given its thickness is between that of samples 1 and
3. It is noted that the agreement between b in PLQE/TRPL and TAS measurements was
also poorer than for other samples (Figure 5.4c). Therefore, it is suggested that the sample
may have changed between when TRPL and PLQE was recorded, causing the discrepancy.
Samples 1, 3 and 4 give consistent values, noting that sample 4 is more than twice as thick as
samples 1 and 3 (so ηesc is much lower for sample 4, see Chapter 6).
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Finally, speculation is made about what the non-radiative second order process could
be. It is unlikely that this represents totally new physics. Known processes which could be
second order are:

• Auger recombination between a trapped electron or hole and a free electron-hole pair
(noting that recent studies suggest halide perovskite trap densities are too low for this
to play a significant role [146, 144])

• Recombination with shallow traps following a Shockley-Reed-Hall processes [33]

• Förster energy transfer, which requires a ‘virtual photon’, from the halide perovskite to
dirt or similar within the sample

• energy transfer from excited electrons and holes to ions within the material, enabling
ion motion. In standard theories this is a first order process, but there is no fundamental
reason why it could not proceed via a second order route.

Further work is now required to establish whether one of these processes, or something
entirely different, is responsible for the non-radiative second order recombination.

5.9 Conclusion

A new method for rapidly quantifying decay rate ratios in luminescent semiconductor thin
films using photoluminescence quantum efficiency measurements was presented in this
chapter. Combining these measurements with time resolved photoluminescence allows for
extraction of all decay rates. Results are found to be consistent with those obtained from
transient absorption spectroscopy. Importantly, this measurement approach allows for a direct
quantification of second order radiative and total recombination rates. The radiative rate was
found to be a fraction of the total second order rate for several halide perovskites of different
compositions and thicknesses. By carefully considering different processes it is found that
this discrepancy cannot be explained by parasitic absorption processes alone. To support this
theory, evidence of the total second order radiative rate changing in the same samples after
prolonged storage is presented, while the second order radiative rate remained constant. This
PLQE/TRPL method will streamline materials screening by using accessible techniques, and
motivate further studies to explain the observed recombination behaviour in semiconductors.
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Chapter 6

Quantifying photon recycling in solar
cells and light emitting diodes

The work presented in this chapter is based on the paper by Alan R. Bowman et al. “Quanti-
fying Photon Recycling in Solar Cells and Light- Emitting Diodes: Absorption and Emission
Are Always Key”. In: Phys. Rev. Lett. 125.6 (2020), p. 067401. [147].

6.1 Introduction and background

Photon recycling is the emission and re-absorption of a photon within a material. When light
is incident on a material it generates excitations, as shown in Figure 6.1. These excitations
will undergo either non-radiative (a) or radiative decay with the photon leaving the material
(b). However, some excitations will first undergo photon recycling. Here the excitation emits
a photon which is then re-absorbed within the material (as in c).

Photon recycling occurs to some extent in all materials which absorb light. It has been
reported in luminescent semiconductors including GaAs, InP and, more recently, halide
perovskites [148, 114, 149, 150]. It is a direct consequence of the reciprocity between
absorption and emission: if a material can emit a photon at a wavelength, it can also absorb a
photon at that wavelength [33, 151]. The role of photon recycling in decreasing radiative
recombination rates in halide perovskites has been discussed [136, 152]. Recently, Brenes et
al. explored the effect of photon recycling on the maximum power point voltage in idealised
halide perovskite solar cells with variable charge trapping rates [153] and demonstrated an
increase in maximum power point voltage of 77 mV can be attributed to photon recycling.
Similarly, Cho et al. recently showed photon recycling to be of importance in halide
perovskite light-emitting diodes (LEDs) [150].
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Fig. 6.1 External light (yellow line) is incident on a semiconductor (grey box), generating
excitations (red spheres). All excitations will eventually undergo non-radiative or radiative
decay, as shown in a) and b). However, some excitations will first undergo photon recycling,
the process circled in c), where a photon is emitted from the excitation (orange arrow) and
this photon is reabsorbed within the material.

Here, a generalised framework to quantify photon recycling is presented. No assumptions
are made about the nature of the excitation, the emission or the competing loss processes.
The number of photon recycling events per initial excitation, N, (from external photon
absorption or charge injection) is calculated under different device-relevant conditions,
allowing conclusions to be drawn as to when the phenomenon is most beneficial. The model
is applied to idealised MAPbI3 solar cells and CsPbBr3 LEDs at operating voltages and used
to quantify the effect of different controllable parameters, namely thickness, charge trapping
rate, front and back transmission, and light trapping, on photon recycling. For solar cells,
this study goes beyond previous reports on halide perovskites [153] by considering changes
in both current and voltage, and their relation to controllable parameters. In both device
types, increasing thickness, improving reflection at the back interface and decreasing charge
trapping all enhance device performance and N. However, enhancements due to photon
recycling do not compensate for less light absorption or emission when considering reduced
transmission at the front interface and surface roughness. To maximise solar cell or LED
performance, absorptance or emittance must be maximised, even if this is at the expense of
photon recycling.

6.2 Theoretical framework

According to the van Roosbroeck-Shockley relation (see section 2.3.1), the number of
photons generated per unit volume per unit energy within a material in the dark is [34, 154]
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4πn(E)2
α(E)φBB(E). (6.1)

Here α(E) is the absorption coefficient and n(E) the (real) refractive index. With non-zero
chemical potential, µ the number of photons emitted is multiplied by e

µ

kBT . For a material
with surface area As and thickness t emitting Nγ,out(E) photons per unit area per unit energy
to the surroundings (i.e. the photons escaping the material), the probability of a photon of
energy E escaping the material can be defined as

ηesc(E) =
No. of escaping photons of energy E
No. of photons of energy E generated

=
AsNγ,out(E)

4πn(E)2α(E)φBB(E)Aste
µ

kBT
, (6.2)

where a spatially uniform chemical potential has been assumed. The number of photons
emitted relative to a black body surface, the (angle-averaged) emissivity, can similarly be
defined as:

ε(E) =
No. of escaping photons of energy E

No. of escaping photons from black body at energy E
=

AsNγ,out(E)

πAsφBB(E)e
µ

kBT
. (6.3)

If negligible Stokes shift is assumed (corresponding to maximised photon recycling), the
absorptance, a(E), is equal to the emissivity [33]. Therefore, the probability of an emitted
photon of energy E escaping a material is given by

ηesc(E) =
a(E)

4n(E)2α(E)t
. (6.4)

Equation 6.4 demonstrates that maximizing absorptance also maximises ηesc(E) and can
reduce N. The energy-averaged escape probability is expressed by

ηesc =

∫
No. of photons emitted at E ×ηesc(E)dE∫

No. of photons emitted at EdE
=

∫
πa(E)φBB(E)dE

t
∫

4πn(E)2α(E)φBB(E)dE
(6.5)

in agreement with derivations from thermodynamic considerations [151]. If parasitic absorp-
tion is of importance then fp, the fraction of generated light lost to parasitic absorption, is
added to the right-hand side.
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As noted above, all excitations undergo either radiative or non-radiative decay, with
(internal) rates Rr and Rnr. The internal photoluminescence quantum efficiency, PLQEint (or,
for electrical injection, internal electroluminescence quantum efficiency), is defined as the
ratio of radiative recombination to total recombination,

PLQEint =
Rr

Rr +Rnr
(6.6)

and the probability of a photon re-absorption event occurring is

preabs = PLQEint(1−ηesc). (6.7)

A directly measurable quantity is the external PLQE (PLQEext), the ratio of escaping pho-
tons to absorbed incident external excitation (see section 3.2.1) [86]. Under steady state
illumination, the decay of excitations is balanced by local generation: G = Rr +Rnr. How-
ever, generation is from both incident and recycled photons, thus G = Gext +(1−ηesc)Rr.
Assuming uniform illumination and uniform excitation density,

PLQEext =
No. of escaping photons

Gext
=

ηescRr

ηescRr +Rnr
=

ηescPLQEint

1− (1−ηesc)PLQEint
. (6.8)

For a process with probabilities p j and outcomes X j, the weighted average is ∑ j p jX j.
Therefore, the average number of photon recycling events per initial excitation is

N =
∞

∑
j=0

jp j
reabs(1− preabs) =

preabs

1− preabs
= PLQEext

(
1

ηesc
−1
)
. (6.9)

N is plotted as a function of PLQEext and ηesc in Figure 6.2, where the dashed line indicates
N = 1. This plot is applicable to any material and allows one to assess whether photon
recycling is a dominant process (noting PLQEext and ηesc should be measured or calculated
for the specific material). For N = 1, ηesc< 50 % is required and high PLQEext, while for
materials with large Stokes shift, such as many organic semiconductors, ηesc →100 %, thus
there is very little photon recycling (note that equations 6.4 and 6.5 will need modification in
case of large Stokes shift, which is beyond the scope of the current work).
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Fig. 6.2 The number of photon recycling events per initial excitation (N) as a function of the
external PLQE (PLQEext) and the escape probability (ηesc). Dashed line marks one photon
recycling event per initial excitation.

6.3 Quantifying photon recycling in devices

Photon recycling is now quantified in solar cells and LEDs.

6.3.1 Solar cells

For solar cells, MAPbI3, from the recently emerged class of halide perovskites, is modelled.
MAPbI3 has small Stokes shift [141], allowing for computation of ηesc from equation 6.5.
Following the approach of and parameters used by Pazos-Outón et al. [117], an idealised
MAPbI3 solar cell is considered i.e. an intrinsic semiconductor under AM1.5 with recom-
bination due to charge trapping, radiative and Auger processes (noting no second-order
non-radiative processes are included in modelling). Importantly, for a solar cell,

PLQEext =
J0(e

µ

kBT −1)
Jsc

, (6.10)

where Jsc and J0 are the short-circuit and recombination currents, and the chemical potential
is assumed equal to the applied voltage in this idealised case (i.e. µ = qV ).

Unless otherwise stated, the solar cell interacts with radiation from a 2π hemisphere,
has a perfect back reflector and no parasitic absorption. Four controllable parameters which
affect photon recycling are explored: thickness; charge trapping; front and back transmission
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coefficients; and absorptance (depending on light trapping). While these parameters may be
inter-related in any actual solar cell, decoupling these phenomena allows for quantification of
their effects on photon recycling. For thickness, trapping rate and transmission coefficients
a Beer-Lambert absorptance model is applied (see Appendix Table B.1), though similar
findings hold true for other absorptance models.

The number of photon recycling events at the maximum power point, Nmpp, as a function
of thickness with no charge trapping is plotted in Figure 6.3a. Simulations were carried out
up to film thicknesses of 1000 nm because charge diffusion lengths are likely to become
limiting at larger thicknesses [141]. Even in this idealised case of no trapping, Nmpp < 1,
primarily because the majority of charges are extracted to the external circuit before they can
recombine; at open-circuit there can be over 10 photon recycling events (Figure 6.3a, inset).
As thickness increases Nmpp and efficiency (Figure 6.3b) increase. Efficiency rises due to an
increase in short-circuit current, while Nmpp increases because ηesc decreases significantly
(Figure 6.3c), while PLQEext is relatively flat (Figure 6.3d).

Fig. 6.3 a) Number of photon recycling events per absorbed incident photon at maximum
power point (Nmpp) as a function of thickness (with no charge trapping). Inset shows
corresponding number of photon recycling events at open circuit voltage, Noc. Efficiency,
escape probability (ηesc) and PLQEext at maximum power point (MPP) and open circuit
(OC) for the same simulation parameters are presented in b), c) and d) respectively.
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Nmpp as a function of charge trapping rate for a 500 nm thick absorber layer is shown in
Figure 6.4a. Nmpp falls rapidly from the values in Figure 6.3a unless charge trapping rates are
< 104 s−1 (current state of the art is 105 s−1, where Nmpp ∼ 0.025 [54]). As charge trapping
is decreased, open-circuit voltage increases, corresponding to gains in efficiency and Nmpp

due to reduced non-radiative recombination. While it is possible for trapping rate to be a
function of applied bias [60], here it is assumed constant, as this study is interested primarily
in maximised photon recycling (where charge trapping has minimal effect). These results
show that, for fixed absorptance, reducing charge trapping increases Nmpp and efficiency.

Fig. 6.4 Number of photon recycling events per absorbed incident photon at maximum power
point (Nmpp) as a function of charge trapping rate is presented in a). b) and c) show Nmpp
and efficiency with non-ideal front transmission and back reflection and no charge trapping.
All calculations are on a 500 nm thick absorber layer

Non-ideal front transmission and back reflection are considered next, both of which can
also correspond to parasitic absorption. Nmpp varies from 0.2 to 1 for a front transmission
coefficient larger than 5 % (Figure 6.4b) but reduces at higher efficiencies (Nmpp < 0.3 when
efficiency > 26.5 %, Figure 6.4c). Nmpp is more strongly affected by front transmission than
back reflection as reducing front transmission lowers the excitation density, reducing the ef-
fects of non-radiative Auger recombination. Importantly, Nmpp reduces as front transmission
(and consequently efficiency) are improved.

The effects of light management (necessary for any optimised solar cell) on photon
recycling are explored by considering three absorptance models. These represent a flat surface,
a roughened surface, and an idealised surface whereby the film absorbs the maximum light
possible for a given thickness, termed Beer-Lambert, Randomised and Maximal respectively
(see Appendix Table B.1). Maximal is derived from considering the maximum possible
absorptance in equation 6.4. The Hybrid model introduced in Chapter 3 is not considered
here as it gives broadly similar results to those from a Randomised model, without adding
significantly to the qualitative results. A 500 nm thick MAPbI3 solar cell is considered for the
three different absorptance models and the charge trapping rate varied. In Figure 6.5a Nmpp
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versus efficiency is plotted, both as a function of the first-order trapping rate (see legend),
for all absorptances. Randomised and Maximal absorptances give higher efficiencies than
Beer-Lambert for the same trapping rates as they lead to more light absorption. Importantly,
models that yield higher efficiency also give lower Nmpp, due to increased escape probabilities.
For example, with a loss rate of 105 s−1, Beer-Lambert gives an efficiency of 27.8 % and
Nmpp = 0.025, while Maximal yields an efficiency of 29.8 % and Nmpp = 0.015. Randomised
and Maximal models yield a decrease in open circuit voltage (due to more re-emitted light),
which is more than compensated for by an increase in the short circuit current. This is
demonstrated in the current-voltage curves shown in Figure 6.5b.

Fig. 6.5 a) Relationship between the number of photon recycling events at maximum power
point, Nmpp, and efficiency (for interaction with a full 2π hemisphere, see schematic) for
MAPbI3 solar cells in which the charge trapping rate (selected values defined in legend) is
varied for different absorptance models (legend in b) ) in a 500 nm thick film. b) Current-
voltage characteristics for the three absorptance models considered, with no charge trapping.
c) Results equivalent to a) for a MAPbI3 solar cell which interacts with only 2.5◦ of direct
and circumsolar radiation (see schematic).

A second approach to controlling absorptance is reducing the solid angle of interaction
with the surroundings, reducing re-emitted light [155, 156, 157]. Therefore, a solar cell
which only interacts with direct and circumsolar light is considered. Corresponding results
for the three absorptance models are presented in Figure 6.5c. It is noted that circumsolar
and direct AM1.5 contains less blue light, slightly reducing short circuit currents. Therefore,
for Beer-Lambert absorptance a slight decrease in the maximum efficiency (from 30.0 % to
29.9 %) is observed, and Nmpp = 0.94 with no charge trapping. Randomised and Maximal
absorptance models again give higher efficiencies (maxima of 35.4 % and 36.1 %) and lower
Nmpp (0.62 and 0.57). In all cases Nmpp is higher than in a solar cell which interacts with a
full 2π hemisphere, indicating photon recycling is more significant here. These calculations
corroborate that increasing roughness reduces Nmpp yet improves efficiency.
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6.3.2 Light emitting diodes

CsPbBr3 LEDs are now considered. A reciprocal model to the description of solar cells is
used, with total current J(V ) equal to the sum of radiative, J0(e

eV
kBT −1), and non-radiative,

JNR(V ), currents (see Chapter 2), that is

J(V ) = J0(e
eV

kBT −1)+ JNR(V ). (6.11)

The number of photons out of the front of the LED is given by π
∫

φBB(E)a f ront(E)dE(e
eV

kBT −
1). Similarly, the luminous emittance out the front of the LED is given by

π

∫
EφBB(E)Θ(E)a f ront(E)dE(e

eV
kBT −1), (6.12)

where Θ(E) is the photopic luminosity function. Importantly, when considering an LED the
PLQEext is replaced by the electroluminescence quantum efficiency, ELQEext. Assuming
balanced injection of electrons and holes,

ELQEext =
J0(e

eV
kBT −1)

J(V )
. (6.13)

CsPbBr3 thin films were fabricated and absorption coefficient and refractive index mea-
sured using ellipsometry, with the same data analysis as Shin et al. [158]. An Urbach tail
was fitted to the tail of the CsPbBr3 photoluminescence (measured by Miguel Anaya) to
describe α(E) below the bandgap (data and fit presented in Figure 6.6). This gives α(E) at
and well above the bandgap. Auger recombination rates were assumed to be the same as in
the MAPbI3 system, as these have been observed to be similar across a range of different
halide perovskites [57, 95, 142]. Lastly, the simulations require some value for the doping
density. CsPbBr3 is assumed to be an intrinsic semiconductor so its background doping

density is given by ni = Anie
−Eg
2kBT , where Ani is a constant based on the shape of the valence

and conduction bands near the band edge. As all 3D halide perovskites have approximately
the same bandstructure near the bandgap, MAPbI3 data is used to estimate the background
doping density in CsPbBr3 as 0.042 cm−3, a much lower value due to the larger bandgap in
CsPbBr3. No Stokes shift is again assumed so the previously used absorptance models can
now be applied as emittance models. Simulations use the Beer-Lambert absorptance (here,
emittance) model for an LED which emits over a full 2π hemisphere unless otherwise stated,
though the conclusions hold true for other models.
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Fig. 6.6 Photoluminescence data from CsPbBr3 and an Urbach fit to the low energy tail.

The number of photon recycling events in the LED, N, as a function of thickness, with
no charge trapping, is shown in Figure 6.7a. An applied voltage (quasi-Fermi level splitting)
which gives a luminous emittance of 1000 lm m−2 at 100 nm film thickness is considered.
These calculations demonstrate that photon recycling occurs significantly more within LEDs
than in solar cells under operating conditions: N can be as high as 8 here. Like efficiency in
a solar cell (cf. Figure 6.3b), luminous emittance also increases with thickness.

N is plotted as a function of applied voltage for different first order trapping rates in a
100 nm emitter film in Figure 6.7b. These results demonstrate that for photon recycling to be
important (i.e. N > 0.1 at 1000 lm m−2) charge trapping rates need to be < 106 s−1, which is
comparable with state of the art materials. Furthermore, Auger recombination reduces N at
larger charge densities.

N as a function of front transmission and back reflection coefficients is presented in
Figure 6.7c (for a 100 nm thick film with no charge trapping and voltage set to give maximum
forward luminous emittance of 1000 lm m−2). N is impacted equally by the front and back
transmission coefficients as the model is fully symmetric. N varies relatively slowly until
front transmission is less than 0.4 and back reflection greater than 0.6. Here N becomes
greater than 9 and rapidly increases further for weaker front transmission. Forward luminous
emittance is maximised for maximum front transmission and minimal back transmission
(Figure 6.7d), unlike N.

The effects of surface roughness are now considered with the three emittance models:
Beer-Lambert, Randomised and Maximal. These models give slightly different photolumi-
nescence emission spectra but peaks are within 5 nm for all models. N versus luminous
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Fig. 6.7 Number of photon recycling events, N, in a CsPbBr3 LED as a function of: a)
thickness, for an applied voltage which gives 1000 lm m−2 at 100 nm thickness (and no
charge trapping), and b) voltage for different charge trapping rates. Voltages (quasi-Fermi-
level splitting) corresponding to 100 lm m−2 (1.94 V) and 1000 lm m−2 (2.00 V) are marked
with dashed lines. c) N as a function of front transmission and back reflection coefficients. d)
Luminous emittance as a function of front transmission and back reflection coefficients. e)
N and luminous emittance as a function of applied voltage for the three emittance models,
with specific voltages marked, for emission into a full 2π hemisphere (see schematic). f)
The equivalent plot to e) for an LED which emits into a 2.5◦ cone about the normal to its
surface (see schematic). Legends in e) and f) apply to both plots. Calculations in b) to f) are
performed on a 100 nm thick film.

emittance is plotted (both as a function of voltage) for LEDs which emit into a 2π hemisphere
in Figure 6.7e. N is dramatically reduced from > 7 for Beer-Lambert to < 1 for Maximal
emittance. However, Maximal has the highest luminous emittance of ∼ 6000 lm m−2,
compared to ∼ 1000 lm m−2 for the Beer-Lambert case at the same applied voltage (noting
non-radiative Auger recombination reduces luminescence further in the latter case due to
increased photon trapping). Therefore, rough surfaces emit more light and reduce N, as was
the case for solar cells.

The differences in the three emittance models is even more evident for an LED which
emits only 2.5◦ about the normal to the LED’s surface (Figure 6.7f, which can be achieved
by use of nanostructures [159, 160, 161, 162]). For an applied voltage giving a luminance
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of 100 cd m−2 for the Beer-Lambert model (calculated by assuming isotropic emission and
dividing the luminous emittance by the solid angle of emission, 5.98×10−3), 44,000 cd m−2

is achieved with the Maximal emittance model. However, as in the case of solar cells, photon
recycling becomes an integral part of all optimised LEDs that only emit into a small solid
angle, with N > 10 in all models. These collective results highlight the reciprocal nature
of the model for both light absorption and light emission, and that maximum efficiency (or
emitted light) is not necessarily achieved with maximum photon recycling.

6.4 Conclusion

A general framework to quantify the number of photon recycling events, N, is presented. This
model is applied to MAPbI3 solar cells and CsPbBr3 LEDs, revealing that even for highly
luminescent (i.e. well-passivated) solar cells N is less than 1 per absorbed solar photon at
maximum power point. Conversely, in LEDs N can be as high as 8 at typical LED operating
voltages, or even higher for solid angles of emission smaller than 2π . Photon recycling,
solar cell efficiency and luminous emittance all increase for thicker cells, cells with reduced
charge trapping, and cells with better back reflectors. However, better light management and
front transmission for a given thickness increase efficiency/luminosity but decrease N. These
results demonstrate that absorptance/emittance should be maximised when optimizing solar
cells/LEDs, even if this reduces the number of photon recycling events.
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Chapter 7

Relaxing current matching requirements
in halide perovskite based tandem solar
cells via luminescent coupling

The work presented in this chapter is based on the paper by Alan R. Bowman et al. “Relaxed
current matching requirements in highly luminescence perovskite tandem solar cells and
their fundamental efficiency limits”. In: ACS Energy Letters, 6 (2021), p. 612-620 [163].

7.1 Introduction and background

The bandgap of halide perovskites can be controlled via the substitution of a fraction of lead
for tin (lowering the bandgap from ∼ 1.6 eV to ∼ 1.2 eV) or chlorine and bromine for iodine
(raising the bandgap to ∼ 2.3 eV and 3 eV respectively in pure-lead systems) [49, 164].
This tunability means halide perovskites hold great promise for realising cheap and efficient
tandem solar cells in which two absorber layers of different bandgaps harvest complementary
regions of the solar spectrum (see Chapter 2). To date, all-halide perovskite tandems have
achieved certified efficiencies of 24.8 % and halide perovskite-silicon tandems of 29.1 % [165,
166]. Both of these tandem technologies are predicted to realise low enough levelised cost
of electricity to make them competitive with market-leading single bandgap silicon solar
cells [18].

As tandem halide perovskite solar cells continue to improve it is important to under-
stand their thermodynamic efficiency limits and any current-matching conditions required
for optimal operation, both of which impose restrictions on material and device design.
While several reports estimating all-halide perovskite and halide perovskite-silicon tandem
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efficiency limits and optimal optical designs already exist, the majority focus on what is
achievable with current technologies (e.g. for transmission from top contacts) and, critically,
do not include all intrinsic recombination and luminescence coupling processes [26, 122,
167, 168, 113, 169]. This means that halide perovskite based tandem device optimisation is
currently being guided by incomplete models that do not capture all effects.

Here intrinsic recombination rates and absorption coefficients are measured in halide
perovskite thin films using time-resolved and steady-state optical spectroscopy. These values
are used to calculate the thermodynamic efficiency limit of low-bandgap halide perovskite
formamidinium lead-tin iodide (FAPb0.5Sn0.5I3) as 32.1 %, an all-halide perovskite tandem,
with the same low bandgap system coupled to FA0.7Cs0.3Pb(I0.7Br0.3)3, as 40.8 %, and this
high-bandgap system coupled to an idealised silicon absorber layer as 42.0 % (using literature
recombination rates and absorption coefficients for silicon). These results demonstrate
that consideration of luminescence coupling between sub-cells, i.e., the emission of light
from the high-bandgap sub-cell and its subsequent reabsorption in the low-bandgap sub-
cell, relaxes the need for current matching compared to previous calculations that do not
include the effect. Luminescence coupling becomes important when charge trapping rates
are < 106 s−1 in all-halide perovskite tandems and < 105 s−1 in halide perovskite-silicon
tandems – values comparable to what are already achievable in reported materials, where
charge lifetimes in the charge-trapping regime are on the order of 1-10 µs [170, 171].
Luminescence coupling is demonstrated to allow greater flexibility in the choice of sub-cell
thicknesses and bandgaps in a tandem cell, alongside increased tolerance to a range of
real-world spectral conditions. Finally, using an all-halide perovskite tandem cell, proof-of-
concept spectroscopic visualisation and electrical measurements of luminescence coupling
are presented, demonstrating the direct implications of this work for further halide perovskite
tandem optimisation.

7.2 The Shockley-Queisser limit for tandem solar cells

The maximum efficiency of solar cells, derived in the seminal paper by Shockley and
Queisser [21], was extended to idealised tandem solar cells by de Vos [29]. Considerations
relevant to specific material systems, for example non-ideal absorption and intrinsic non-
radiative loss mechanisms, were first included for single junction silicon solar cells, and
more recently for MAPbI3 solar cells [154, 117].

When considering tandem solar cells, an additional intrinsic process should be included in
models when compared to single junction devices: luminescence coupling between the sub-
cells. This phenomenon has been previously explored in idealised systems [20, 172] and III-V
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tandem technologies [173, 174, 175, 176, 177], but prior to this study had received limited
attention in halide perovskites, with only one previous study on silicon/halide perovskite
tandems [178]. Here luminescence coupling, especially its importance to halide perovskite
two-terminal tandems, is discussed first within an idealised Shockley-Queisser formalism,
before results using experimental parameters and including other non-ideal absorption and
loss processes are presented.

The density of black body radiation is higher in a semiconductor than its surroundings
by a factor of n(E)2 due to the increased density of states [33]. Light emitted from any
material can only interact with its surroundings (where n(E)∼ 1) through its light escape
cone, reducing the fraction of black body radiation by a factor of 1

n(E)2 (so semiconductors
are still in equilibrium with their surroundings). However, between two tandem sub-cell
absorbers with refractive indices larger than 1, the escape cone covers a solid angle a factor
of n(E)2

x larger than with the surroundings (where x refers to the lowest index of refraction of
the semiconductors). Typically, the high-bandgap sub-cell can absorb only a small fraction
of the light emitted by the low-bandgap sub-cell. However, the low-bandgap cell can absorb
a significant fraction of radiation emitted by the high-bandgap cell (see schematic in inset of
Figure 7.1b). In a two-terminal tandem solar cell the same current must flow through both
sub-cells. Therefore, at maximum power point the maximum number of extracted charges
is determined by the sub-cell with the minimum number of photo-generated charges. If the
low-bandgap sub-cell is the limiting sub-cell, charges not extracted from the high-bandgap
sub-cell can recombine radiatively and be re-absorbed in the low-bandgap sub-cell, reducing
the current mismatch.

The limiting efficiencies of Shockley-Queisser-like tandem solar cells under AM1.5
are presented (where all light above the bandgap is absorbed and the only loss process is
radiative recombination) without considering luminescence coupling between the sub-cells
in Figure 7.1a, as has been presented in the halide perovskite field to date, and including
luminescence coupling in Figure 7.1b. The ratio of these efficiencies is shown in Figure 7.1c.
It is possible to prevent luminescence coupling in this fully idealised case by use of a
suitable dichroic mirror between the sub-cells, while in real systems it cannot be prevented
due to absorption coefficients not being step functions (i.e. there will be a spectral region
where both high- and low-bandgap sub-cells absorb light and can therefore couple). Here
a value of n(E)x = 2.5 is used, representative of halide perovskites (cf. Figure 7.2c and
d). Luminescence coupling between layers lowers the maximum possible efficiency from
45.8 % to 44.9 % due to more light being lost from the high-bandgap sub-cell than in the
case without coupling. While the optimal bandgap pair remains within 0.01 eV of that
without luminescence coupling (0.94 eV and 1.60 eV for the low- and high-bandgap sub-cells
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Fig. 7.1 The limiting efficiency of an ideal Shockley-Queisser tandem (where all light above
the bandgap is absorbed) a) without and b) with luminescence coupling. Crosses mark
bandgap pairs yielding the highest efficiency. The inset schematics demonstrate the system
being modelled, with LG and HG corresponding to the low- and high-bandgap sub-cells
respectively, blue and yellow arrows denote absorbed incident solar radiation in the HG and
LG cell respectively, and other arrows correspond to re-emitted light. c) The ratio of these
two graphs, with the dashed line marking the case where there is no change when including
luminescence coupling. d) Line slices of a) and b) (as marked by dotted vertical lines on the
respective panels) showing the efficiency of tandem cells, without and with luminescence
coupling, when the bandgap of the low energy absorber is set to 1.25 eV.

respectively), Figure 7.1b demonstrates that luminescence coupling gives greater tolerance
in the choice of sub-cell bandgaps to achieve a high efficiency. Specifically, when the high-
bandgap sub-cell has a significantly larger short circuit current, efficiency is increased when
luminescence coupling is included. This beneficial region can be seen below the diagonal
dashed line of Figure 7.1c. To further illustrate how this result impacts device design for
the case of halide perovskites, line-slices of Figure 7.1a and 7.1b are plotted in Figure 7.1d,
with the low bandgap fixed at 1.25 eV, close to the lowest bandgap currently technically
feasible for halide perovskites [179], and the high bandgap is varied. This demonstrates
that the high bandgap can be reduced to be as low as ∼ 1.6-1.7 eV with minimal loss in
efficiency, compared to the much less stable bandgaps in the 1.8-1.9 eV range (which typically
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require high fractions of bromide and/or caesium) needed in the case without luminescence
coupling [26].

7.3 Determining experimental parameters

State-of-the-art experimental FAPb0.5Sn0.5I3 and FA0.7Cs0.3Pb(I0.7Br0.3)3 halide perovskite
compositions are now discussed as low- (1.25 eV) and high- (1.7 eV) bandgap tandem
sub-cells [170, 95]. These films were solution processed by Edoardo Ruggeri and Yu-Hsien
Chiang respectively (see appendices A.1.1 and A.4.1 for fabrication details). For the low-
bandgap sample decay rates presented in Chapter 4 were used in simulations. Transient
absorption spectroscopy (TAS) and PLQE measurements on the high-bandgap film are now
presented.

A broad ground state bleach was observed in TAS on FA0.7Cs0.3Pb(I0.7Br0.3)3 which
scaled linearly with excitation density. Following methods outlined in Chapter 3 the peak of
this bleach was integrated about (± 20 nm). In three TAS spectra (out of 13 measured) there
was a small shift in spectra due to sub-optimal pump/probe overlap, but resulting kinetics
were unchanged with or without these data included in the fit within experimental error. By
scaling the integrated bleach appropriately carrier density n versus its change in time, dn

dt ,
is presented in Figure 7.2a for the FA0.7Cs0.3Pb(I0.7Br0.3)3 thin film. This decay was fitted
with the first, a, second, b, and third, c, order decay rates (red line).

For PLQE measurements, assuming uniform excitation density (noting this study was
carried out prior to Chapter 5),

PLQE ×Gext = ηescbr(pin+n2). (7.1)

By measuring the laser generation rate, Gext , and calculating n from values obtained in TAS
measurements (as Gext = an+bn2+cn3), the PLQE data is fitted with equation 7.1 to extract
the background hole concentration, pi, and the escape probability multiplied by the radiative
second order rate, ηescbr (Figure 7.2b). No phase segregation was observed during TAS and
PLQE measurements as no spectral changes were observed in any signals.

A combination of photothermal-deflection spectroscopy and ellipsometry (measured
by Mojtaba Abdi-Jalebi and Alberto Jiménez-Solano at Ludwig-Maximilians-Universität,
Germany, respectively) was used to determine optical constants at the bandgap and well
above the bandgap in high- and low-bandgap materials (for details on methods please refer
to Appendix A.4.2). These data were stitched together with the ellipsometry data shifted
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Fig. 7.2 a) Plot of dn
dt vs. carrier density n (time is an implicit variable) extracted from tran-

sient absorption spectroscopy of FA0.7Cs0.3Pb(I0.7Br0.3)3 thin films. Each symbol represents
a different decay measurement, corresponding to a different initial excitation density. The red
line is a fit to the data. b) Plot of generation rate × PLQE (black symbols) vs carrier density
n (extracted from the TAS measurements) for FA0.7Cs0.3Pb(I0.7Br0.3)3 thin films. The red line
is a fit to the data using equation 7.1. Absorption coefficients and refractive indices of c)
FA0.7Cs0.3Pb(I0.7Br0.3)3 and d) FAPb0.5Sn0.5I3 as measured by a combination of ellipsometry
and photothermal deflection spectroscopy. Parameters extracted from these fits and optical
analysis are summarised in Table 7.1.

in energy for it to fully overlap with data from PDS (as in other reports [117], 43 meV for
low-bandgap films and 3 meV for high-bandgap films). For the purposes of these calculations,
the below-bandgap region was fitted with an Urbach tail using photoluminescence spectra
in order to quantify only absorption that clearly contributes to PL (Figure 7.3a and b). The
combination of these measurements and Urbach fit gives absorption coefficients and refractive
indices for all relevant energies, which are plotted in Figure 7.2c and d for the high- and
low-bandgap systems, respectively.

Using these optical constants, the internal photoluminescence (PL) spectra of both materi-
als is simulated as 4πα(E)n(E)2φBB(E) (see section 2.3.1). The internal photoluminescence
is then scaled so its low energy tail overlaps with that of the recorded (external) photolu-
minescence, as shown in Figure 7.3c and d. These should overlap as all light emitted well
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Fig. 7.3 a) and b) show the fitting of an Urbach tail from photoluminescence measurements
for FAPb0.5Sn0.5I3 and FA0.7Cs0.3Pb(I0.7Br0.3)3 respectively. c) and d) show the scaling
of simulated internal photoluminescence to overlap with the low energy tail of external
photoluminescence for FAPb0.5Sn0.5I3 and FA0.7Cs0.3Pb(I0.7Br0.3)3 respectively.

below the bandgap of the film must eventually escape it (e.g. due to scattering or surface
roughness), as it is too low in energy to be re-absorbed on a reasonable length scale. The
magnitude of this scaling allows for an estimation of the escape probability, ηesc, without
the need for any assumptions about the absorption of the material. The value of ηesc allows
for calculation of the intrinsic radiative rate, br. Following the approach of Pazos-Outón et
al. [117] the background minority carrier concentration, ni, can then be estimated using the
van Roosbroeck-Shockley relation (as br and pi are known):

br pini =
∫

4πα(E)n(E)2
φBB(E)dE. (7.2)

An alternative approach to evaluating ηesc (giving its minimum possible value for a
given thickness) is assuming a perfectly flat film surface (i.e. Beer-Lambert type absorption)
and assuming that only light within the escape cone can escape the film, using equation
6.5. This alternative approach has only a small effect on limiting efficiency calculations,
increasing final efficiencies by 0.3 % (absolute). The method first presented of estimating
ηesc is used below, as measured films were spin-coated. Consequently they have some
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degree of roughness on length scales comparable to the wavelength of emitted light so the
Beer-Lambert model will not hold.

These combined results are used to calculate the equivalent intrinsic doping density,
√

ni pi. Although the low- and high-bandgap halide perovskites are observed to be doped
systems in these measurements, they are herein modelled as intrinsic layers for two reasons:
firstly, materials with no charge traps are normally intrinsic materials (and limiting efficiency
tandems are being modelled); and secondly because calculations carried out with measured
background doping densities were found not to change limiting efficiency values. All
extracted values are presented in Table 7.1.

Parameter FAPb0.5Sn0.5I3 FA0.7Cs0.3Pb(I0.7Br0.3)3 Measured by
t (nm) 250 390 AFM
a (s−1) 3.3× 105 1.2 × 107 TAS

b (cm3s−1) 1.8 × 10−11 1.0 × 10−10 TAS
c (cm6s−1) (6.5 ± 2.0) × 10−29 (7.5 ± 2.0) × 10−29 TAS

ηescbr (cm3s−1) (9.1 ± 0.5) × 10−13 (1.1 ± 0.4) × 10−10 PLQE
ηescbr pi (s−1) (3.4 ± 0.6) × 103 (9.1 ± 0.7) × 103 PLQE

pi (cm−3) (3.7 ± 0.7) × 1015 (8.5 ± 0.7) × 1013 Calculated
ηesc (30.4 ± 0.5) % (21.0 ± 0.5) % Calculated

br (cm3s−1) (3.0 ± 0.2) × 10−12 (5.1 ± 0.2) × 10−10 Calculated
ni pibr (cm−3s−1) 8.15 × 105 6.22 × 10−2 Ellipsometry/PDS/PL

ni pi (cm−6) (2.7 ± 0.2) × 1017 (1.2 ± 0.1) × 108 Calculated
ni (cm−3) (7.3 ± 1.0) × 101 (1.4 ± 0.1) × 10−6 Calculated
Eu (meV) 16.1 ± 0.1 14.4 ± 0.1 PL shape

Table 7.1 All experimental parameters extracted or calculated from measurements.

7.4 Absorption models

A key ingredient in limiting efficiency calculations is the fraction of sunlight absorbed at
each energy E, a(E), as calculated from the measured absorption coefficients and refractive
indices. Yablonovitch demonstrated that it is possible to increase the absorption of a semi-
conductor close to its bandgap significantly beyond Beer-Lambert type law [98]. This model
(Randomised) has previously been used as the workhorse for calculating the absorption of
idealised single bandgap halide perovskite solar cells [154, 117]. However, in a tandem stack
the Randomised model predicts weak absorption above the bandgap in the low-bandgap
sub-cell when compared to Beer-Lambert absorption, as is shown in Figure 7.4 (for a tandem
stack of FAPb0.5Sn0.5I3 and FA0.7Cs0.3Pb(I0.7Br0.3)3 assuming no parasitic absorption and
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sub-cell thicknesses of 1000 nm and 440 nm respectively). This is due to light being treated
as black-body radiation once it has entered the high-bandgap material, meaning some of it
never reaches the low-bandgap sub-cell, but is instead directly re-emitted to the surroundings.
To resolve this problem, a more advanced Hybrid absorption model (which combines Ran-
domised and Beer-Lambert type absorptances) is used in simulations. This is an extension of
Green’s Lambertian absorptance model to multilayer stacks [99] (see Chapter 3). It is noted
that photon recycling within a single halide perovskite layer is implicitly included within all
absorption models presented.

To calculate the fundamental limiting efficiency of a solar cell, absorption is maximised
(using the Hybrid model) and the recombination rate minimised by setting all controllable
loss mechanisms to zero. Therefore, only radiative recombination and intrinsic non-radiative
Auger recombination are included in limiting efficiency calculations, while effects of charge
trapping are considered later. In all cases no non-radiative second order processes are
included in models (c.f. Chapter 5). An equal quasi-Fermi-level-splitting (which is also equal
to the applied voltage) is assumed such that the populations of electrons (n) and holes (p) as
a function of applied voltage V follow n = p = nie

eV
2kBT (which is reasonable as materials are

assumed intrinsic).

Fig. 7.4 a) and b) present diffuse absorptance in the low-bandgap FAPb0.5Sn0.5I3 and high-
bandgap FA0.7Cs0.3Pb(I0.7Br0.3)3 absorbers of the tandem solar cell stack respectively, for
the three absorptance models described in the main text, for low- and high-bandgap sub-cell
thicknesses of 1000 nm and 440 nm respectively. Legend in b) applies to both plots.
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7.5 Limiting efficiency of low-bandgap halide perovskite
single junction solar cells

The Beer-Lambert, Randomised and Hybrid absorption models are compared in Figure 7.5a
for single junction solar cells, for a 500 nm thick FAPb0.5Sn0.5I3 film with bandgap of 1.25
eV. The Hybrid model is seen to encode the essential elements of both Beer-Lambert and
Randomised models by exhibiting strong absorptance at the band edge and Beer-Lambert
behaviour at higher energies. The limiting efficiency of single junction solar cells with
FAPb0.5Sn0.5I3 and MAPbI3 absorbers as a function of first-order trapping rate for 500 nm
thick films is shown in Figure 7.5b. For MAPbI3 the same modelling parameters are used as
in Chapter 6. The low-bandgap lead-tin system has higher limiting efficiency than MAPbI3

(32.0 % relative to 30.9 %), due primarily to a more ideal bandgap for a single junction
solar cell (c.f. Figure 2.2). Efficiencies are markedly different for the three absorptance
models, especially in the lead-tin system, which has a weaker absorption coefficient close
to the bandgap than MAPbI3. In both MAPbI3 and FAPb0.5Sn0.5I3 a trapping rate of <104

s−1 is required to approach limiting efficiencies. Current state-of-the-art FAPb0.5Sn0.5I3 and
MAPbI3 films exhibit trapping rates on the order of 106 s−1 and 105 s−1 (see vertical lines
on Figure 7.5b) respectively [54, 115]. These simulations suggest that the efficiencies of
low-bandgap cells will increase more for the same absolute reduction in charge trapping rate
than for wider bandgaps.

In Figure 7.5c the limiting efficiency of MAPbI3 and FAPb0.5Sn0.5I3 is presented as
a function of thickness for the case with no first-order trapping. Simulations are carried
out to film thickness of 1000 nm, as charge carrier diffusion (which is not included in this
model) will become significant for thicker films [141]. For MAPbI3 the Hybrid absorptance
model leads to an increased efficiency limit of 31.1 % compared to the Beer-Lambert and
Randomised models (30.5 % and 30.8 % respectively). These results demonstrate the
potential of low-bandgap halide perovskite absorbers, which have a limiting efficiency of
32.1 % at 1000 nm thickness, close to the Shockley-Queisser limit of 33.8 % for the same
bandgap.

7.6 The limiting efficiency of an all-halide perovskite tan-
dem

The limiting efficiency of an all-halide perovskite tandem as a function of sub-cell thicknesses,
in the case where luminescence coupling is not considered in the modelling, is presented

101



7.6 The limiting efficiency of an all-halide perovskite tandem

Fig. 7.5 a) Diffuse absorptance, a(E), as a function of energy for a 500 nm thick
FAPb0.5Sn0.5I3 film using three different absorption models as denoted by the colours shown.
The region around the bandgap is expanded in the inset. The limiting efficiency of both
this system and MAPbI3 as a function of first order trapping rate for a 500 nm thick film is
presented in b), and of absorber layer thickness with no charge trapping in c). Dashed lines
correspond to MAPbI3 and solid lines to FAPb0.5Sn0.5I3. Vertical dashed and solid lines in
b) correspond to charge trapping rates of 105 s−1 and 106 s−1, the current state-of-the-art
for MAPbI3 and FAPb0.5Sn0.5I3 absorbers [54, 95].

in Figure 7.6a (see Chapter 3 and Appendix B for modelling details). While removing
luminescence coupling is not possible in a real device, this hypothetical case has been
assumed in the literature to date. Simulations are again limited to 1000 nm thicknesses.
The maximum efficiency achievable is 41.1 % for optimal sub-cell thicknesses of 1000 nm
(low-gap) and 240 nm (high-gap). To be within 1 % of the maximum efficiency the low- and
high-bandgap thicknesses need to be in the range 570-1000 nm and 220-270 nm, respectively
(dashed line on Figure 7.6a). This is a narrow range of thicknesses for the sub-cells due to
the requirement for near-perfect short-circuit current matching which imposes significant
restrictions on device materials’ tunability. In Figure 7.6b, the limiting efficiency of the same
system now including the physically intrinsic process of luminescence coupling is presented
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(see details on modelling luminescence coupling between sub-cells in Appendix B.7). As
in Figure 7.1, the maximum efficiency is slightly reduced in the presence of luminescence
coupling (40.8 % for low- and high-bandgap sub-cell thicknesses of 1000 nm and 440 nm).
For comparison, the limiting efficiency of a Shockley-Queisser tandem (where all light is
absorbed above the bandgap) with luminescence coupling is 44.9 % (cf. Figure 7.1b). In the
system modelled here, to be within 1 % of the maximum efficiency the thickness ranges are
now 480-1000 nm and 260-1000 nm for the low- and high-bandgap sub-cells, respectively
(dashed line on Figure 7.6b). This demonstrates a substantial increase in thickness tolerance
due to any discrepancy in current matching being partly self-corrected through luminescence
coupling, as has been discussed in idealised systems [180]. The thickness of both absorber
layers can also be reduced by ∼ 10 % when luminescence coupling is included, giving an
additional advantage for lightweight applications. For comparison, the limiting efficiencies
using a Beer-Lambert absorptance model are 39.7 % when luminescence coupling is not
considered and 39.4 % when luminescence coupling is included.

Fig. 7.6 The limiting efficiency of an all-halide perovskite (FAPb0.5Sn0.5I3 and
FA0.7Cs0.3Pb(I0.7Br0.3)3) tandem as a function of sub-cell thickness is presented a) without
including and b) including luminescence coupling in models, ascertained by using experi-
mentally measured parameters but setting charge trapping to zero in both cases. The dashed
lines denote regions within 1 % of maximum efficiency.

7.7 The limiting efficiency of a halide perovskite-silicon tan-
dem

A halide perovskite-silicon tandem is also modelled by coupling the same high-bandgap
halide perovskite to an idealised silicon sub-cell. Literature values are used to parametrise the
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silicon: intrinsic silicon is assumed with Green’s absorption coefficient [181], the intrinsic
doping density from Sproul et al. [182] and the Auger recombination coefficient for recombi-
nation in highly injected silicon from Sinton et al. [183]. Using these parameters, for a single
junction silicon cell a limiting efficiency of 29.4 % is obtained. The FA0.7Cs0.3Pb(I0.7Br0.3)3

halide perovskite has a bandgap better matched to that of silicon than of the low-bandgap
halide perovskite considered above (c.f. Figure 7.1a), giving a limiting efficiency of 43.0 %
without luminescent coupling being included in calculations (for sub-cell thicknesses of 580
µm and 1000 nm in the silicon and halide perovskite sub-cells, respectively, Figure 7.7a).
The efficiency limit is reduced to 42.0 % when the more physically realistic model, including
luminescence coupling, is used for respective sub-cell thicknesses of 270 µm and 1000 nm,
as presented in Figure 7.7b. Luminescence coupling is again seen to increase the sub-cell
thickness tolerance, in particular allowing for thinner low-bandgap (silicon) sub-cells, with
the most commercially relevant silicon thicknesses of ∼ 180 µm within 1 % of the maximum
calculated efficiency. Furthermore, even thinner silicon sub-cells still give efficiencies close
to the maximum (e.g. 50 µm is within 2 % of the maximum efficiency), which could allow
for a range of ultra-thin silicon fabrication techniques with possible cost benefits [184].

7.8 Real world spectra

To explore how luminescence coupling affects tolerance to real-world spectra an all-halide
perovskite tandem solar cell is again considered. The energy generated from a year’s worth
of irradiance spectra is calculated, without including and including luminescence coupling.
A typical meteorological year’s worth of data from the National Solar Radiation Database
is used, which includes spectrally resolved data and temperature variation, for a region on
the border between United States and Canada (North Roseau) that represents reasonable
spectral variation throughout the year [169, 185]. It is noted that the Hybrid absorption model
treats incident light from all angles equally, allowing for a simplification in the calculations.
The total energy generated for a range of different sub-cell thicknesses is calculated first,
as presented in Figure 7.8a and b. The optimal thickness of the high-bandgap sub-cell is
reduced compared to AM1.5 (240 nm to 220 nm without coupling, 440 nm to 310 nm
with coupling), due to North Roseau having fewer clear days and thus less blue light than
AM1.5. More importantly, while halide perovskite tandems with luminescence coupling
included in modelling gave a lower efficiency under AM1.5, a comparable total energy yield
is generated over the course of a year (492.4 kWhm−2 with luminescence coupling, compared
to 492.1 kWhm−2 without). This energy is also generated at different times of the year, as
shown in Figure 7.8c, which shows the difference in energy generation with and without
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Fig. 7.7 Limiting efficiency of a halide perovskite (FA0.7Cs0.3Pb(I0.7Br0.3)3) silicon two-
terminal tandem solar cell, a) without including and b) including luminescence coupling, as
a function of sub-cell thickness. Dashed lines represent bounds within 1 % of maximum effi-
ciency. c) Ratio of efficiency as a function of trapping rate when including and not including
luminescence coupling, for optimised (with luminescence coupling) sub-cell thicknesses of
270 µm and 1000 nm for low- and high-bandgap sub-cells. Dashed line marks a trapping
rates of 105 s−1 in the high-bandgap sub-cell.

luminescence coupling each day for optimal thicknesses. When luminescence coupling is
included in models more energy is generated in the winter months, while slightly less is
generated mid-summer. This is explained by noting that the days in winter have a less blue
spectrum. If a solar cell is optimised for less blue conditions, then in mid-summer (a bluer
spectrum) luminescence coupling can transfer current from the high- to low-bandgap sub-cell,
correcting for the mismatch in current. This is confirmed by calculating the percentage of
current from the low-bandgap sub-cell that is generated from luminescence coupling, which
is closer to zero in winter but increases to 10 % in mid-summer (Figure 7.8d). These results
demonstrate the increased spectral tolerance imparted on an all-halide perovskite tandem cell
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design when considering luminescence coupling in real world conditions, in agreement with
previous analyses on idealised systems by Brown and Green [172].

Fig. 7.8 Energy generated in a year at North Roseau without including and including
luminescence coupling (and no charge trapping) for an all-halide perovskite tandem are
presented in a) and b) respectively. The dashed line marks within 1% of maximum efficiency
on both plots. c) The difference in energy generated with and without luminescence coupling
throughout the year for North Roseau on the USA-Canada border. Sub-cell thicknesses
are chosen to maximise energy yield in these simulations of 1000 nm and 220 nm without
luminescence coupling/1000 nm and 310 nm with luminescence coupling, for low- and
high-bandgap sub-cells, respectively. d) The percentage of the low-bandgap sub-cell’s total
daily current from luminescence coupling with low- and high-bandgap sub-cell thicknesses
of 1000 nm and 310 nm respectively.

7.9 Charge trapping

In Figure 7.9a, the limiting efficiency of an experimentally parametrised all-halide perovskite
tandem cell is presented, including luminescence coupling in calculations, as a function
of the non-radiative charge trapping rate a for optimised thicknesses of 1000 nm and 440
nm. Increasing the charge trapping rate in either material has a similar effect in terms
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Fig. 7.9 a) Limiting efficiency of an all-halide perovskite tandem solar cell comprised
of the experimental FAPb0.5Sn0.5I3 and FA0.7Cs0.3Pb(I0.7Br0.3)3 absorbers with optimised
thicknesses of 1000 nm and 440 nm as a function of charge trapping rate, a (marked ‘trapping
rate’ on figure, see Chapter 2 for definition), with luminescence coupling. b) The ratio of this
model to the efficiency without including luminescence coupling for the same film thicknesses.
Marked crosses correspond to charge trapping rates in current state of the art films [170, 95,
115].

of reducing the efficiency of the tandem. Figure 7.9b presents the ratio of Figure 7.9a
to an equivalent calculation neglecting luminescence coupling in models. It is clear that
luminescence coupling plays a significant role only when the charge trapping rate a < 106

s−1 in the high-bandgap sub-cell, equivalent to charge lifetimes being longer than 1 µs in
the charge trapping regime. Furthermore, even with non-zero charge trapping rates, current
matching conditions are relaxed when luminescence coupling is included in simulations
compared to the case that does not consider luminescence coupling (Figure 7.10). The critical
charge trapping rate in the high-bandgap cell for luminescent coupling to be important in
halide perovskite-silicon cells is ∼105 s−1 (Figure 7.7c). This lower charge trapping rate
in the halide perovskite-silicon tandems is attributed to the sub-cells having better bandgap
matching, meaning that the low-bandgap sub-cell is not current-limiting, and thus charge
densities (and hence likelihood of radiative recombination) are lower in the high-bandgap
sub-cell. Trapping rates from current state of the art films are marked with a cross on
Figure 7.9a and b to demonstrate that halide perovskites are already realising conditions
in which luminescence coupling becomes important. Therefore these effects should be
considered in further development of all tandem cells [170, 95, 115].

It is possible to define the external photoluminescence quantum efficiency of the high-
bandgap sub-cell as the light emitted to the surroundings divided by the absorbed light from
the surroundings (see Appendix B.3 for details). In both tandem technologies, luminescence
coupling becomes important when the high-bandgap sub-cell has an external photolumines-
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cence quantum efficiency (PLQE) of at least ∼ 0.1 % at maximum power point. In order to
maximise luminescence coupling in a real tandem cell, any inter-layer between the sub-cells
should have a (real) refractive index at least as high as the halide perovskite sub-cells, so that
the escape cone from high to low sub-cell remains as large as possible. It is also emphasised
that luminescence coupling is an intrinsic process and attempts to reduce it will also reduce
the fraction of AM1.5 which can reach the low-bandgap sub-cell.

Fig. 7.10 Efficiency of an all-halide perovskite (FA0.7Cs0.3Pb(I0.7Br0.3)3)-(FAPb0.5Sn0.5I3)
two-terminal tandem solar cell with thickness of the absorber layers a) without considering
and b) with luminescence coupling, when charge trapping is set to 105 s−1. Dashed lines
represent bounds within 1 % of maximum efficiency.

7.10 Proof-of-concept measurements

In order to demonstrate luminescence coupling and its effect on tandem devices experi-
mentally, measurements were performed on an all-halide perovskite two-terminal tandem
cell following the device architecture of Palmstrom et al., fabricated by Giles E. Eperon
(National Renewable Energy Laboratory, USA) [186]. Experimental measurement details
are discussed in Appendix A.5. First, a case where the high-bandgap sub-cell has short-circuit
current significantly higher than the low-bandgap sub-cell is considered, through selective
illumination of the top cell with 405 nm excitation (absorption depth < 50 nm). The device
current at different applied voltages is recorded and, importantly, luminescence from the
high-bandgap sub-cell is observed at all applied voltages (Figure 7.11a). Even when the
tandem stack is at short-circuit, high-bandgap luminescence is still 4 % of the intensity at
open-circuit.
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Fig. 7.11 a) Photoluminescence (PL) of the high-bandgap (HG) sub-cell in the tandem stack,
relative to that when the tandem is held at open circuit (O.C., dashed line), as a function of
voltage when the HG sub-cell is selectively excited with 405 nm excitation from the top side,
as shown in schematic (LG corresponds to the low-bandgap sub-cell). Inset graph shows the
HG PL when the tandem stack is held at O.C. and short-circuit (S.C.). b) PL maps of the
tandem cross section when exciting with a 636 nm laser and using a 775 nm short pass or
long pass filter to observe only PL from the high- or low-bandgap sub-cells, respectively. c)
Fixed excitation at the centre of the HG sub-cell with 636 nm excitation and spatially varying
the PL detection away from the excitation spot across the device cross-section, using 750
nm short pass and 800 nm long pass filters to collect emission from HG and LG materials,
respectively. Note distance scale here does not correspond exactly to distances on the sample
surface (see Appendix A.5). d) Time-resolved PL of the HG and LG regions, as well as the
square root of the low-bandgap decay to show the match with the HG decay.

A confocal PL map of a cross-section of the tandem using appropriate optical filters
to observe emission selectively from the high- or low- bandgap sub-cell is shown in Fig-
ure 7.11b. The cross section was prepared by Felix L. Lang and Kyle Frohna, and confocal
measurements taken by Felix L. Lang. The centre of the high-bandgap sub-cell was excited
with a pulsed excitation and, while keeping the excitation spot fixed, selective PL detection
was spatially scanned across the cross-section (Figure 7.11c), revealing emission from the
low-bandgap cell after excitation in the high-gap cell. When this was carried out in differ-
ent regions of the cross-section some variation in the distance between the peak high- and
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Fig. 7.12 a) Absolute photoluminescence spectra of Low-Gap (red symbols) and High-Gap
(green symbols) thin films on quartz. Excitation was performed using a 405 nm laser
set to equivalent fluences between 0.2 and 1 sun (AM1.5, see Appendix A.5 for 1 sun
definition). Solid lines represent fits to the high-energy slope of the PL emission to extract the
Quasi-Fermi-level-splitting (QFLS). b) Current-voltage characteristics of the experimental
all-halide perovskite tandem under different fluences (suns equivalent) from a 405 nm laser.
c) QFLS of the high- and low-bandgap thin films under different excitation fluences, along
with the open-circuit voltage (VOC) of the tandem under AM1.5 and under 405 nm excitation,
for different excitation densities. The VOC of the tandem under high intensity of a 405 nm
excitation exceeds that of the high-gap thin film’s QFLS, suggesting that the low-bandgap
sub-cell must contribute to the tandem’s VOC. With thanks to Felix L. Lang for the production
of this figure.

low-bandgap sub-cell photoluminescence was observed. This difference is attributed to the
exposed surfaces of the two sub-cells not being perpendicular to the incident laser, rather at
varied angles with respect to both the laser and each other. Nevertheless, all regions show the
same qualitative results. To confirm the low-bandgap’s emission is luminescence coupling, it
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is considered that the number of photons absorbed in the low-gap at time t is proportional to
the time-resolved photoluminescence (TRPL) from the high-gap, PLHG(t). At low excitation
densities the low-gap TRPL in this device is extremely short, on the order of 1 ns. Therefore,
if the TRPL signal from the low-gap absorber at time t is due to recombination of excited
electrons and holes, the quantity should be proportional to PLHG(t)2; this is exactly what is
observed as shown in Figure 7.11d.

The quasi-Fermi-level-splitting of the high- and low-bandgap sub-cells was determined
by Felix L. Lang by analysing the photoluminescence properties of each absorber layer in
a device stack (see Figure 7.12a for fits), which corresponds to the maximum open circuit
voltage (VOC) that each sub-cell can contribute to the tandem stack. Under 405 nm excitation,
the VOC of the tandem is observed to exceed the QFLS of the high-bandgap sub-cell, meaning
that the low-bandgap sub-cell must be contributing notable voltage, despite the high-bandgap
absorbing nearly all photons (Figure 7.12b and c). These collective results demonstrate that
the high-bandgap sub-cell is luminescent within an operating tandem stack, and that these
emitted photons can be absorbed in the low-bandgap sub-cell (i.e. luminescence coupling).
It is noted that these measurements represent proof-of-concept results for luminescence
coupling in halide perovskite tandems, rather than suggesting that luminescence coupling
plays a significant role in the tandem measured.

7.11 Conclusion

In this chapter the limiting efficiencies of halide perovskite-based tandem solar cells have
been calculated. Simulations included all intrinsic loss processes and luminescence coupling
between sub-cells. By measuring recombination rates and absorption coefficients of low-
and high-bandgap halide perovskite films, the limiting efficiency of an all-halide perovskite
tandem is found to be 40.8 % and a halide perovskite-silicon tandem 42.0 % when the intrinsic
process of luminescence coupling between the sub-cells is included. It is demonstrated that
current state of the art high-bandgap halide perovskite films for tandem cells have charge
trapping rates and luminescence quantum efficiencies on the order required for luminescence
coupling to play an important role in devices, which reduces the need for short-circuit
current matching compared to earlier predictions that do not consider luminescence coupling.
Luminescence coupling in halide perovskite tandems is demonstrated to increase tolerance
in choice of bandgaps, sub-cell thicknesses, and ranges of real-world spectra, and hence
relaxes the previously determined criteria for materials and device design. A new design
rule for halide perovskite tandems is thus presented: it is always better for the high-bandgap
material to have the higher short circuit current under average spectral conditions, as any
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discrepancy in current matching will be partially corrected by luminescence coupling between
sub-cells. These guidelines allow unstable > 1.7 eV high-bandgap halide perovskite absorbers
to be avoided when targeting maximum performance. Finally, experimental evidence of
luminescence coupling is presented, including its visualisation, highlighting the importance
of this effect in ongoing halide perovskite tandem developments.
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Chapter 8

Exploring triplet transfer from singlet
fission materials to halide perovskites

The work presented in this chapter is currently being prepared for journal submission.

8.1 Introduction

Singlet fission materials have the unusual property that when a singlet is generated (following
photoexcitation) it is rapidly converted into two triplets (see Chapter 2) [32]. If combined
with an inorganic semiconductor harvesting low energy wavelengths of the solar spectrum,
this solar cell design could surpass the Shockley-Queisser single junction efficiency limit
of 33 % [187]. For this technology to be realised at least part of the triplet excitons from
the singlet fission material. Ideally triplets would be transferred directly into an inorganic
semiconductor. Triplet excitons cannot undergo Förster energy transfer [188], as they do not
have a dipole moment (unlike singlet excitons). Therefore, charge transfer must proceed via
Dexter processes, which are far shorter-ranged in nature [189].

In studies of clean silicon surfaces with singlet fission materials deposited on them, the
component of triplet transfer has been negligible [190, 191]. However, extraction of triplets
has been achieved into PbS and PbSe quantum dots, as well as more recently silicon [80,
79, 81]. In these cases there has been some modification of the inorganic semiconductor’s
surface or a direct chemical bond from it to the singlet fission material. More generally it
has proven difficult to extract triplets directly from singlet fission materials into inorganic
semiconductors, and a full understanding of the difficulties involved is lacking.

Here the interface between singlet fission materials and halide perovskites is explored
experimentally and theoretically. First, experiments screening for triplet transfer from singlet
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fission materials to low-bandgap halide perovskite are presented. A range of fabrication
parameters, materials and thin film structures are explored. In all cases no clear triplet
transfer was observed. To understand the difficulties involved in triplet transfer, a first
principles computational study of the interface between the singlet fission material tetracene
and caesium lead iodide (CsPbI3) [16] was undertaken. As the literature has shown it has
been difficult to obtain triplet transfer to several semiconductors, it is suggested the reason
for lack of triplet transfer lies primarily within the singlet fission material. This is further
supported by halide perovskites sensitising triplet states in singlet fission materials [192]
(i.e. the inverse process). Therefore, modelling focuses on correctly reproducing tetracene’s
electronic states (at the expense of correctly modelling the halide perovskite’s electronic
states). It is found that the tetracene/CsPbI3 interface is not very energetically favourable to
form, and that triplets remain strongly localised on tetracene, even at the interface. These
results go some way to explaining experimental results and suggest a clear route forward for
future studies.

8.2 Experimental screening

A brief summary of methods used and the experimental parameter space screened is now
presented.

It was shown in Chapter 2 that all singlet fission materials’ photoluminescence (PL)
responds in a characteristic manner to magnetic fields. Specifically, their PL increases at high
magnetic fields because of an increase in the number of singlets and a decrease in the number
of triplets (c.f. Figure 2.7). If a low-bandgap halide perovskite is receiving triplets from a
singlet fission material, at high magnetic field it will receive fewer triplets. Therefore, at high
magnetic field the halide perovskite’s photoluminescence will decrease, giving a direct probe
of triplet transfer to halide perovskites. Time correlated single photon counting (TCSPC) can
also be used to explore charge transfer. By exciting a singlet-fission/halide perovskite bilayer
above and below the singlet fission material’s bandgap, any role the singlet fission material
has in the halide perovskite’s photoluminescence can be probed.

Approximately 150 samples were fabricated as low-bandgap halide perovskites/singlet
fission bilayers (see schematic, Figure 8.1a). All samples were fabricated by the author
except where attributed to others in the text. A full list of all processing routes explored can
be found in Appendix A.6 and fabrication methods for samples discussed in detail in this
chapter can be found in Appendix A.7. In general it was not straightforward to form a smooth
interface between these materials, independent of the deposition method used. Instead, the
two materials tended to separate, for example via the growth of pillars of the singlet fission
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material in evaporation (as in Figure 8.1b) or small islands of one material forming within
the other (when fabricating heterojunctions, Figure 8.1c). While some solution processing
methods allowed for smooth bilayer outer surfaces, it was still unclear whether a smooth
interface between the two materials had been achieved.

Fig. 8.1 a) A schematic of a singlet fission/halide perovskite bilayer. b) an atomic force
microscopy image of the surface of evaporated 1,6-Diphenyl-1,3,5-hexatriene (DPH). c) An
optical microscopy image of a 2D/3D DPH/DPH ligand/halide perovskite structure. Dark
regions are the halide perovskite.

Two singlet fission materials were used for screening for triplet transfer: tetracene and
1,6-Diphenyl-1,3,5-hexatriene (DPH) [68, 69, 193, 194]. These were selected as their triplet
energies (∼ 1.3 eV and 1.5 eV respectively) are larger than a low-bandgap halide perovskite’s
bandgap and they both have high triplet yields (with > 50 % of singlets converted to triplets).
Both singlet fission materials could be deposited by solution processing and evaporation.

When this study began, it had recently been observed that adding small quantities of
transition metals into halide perovskites could change their ionization energy [195] (where
the ionisation energy is the valence band to vacuum level energy difference). A similar effect
could be seen by changing the quantity of caesium at the A site of the halide perovskite [49].
In both cases the halide perovskite’s bandgap remains constant. Halide perovskites with
different ionization energies were fabricated according to these two methods by Matthew
Klug (University of Oxford) and Rohit Prasanna (Stanford University) respectively. All
samples had either 50:50 or 25:75 ratios of lead to tin, corresponding to bandgaps in the
1.2-1.25 eV range. Films were fabricated to be thin (50 - 200 nm) as this increased any
singlet fission contribution to the halide perovskite’s photoluminescence.

Initially, singlet fission materials were then deposited by the author on halide perovskites.
All samples were encapsulated immediately following fabrication. A wide parameter space
for singlet fission material deposition was explored by using:

1. evaporation, with evaporation rates from 0.5 Ås−1 to 17 Ås−1 and deposition thick-
nesses from 7.5 nm to 150 nm
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2. spin coating, with singlet fission materials dissolved in chlorobenzene (which halide
perovskites are not soluble in), spinning speeds from 2000 to 4000 rotations per minute
and sample annealing times from 0 to 30 minutes (prior to encapsulation)

3. drop casting, with different solution concentrations deposited (though this resulted in
extremely thick organic films in all cases, so was not significantly investigated).

An example of the results obtained from these screening experiments is presented in
Figure 8.2, for a tetracene/FA0.9Cs0.1Pb0.25Sn0.75I3 bilayer (with tetracene evaporated on to
the halide perovskite). First, the magnetic PL response of evaporated tetracene is presented
in Figure 8.2a, showing an increase in PL at high magnetic field, as expected. In Figure 8.2b
the photoluminescence of the bilayer is presented (from 500 nm to 1000 nm). Tetracene
can be weakly observed in the 500 nm to 700 nm region (it is weak due to the camera used,
see figure caption), and the halide perovskite PL peaks at ∼ 950 nm. By using a 900 nm
long-pass filter it is possible to observe the halide perovskite’s PL change with magnetic
field, as shown in Figure 8.2c. The change in PL at low magnetic field is < 0.2 %, which
is within the experimental noise. However, at high magnetic field the halide perovskite’s
PL increases to a significant level (> 0.4 %), indicating net singlet transfer from tetracene.
Singlet transfer is confirmed by TCSPC, as shown in Figure 8.2d. By exciting the bilayer
above and below tetracene’s bandgap and observing the halide perovskite’s TRPL, the longer
lived component of this TRPL is seen to coincide well with the TRPL from tetracene (in
the bilayer). The halide perovskite’s TRPL is short lived due to a mixture of processing
conditions and tetracene acting as a hole quenching material [196]. Furthermore, the halide
perovskite’s TRPL shows nothing longer lived than the singlet transfer, suggesting any triplet
transfer from tetracene is negligible (noting triplets are typically longer lived than singlets).

All experiments which focused on changing the halide perovskite’s ionization energy did
not result in majorative triplet transfer. Therefore, a number of other fabrication methods
were explored:

1. halide perovskites were spin-coated on singlet fission materials, which resulted in most
of the singlet fission material being removed from the substrate

2. both singlet fission material and halide perovskite were spin-coated at once to attempt
to form bulk heterojunctions.

In all cases, singlet fission was observed in the organic layer (by observing the change
in the organic layer’s photoluminescence with magnetic field) but no net triplet transfer to
the halide perovskite was observed. Conversely, net singlet transfer was readily observed.
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Fig. 8.2 a) The change in photoluminescence (PL) of tetracene to an applied magnetic
field. The photoluminescence of a tetracene/FA0.9Cs0.1Pb0.25Sn0.75I3 bilayer under 405
nm illumination is presented in b) (for tetracene evaporated on the halide perovskite).
This spectrum was taken with an InGaAs camera using a 500 nm long-pass filter, so the
tetracene signal (in the 550-700 nm region) appears weak due to poor camera response
in this region (noting no spectral calibration was applied to the data due to the very poor
collection efficiency here). The plot is cut at 1000 nm due to second order signal occurring
at longer wavelengths. The halide perovskite PL peaks at ∼ 950 nm. c) The change in the
halide perovskite’s photoluminescence under 405 nm illumination following application of
a magnetic field (where a 900 nm long-pass filter is used so only the halide perovskite’s
photoluminescence is observed). d) Time resolved photoluminescence of halide perovskite
when exciting at 450 nm and 650 nm is presented, alongside suitably scaled TRPL from
tetracene in the same bilayer under 450 nm illumination.

To confirm if this lack of triplet transfer was due to the halide perovskite, tetracene was
also deposited (by evaporation) on the low-bandgap semiconductor copper indium gallium
selenide following etching to produce a clean surface (samples fabricated by Thomas Feurer
at the Swiss Federal Laboratory of Material Science and Technology). Again only singlet
transfer was observed.

A new organic molecule, designed to bond directly to the halide perovskite, was syn-
thesised by Anastasia Leventis. Specifically, a derivative of DPH which had an ammonium
ligand attached was fabricated, as shown in Figure 8.3a. It was suggested direct bonding
would make triplet transfer more likely, as has been successful in PbS and PbSe systems [79,
80]).
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Fig. 8.3 a) The organic ligand fabricated by Anastasia Leventis, designed to bond directly to
the halide perovskite (with thanks to Anna Abfalterer for image production). The photolumi-
nescence and magnetic PL response of this ligand (when drop cast) are presented in b) and c).
The lifetime (defined as the weighted average of arrival times) and intensity of the spatially
resolved surface of a DPH ligand/halide perovskite (pure FA and I, 75 % Sn) bilayer are
shown when: d) exciting at 404 nm and observing emission from the DPH ligand; e) exciting
at 404 nm and observing emission from the halide perovskite; and f) exciting at 636 nm and
observing emission from the halide perovskite (where respective features are resolved using a
490 nm band-pass or 900 nm long-pass filter). Brightness and colour correspond to intensity
and lifetime in all plots, see colour-bars. The bulk PL of the same film when excited with
a 405 nm laser is presented in g), with the magnetic PL response of the ligand and halide
perovskite respectively shown in h) and i). Legend in h) applies to h) and i).

To assess whether the DPH ligand retained singlet fission properties, it was drop-cast
on glass. Unlike most singlet fission materials, no vibronic features were observed in its
photoluminescence, but instead a broad PL was seen (Figure 8.3b). This was attributed
to aggregation effects smearing out vibrational features. The magnetic PL response of the
drop-cast ligand is shown in Figure 8.3c. Only three magnetic fields were applied, but
repeated measurements allowed for an average to be taken, confirming the DPH ligand had a
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magnetic response. This response is much reduced when compared to neat DPH (which has
a PL increase of ∼ 20 % at high magnetic fields, c.f. Figure 2.7).

The DPH ligand was dissolved with halide perovskite precursor solutions (pure FA and
I, 75 % Sn), with the correct concentrations to achieve a ‘2D/3D’ heterostructure of the
two materials [197]. Samples were fabricated by the author with assistance from Edoardo
Ruggeri. To understand the heterostructures formed, confocal microscopy was carried out
(for experimental details see Appendix A.7.8). By observing the short- and long-wavelength
photoluminescence it was possible to resolve spatially the ligand and low-bandgap halide
perovskite within the thin film. In Figure 8.3d a region of the sample is excited by a 404
nm laser and the DPH ligand observed using a 490 nm band-pass filter. Here the brightness
corresponds to the PL intensity from the region, and the colour the lifetime (defined as the
weighted average of arrival times). The DPH is observed to form in small regions on the
halide perovskite’s surface and has a relatively long lifetime of 250 ns (when compared to
the halide perovskite’s lifetime in the sample). The halide perovskite photoluminescence
in the same region, when exciting above (404 nm) and below (636 nm) the DPH ligand’s
bandgap, is shown in Figure 8.3e and f. In both cases more photons and longer lifetimes
are observed in surface regions where most DPH ligand is present. This was observed in
several samples. Therefore, it is suggested that the DPH ligand is able to partially passivate
the halide perovskite.

The bulk PL of the halide perovskite/DPH ligand is presented in Figure 8.3g (when
excited by a 405 nm laser). There are three spectral regions of interest - weak signal from the
DPH ligand (corresponding to the same peak wavelength of 550 nm, as in Figure 8.3b), a
stronger emission around 700 nm and the halide perovskite at 950 nm. It was not possible to
identify the emission at 700 nm. However, it should be noted that the PLQE from all samples
was extremely low (∼ 0.1 % or less) and glass has weak PL in this region. Therefore, this is
either emission from the glass substrate or a 2D/3D phase.

The magnetic PL of the DPH ligand and the halide perovskite in the 2D/3D sample is
plotted in Figure 8.3h and i respectively. The DPH ligand still has a magnetic response in the
heterojunction, but this is extremely small (with a PL increase of < 1 % at high magnetic
fields). In contrast, there is no discernable response from the halide perovskite. It was
suggested that increasing the quantity of DPH ligand in the precursor solution could increase
the halide perovskite’s magnetic PL response. However, this was not possible as the ligand
had poor solubility in the relevant solvents, and increasing its quantity in precursor solutions
further would result in strongly quantum confined halide perovskite phases (so the halide
perovskite’s bandgap would be too large to accept triplets from the DPH ligand).
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8.2 Experimental screening

An alternative approach to increase the magnetic response of the 2D/3D films including
the DPH ligand was employed: quantities of neat DPH (from 19 mM to 130 mM) were added
to the same precursor solution (again by the author with assistance from Edoardo Ruggeri).
This resulted in the formation of mixed DPH/DPH-ligand/halide perovskite thin films. The
morphology of these films was extremely non-uniform, and showed the halide perovskite
and DPH separating into different regions over micrometer length scales, as in Figure 8.1c.
Magnetic PL was carried out on these films. While there were some promising initial results,
further investigation revealed this was related mainly to the halide perovskite being highly
unstable in these films. Again, net singlet transfer was observed in some films but no net
triplet transfer was seen.

To understand whether the lack of triplet transfer into the halide perovskite was unique
to singlet fission materials, the organic molecule Platinum octaethylporphyrin (PtOEP) was
evaporated on low-bandgap halide perovskites. PtOEP is a small organic molecule which
undergoes rapid intersystem crossing to form triplet states. The photoluminescence of a
PtOEP/low-bandgap (FAPb0.25Sn0.75I3) halide perovskite bilayer is presented in Figure 8.4a.
In addition to PL from the PtOEP triplet state and the halide perovskite, PL is also seen at ∼
800 nm. This is attributed to PL from PtOEP trap states, in agreement with previous reports
on evaporated PtOEP thin films [198].

Fig. 8.4 a) Photoluminescence from a PtOEP/halide perovskite (FAPb0.25Sn0.75I3) bilayer
with 405 nm excitation. b) and c) present intensified gated time resolved photoluminescence
from the PtOEP triplet and trap state following pulsed 400 nm excitation, when PtOEP is
evaporated on glass and a low-bandgap halide perovskite. Legend in c) applies to b) and c).

The time-resolved PL from both the PtOEP triplet and trap states is presented in Fig-
ure 8.4b and c respectively, for PtOEP evaporated on both glass and halide perovskite. While
there are small changes in the trap state TRPL between the two situations, the triplet state’s
TRPL is identical. This indicates it is difficult to extract triplets into halide perovskites not
only from singlet fission materials but also from other organic materials.
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8.3 Background to modelling

In summary, an extensive set of screening measurements were carried out to try to
obtain triplet transfer from small organic materials into halide perovskites with examples
of experiments presented above. No clear signal of triplet transfer was observed in any
measurement. To better understand this organic/inorganic interface, and potentially explore
the reasons for the lack of triplet transfer, a proto-typical singlet fission/halide perovskite
bilayer was modelled.

8.3 Background to modelling

Interfaces are hard to understand from a theoretical point of view as translational symmetry
does not hold. Despite this, it has recently become possible to study some simple interfaces
with first-principle computational methods, though some discussion remains on the correct
way to interpret some electronic results [199]. As an example, density functional theory (DFT)
calculations (corroborated by X-ray diffraction experiments) have recently helped confirm
the geometry of the interface between tetracene and silicon [200, 201], where tetracene thin
films were found to orient with their long axis perpendicular to the semiconductor surface.

The main difficulty in modelling the interface between a singlet fission material and a
halide perovskite is that post-DFT methods are required to model excitons, and these are
prohibitively computationally expensive. This was recently highlighted in Janke et al.’s study
of pentacene and tetracene on passivated silicon surfaces [200]. Other studies have focused
on the development of fragment-based (post-DFT) GW and BSE calculations, allowing for
modelling of interfaces. However, in fragment-based approaches the exchange interaction
needs to be neglected, meaning singlet and triplet states cannot be calculated.

Here tetracene and CsPbI3 are modelled using DFT. They are first discussed in isolation
and the effects of surface terminations and bandgap corrections are quantified. Geometry
arrangements and resulting electronic structures of a single tetracene molecule and bulk
tetracene films on a halide perovskite surface are then presented. Geometry results agree well
with tetracene behaving as a rod-like molecule on an inorganic semiconductor’s surface, with
single molecules aligning parallel and thin films aligning with the long axis perpendicular
to the surface [202]. Significant distortions of the halide perovskite are observed in all
simulations, contrary to interfaces at more traditional semiconductors with larger Young’s
moduli. Importantly, interface formation energies are found to be significantly less favourable
than for bulk tetracene. In all cases tetracene’s valence band is above the halide perovskite’s
valence band, indicative of tetracene being a good hole transporting material (as has been
observed experimentally [196]).
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8.4 Tetracene alone

As in previous studies [200], post-DFT GW and BSE calculations (required to calculate
excitonic states) of full interfaces were not feasible. Instead, toy models between tetracene
and a halide perovskite-like structure are presented. These models focus on correctly repro-
ducing tetracene’s electronic states at the interface (at the expense of the halide perovskite).
It is found that tetracene’s singlet and triplet energies and wavefunctions are almost un-
changed when compared to bulk tetracene. This is clear evidence of only poor electronic
interaction between the organic and inorganic material, even for this idealised interface. All
computational details for subsequent sections can be found in Appendix A.8.

8.4 Tetracene alone

Geometry relaxations of bulk tetracene unit cells were initially carried out using several dif-
ferent exchange correlation functionals and Van der Waals corrections. The PBE generalised
gradient approximation, coupled to a Tkatchenko-Scheffler Van der Waals semi-empirical
correction, was shown to reproduce experimental tetracene lattice parameters best, in agree-
ment with other analyses [104, 200] (see Table 8.1). This functional and Van der Waals
correction were therefore used in all subsequent calculations.

In Figure 8.5a the DFT-level bandgap for different relaxed tetracene surfaces versus the
number of tetracene repeating units in the non-periodic direction is presented. Modelled
surfaces are termed ‘cut 1’ and ‘cut 2’ (other cuts were not commensurate with the halide
perovskite unit cell), as shown on the inset. Cut 1 has relatively little effect on the DFT-level
bandgap, while cut 2 results in a bandgap increase of ∼ 0.25 eV for a single repeating
unit, which reduces to within 0.1 eV by three repeating units. This demonstrates that
there is relatively little electronic interaction between tetracene layers (i.e. in the direction
perpendicular to cut 1); rather, electronic states are mostly localised to one layer.

Tetracene’s (optically) excited states typically exist as singlets and triplets. Using many-
body perturbation theory, a one-shot G0W0 calculation together with the Bethe-Salpeter
equation was used to calculate the singlet and triplet states of bulk tetracene. Lowest energy
singlet and triplet states of relaxed tetracene have energies of 2.08 eV and 1.24 eV respectively,
which increase to 2.22 eV and 1.27 eV when using experimental lattice parameters, in good
agreement with experimental results [206, 69]. While it is not possible to plot excitonic
wavefunctions (as these are two-particle states requiring six spatial coordinates), it is possible
to plot electron or hole charge densities with the other particle fixed in place. In Figure 8.5b
and c the electronic charge density is plotted for the lowest energy singlet and triplet states
respectively, with the hole fixed at a carbon atom (grey sphere). The singlet state is delocalised
over several molecules but the triplet is almost fully localised to a single molecule, as has been
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8.5 Caesium lead iodide alone

Functional Lattice parameter
Experimental [203] a⃗ = (7.9,0.0,0.0)

(no temperature stated, b⃗ = (0.39,6.02,0.0)
assumed room temperature) c⃗ = (−5.33,−2.08,12.26)

LDA a⃗ = (7.33,0.0,0.0)
b⃗ = (0.48,6.01,0.0)

c⃗ = (−5.46,−2.19,11.93)
Summed difference with experiment 1.24

PBE + TS a⃗ = (7.68,0.0,0.0)
b⃗ = (0.45,6.02,0.0)

c⃗ = (−5.36,−2.19,12.09)
Summed difference with experiment 0.60

PBE + G06 [204] a⃗ = (7.35,0.0,0.0)
b⃗ = (0.55,6.14,0.0)

c⃗ = (−5.88,−2.40,11.91)
Summed difference with experiment 2.05

PBE + JCHS [205] a⃗ = (6.79,0.0,0.0)
b⃗ = (0.65,5.90,0.0)

c⃗ = (−5.76,−2.68,11.36)
Summed difference with experiment 3.41

PBESOL + TS a⃗ = (7.53,0.0,0.0)
b⃗ = (0.47,6.08,0.0)

c⃗ = (−5.57,−2.23,12.04)
Summed difference with experiment 1.12

Table 8.1 Lattice parameters obtained from geometry optimisations of bulk tetracene with
different exchange correlation functionals, alongside experimental result. a⃗, b⃗ and c⃗ are
the lattice vectors in Cartesian coordinates, and all lengths are in Å. PBE and PBESOL
functionals did not lead to a relaxed geometries without Van der Waals corrections.

previously discussed by others [207]. This is found to be the case for the hole being fixed
at several different positions within the tetracene film. Furthermore, neither the singlet nor
triplet states have significant wavefunction overlap between planes of the film (in direction
perpendicular to cut 1), again showing that films have quasi-two-dimensional electronic
states.

8.5 Caesium lead iodide alone

CsPbI3 was selected for this study as, unlike MA or FA, it has spherical symmetry, simplifying
modelling. Similarly a cubic halide perovskite was selected. Iodine and lead are the main

123



8.5 Caesium lead iodide alone

Fig. 8.5 a) The DFT-level bandgap of relaxed tetracene films with different surface termina-
tions versus the number of tetracene molecules in the vacuum direction. Inset shows the two
surface terminations considered and dashed blue line the bulk result. The singlet and triplet
electron charge densities, for hole (grey sphere) fixed on a carbon atom are presented in b)
and c) respectively.

contributors to the valence and conduction bands in experimental halide perovskites at room
temperature [208]. However, in the fully relaxed cubic CsPbI3, the nature of the valence and
conduction bands is inverted at the DFT-level when including spin-orbit coupling. Increasing
the halide perovskite’s lattice parameter by 2 % or more allows for correct ordering of the
valence and conduction bands at the DFT-level (with iodine/lead being the main contributor
to the valence/conduction band), as plotted in Figure 8.6a and b.

A one shot G0W0 correction to the cubic halide perovskite’s band structure is now
considered. While G0W0 corrections do not give halide perovskites’ bandgaps with full
accuracy, calculations beyond G0W0 are too computationally intensive to carry out when
modelling interfaces [209, 210]. In order to have correct band ordering for calculations,
G0W0 calculations were carried out on structures with the lattice parameter 2 % to 5 % larger
than the relaxed structure. The DFT- and G0W0-level bandgaps for these cells (with spin-orbit
coupling) are shown in Figure 8.6c. From these results the approximate bulk bandgap of
relaxed CsPbI3 can be extrapolated as 0.98 eV. This is close to the DFT-level bandgap without
spin-orbit coupling of 1.09 eV, suggesting the halide perovskite’s electronic structure without
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8.5 Caesium lead iodide alone

Fig. 8.6 a) and b) plot the valence band charge density (at the band edge) of cubic CsPbI3
when fully relaxed, and with the lattice parameter increased by 5 % (as marked on figure).
The latter gives the experimental halide perovskite electronic structure with four regions
of high charge density along a lattice parameter. As discussed in the main text, it was not
possible to carry out G0W0 corrections on the relaxed halide perovskite. Instead, in c) G0W0
calculations for the lattice parameter increased between 2 % and 5 % are presented, which
allows for an estimation of the relaxed G0W0 bandgap, as marked by the dashed line. d)
and e) plot the valence band charge density (at the band edge) of CsI and PbI2 terminated
surfaces. In f) the DFT-level bandgap is presented for different numbers of repeating units in
the vacuum direction, for (100) CsI and PbI2 terminated surfaces, with and without spin-orbit
(SO) coupling. The dashed line marks the bulk result in the case of no spin-orbit coupling. In
a)-e) all calculations include spin-orbit coupling.

spin-orbit coupling approximately models results from post-DFT methods with spin-orbit
coupling included. This is used to approximately model electronic states at interfaces in
subsequent sections.

There are many possible surface terminations for a cubic inorganic structure. First-
principle calculations on related halide perovskites suggest (100) surfaces are the most likely
to form [208]. Two possible surface terminations of this plane are considered: PbI2 and CsI.
In all modelling the same surface was used on both sides of the halide perovskite, mitigating
surface dipole effects. The valence band charge densities for these two relaxed surface
terminations are presented in Figure 8.6d and e. While the CsI termination has the valence
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8.6 Tetracene molecules on halide perovskite surfaces

band confined to the bulk, PbI2 termination has a significant surface contribution (i.e. a
dangling bond). This gives two significantly different situations, so subsequent calculations
explore both surfaces, though it is noted that PbI2 surfaces are lower in energy so are more
likely to form in reality. In both materials the conduction band is confined to the bulk.

The electronic structure of halide perovskites is fundamentally three-dimensional, so
it is strongly affected by quantum confinement. In Figure 8.6f the DFT-level bandgap of
CsPbI3 for both relaxed surface terminations is presented, as a function of the number of
repeating units in the vacuum direction, both with and without spin-orbit coupling. In all
cases a significant increase in bandgaps is found when compared to the bulk, as expected. CsI
terminated surfaces have slightly larger bandgaps, which is attributed to more confined states
(c.f. Figure 8.6d and e). Importantly, the correct band-ordering for valence and conduction
re-emerges here due to quantum confinement effects.

8.6 Tetracene molecules on halide perovskite surfaces

To simulate a halide perovskite thin film, three halide perovskite layers were modelled in the
non-periodic direction (with the same termination at both ends), as inter-atomic distances in
the centre of this structure were comparable to distances in bulk CsPbI3 and computation
was not too expensive. As has been discussed elsewhere [201, 202, 200], there are three main
orientations for a tetracene molecule to lie on a halide perovskite surface: with the long axis
of the molecule perpendicular; the short axis of the molecule perpendicular; or face-on to the
halide perovskite (termed parallel, see Figure 8.7a).

Geometry relaxations were undertaken for the three tetracene orientations on both halide
perovskite surfaces (i.e. six simulations). It has been shown elsewhere that the relaxed
energy is relatively independent of where the tetracene is initially placed above a semicon-
ductor [200], so only one starting position for each geometry relaxation is considered. An
example of a relaxed geometry is shown in Figure 8.7b. The tetracene molecule is observed
to remain relatively unchanged, while the halide perovskite surface distorts. Qualitatively
similar results were observed for all simulations. This is reasonable as halide perovskites
have surprisingly low Young’s moduli for inorganic semiconductors, comparable to those of
relevant organic crystals [211, 212, 213, 214].

The formation energy between the halide perovskite surface and the tetracene molecule
is given by E f ormation = Einter f ace − (Eperov,slab +Etetracene,molecule), that is the energy of the
interface less the energy of the halide perovskite slab and tetracene molecule in vacuum.
E f ormation is presented for the six geometries considered in Table 8.2, both neglecting and
including spin-orbit coupling. As geometry relaxations were carried out without spin-orbit
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8.6 Tetracene molecules on halide perovskite surfaces

Fig. 8.7 The three possible tetracene orientations (blue lines) on the halide perovskite surface
(green slab) are presented in a). An example of a relaxed geometry is shown in b), for PbI2
surface termination with tetracene’s long axis perpendicular to the surface. The region of
interaction is enlarged, showing the halide perovskite surface distortion due to the tetracene.
c) and d) show the projected density of states, in arbitrary units, without spin-orbit coupling,
for the three tetracene orientations for CsI and PbI2 terminated surfaces respectively. Energy
has been shifted arbitrarily to align the halide perovskite valence bands. In all cases the
carbon states are the highest occupied states.

coupling (see Appendix A.8), E f ormation values without spin-orbit coupling are more accurate.
Results both with and without spin-orbit coupling suggest the parallel tetracene arrangement
has the most favourable formation energy. This is in agreement with other examples of
rod-like molecules on the surface of inorganic semiconductors [200, 201, 202]. Furthermore,
in all cases the interaction energy is observed to be relatively weak; for comparison the
formation energy for a tetracene film is ∼ -2 eV per molecule.
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8.7 Tetracene/halide perovskite thin film interfaces

Tetracene orientation E f ormation (eV)
E f ormation including
SO coupling (eV)

CsI termination
Long axis perpendicular -0.50 -0.92
Short axis perpendicular -0.26 -1.03
Parallel -0.69 -1.53
PbI2 termination
Long axis perpendicular -1.03 0.17
Short axis perpendicular -0.82 -0.32
Parallel -1.25 -0.52

Table 8.2 Formation energy, E f ormation, for three orientations of a tetracene molecule on
CsI and PbI2 terminated halide perovskite surfaces. Energies are presented both with and
without spin-orbit (SO) coupling.

In order to understand band-alignment at each interface, the projected density of states
(PDOS) was calculated for each simulation, with projection onto each species’ atomic or-
bitals. Spin-orbit coupling was neglected as this gives a similar halide perovskite bandgap to
that obtained with spin-orbit coupling and a G0W0 correction at significantly less computa-
tional cost (see section 8.5). Results are presented in Figure 8.7c and d. For CsI terminated
surfaces, as the halide perovskite’s valence band is localised in the bulk of the structure (c.f.
Figure 8.6e), its PDOS is unchanged for different tetracene orientations (Figure 8.7c). For
the (energetically favoured) parallel and short-axis perpendicular orientations, tetracene’s
valence band lies above that of the halide perovskite while for the long-axis perpendic-
ular model its valence band aligns with the halide perovskite’s valence band maximum.
For PbI2 termination, as the halide perovskite’s valence band has some surface character,
there is a small variation in the halide perovskite’s PDOS for the different simulations (Fig-
ure 8.7d). Importantly, the tetracene valence band is above the halide perovskite’s in all cases,
and significantly more offset from CsPbI3’s valence band than in the CsI terminated case.
This is attributed to PbI2 terminated surfaces being low in energy rather than a significant
change in tetracene’s electronic structure. Tetracene’s valence band being above the halide
perovskite’s is indicative of tetracene being a good hole extracting material, as has been
observed experimentally in halide perovskite/tetracene interfaces [196].

8.7 Tetracene/halide perovskite thin film interfaces

To model interfaces between bulk materials, unit cells with commensurate in-plane lattice
parameters need to be found. Two tetracene/halide perovskite interfaces with tetracene’s ‘cut
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8.7 Tetracene/halide perovskite thin film interfaces

1’ surface termination and one with ‘cut 2’ surface termination were identified. They are
shown in Figure 8.8. It was not possible to find any commensurate unit cells of reasonable
size for tetracene’s third possible exposed plane. These three simulations are termed ‘cut 1 no
rotation’, ‘cut 1 with rotation’ and ‘cut 2’. The two cut 1 simulations have normal strains of
< 3 % and shear strain of ∼ 10 %, while cut 2 has both normal and shear strains on the order
of 5 % (see Table 8.3 for all strains). Two tetracene unit cells were used in the non-periodic
direction for cut 1 models, and four tetracene units cells for cut 2 (based on results shown in
Figure 8.5a). This resulted in large cells for DFT simulations so no vacuum layer was used
i.e. there were two interfaces between tetracene and CsPbI3. This also reduced the possibility
of any dipole effects. The distance between adjacent halide perovskite and adjacent tetracene
layers was at least as large as the vacuum spacing required to prevent interaction between
adjacent layers of the same material in the non-periodic direction. As tetracene and halide
perovskites have comparable Young’s moduli, lattice parameters were allowed to vary in
geometry relaxations [211, 212].

CsI termination PbI2 termination
Cut 1 no rotation
Strain in x direction (%) -0.3 0.9
Strain in y direction (%) 1.4 2.6
Shear strain (%) 7.5 7.5
Cut 1 with rotation
Strain in x direction (%) 1.7 2.8
Strain in y direction (%) 1.4 2.6
Shear strain (%) 12.3 12.3
Cut 2
Strain in x direction (%) 1.4 2.6
Strain in y direction (%) -6.1 -4.87
Shear strain (%) 5.1 5.1

Table 8.3 The normal and shear strain for each geometry presented in Figure 8.8, relative to
the relaxed halide perovskite slab in a vacuum.

Geometry relaxations were run for all simulation cells. All codes ran successfully except
cut 2 with CsI termination, where the halide perovskite structure fell apart during computation.
This geometry is not discussed further. A relaxed geometry is presented in Figure 8.9a for
PbI2 terminated cut 1 no rotation. In all cut 1 configurations, including that presented here,
tetracene’s molecules were found to be almost entirely unchanged in position from a thin
film of tetracene. For cut 2, the spacing between tetracene molecules reduced slightly (<2 %
change) in the non-periodic direction, especially for molecules adjacent to the interface. In
all cases the halide perovskite surface distorted more significantly.
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8.7 Tetracene/halide perovskite thin film interfaces

Fig. 8.8 Commensurate tetracene/CsPbI3 unit cells. Black circles and red diamonds are
halide perovskite and tetracene lattice points respectively. The three commensurate cells,

‘cut 1 no rotation’, ‘cut 1 with rotation’ and ‘cut 2’ are presented in a), b) and c) respectively,
with the dashed blue line representing one repeating unit.

The interface formation energy per tetracene molecule is defined as

2×E f ormation,pm =
Einter f ace −Eperov,slab

NT c
−Etetracene,molecule, (8.1)

where NT c is the number of tetracene molecules in the interface simulation and other terms
have already been defined. The factor of two arises from the double interface. Formation
energies are presented in Table 8.4. Larger energy reductions are observed for CsI termination,
which is explained by noting that bare CsI surfaces are less stable (higher in energy) than
the PbI2 surfaces, so bulk films provide more significant stabilisation. In both cases the two
cut 1 geometries have almost identical energies, suggesting that tetracene’s orientation on
the halide perovskite surface is only weakly dependant on the halide perovskite. This is
indicative of minimal interaction between the two materials. For PbI2 termination, cut 1
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8.7 Tetracene/halide perovskite thin film interfaces

Fig. 8.9 a) The fully relaxed geometry of cut 1 no rotation with PbI2 surface termination.
The corresponding projected density of states (PDOS) without spin-orbit coupling is shown
in b). Here the dashed vertical black line marks the Fermi level, and dashed coloured lines
mark the PDOS for isolated relaxed PbI2 and tetracene slabs in vacuum. The valence and
conduction band charge densities of this interface at band edges are presented in c) and d).

orientations were found to be more favourable than cut 2, as is again expected for rod-like
molecules [202]. All formation energies are significantly higher than for bulk tetracene (∼ -2
eV per molecule) which suggests tetracene will not bind strongly to the halide perovskite
surface. It may instead form pillars or other structures with only small contact regions
with the halide perovskite, as was shown in the experimental section of this chapter (c.f.
Figure 8.1b) and has been discussed by others [202].

The projected density of states for PbI2 terminated cut 1 no rotation is shown in Fig-
ure 8.9b. As in the case of a single molecule, tetracene’s valence band is located above the
halide perovskite’s. This was the case for all other simulations. Overlaid on this plot in
dashed lines are the PDOS for halide perovskite and tetracene slabs (independently) isolated
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8.8 Toy interface and exciton visualisation

Tetracene orientation E f ormation,pm (eV)
E f ormation,pm including

SO coupling (eV)
CsI termination
Cut 1 no rotation -1.42 -1.51
Cut 1 with rotation -1.41 -1.49
PbI2 termination
Cut 1 no rotation -0.95 -1.11
Cut 1 with rotation -0.95 -1.10
Cut 2 -0.92 -1.07

Table 8.4 Formation energies per molecule, E f ormation,pm, for relaxed thin film interfaces.
Energies are presented both with and without spin-orbit (SO) coupling.

in a vacuum. For the halide perovskite, the isolated PDOS overlaps almost perfectly with
the valence and conduction bands. Tetracene’s PDOS at the interface is slightly broadened
with respect to isolated tetracene, which is attributed to each tetracene molecule being in
a slightly different electronic environment at the interface. This PDOS demonstrates there
is little interaction between the halide perovskite and tetracene, as their states can be well
reproduced by isolated slabs.

The valence and conduction band charge densities (at the band edge) for cut 1 no rotation,
for PbI2 termination, are shown in Figure 8.9c and d respectively. Both charge densities are
isolated to one material only (tetracene and halide perovskite respectively), again implying
that there is little change in electronic states at the interface. When looking further into the
valence band, no states close to the valence band at the R point are found to have significant
charge density in both the halide perovskite and the tetracene.

8.8 Toy interface and exciton visualisation

To model triplet excitons it is necessary to solve the Bethe-Salpeter equation. This was
attempted on the full interfaces presented in the previous section, but was found not to be
computationally feasible. Therefore, small toy interfaces consisting of a single tetracene and
single (in plane) CsPbI3 unit cell were constructed. In these models tetracene molecules were
oriented perpendicularly to the interface (cut 1 orientation, as this was the most energetically
favourable) and the halide perovskite again had three repeating units in the non-periodic
direction. As this study is interested primarily in tetracene’s electronic states, the model’s in
plane lattice parameters were constrained to those of tetracene. To achieve this one of the
halide perovskite’s in plane lattice parameters was increased by ∼ 20 % and the other reduced
by ∼ 3 %. Again both CsI and PbI2 terminations were modelled. Geometry optimisations
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8.8 Toy interface and exciton visualisation

(with in plane lattice parameters constrained) were carried out without any vacuum spacing.
However, for G0W0 and BSE calculations the lack of vacuum spacing resulted in interaction
between adjacent unit cells in the non-periodic direction. Therefore, a vacuum layer was
introduced (the same size as the ‘filled’ unit cell) and a coulomb cutoff was used to prevent
long-range interactions between repeating unit cells.

The PDOS of these small models was calculated (with vacuum spacing) and are presented
in Figure 8.10a and b. Electronic states were found to be positioned similarly to those
presented in previous sections, with the same atomic orbitals contributing to the halide
perovskite’s valence and conduction bands, and tetracene’s valence band being above that
of the halide perovskite. Importantly, the halide perovskite’s bandgap was found to have
increased, due to the larger in plane lattice parameter increasing quantum confinement.
Density of states calculations including spin-orbit coupling, plotted in Figure 8.10c and d,
demonstrate that for PbI2 termination there is no bandgap in this system, preventing post-DFT
calculations with spin-orbit coupling on this system.

It was possible to carry out G0W0 and BSE calculations on these toy interface models.
However, further simplifications were needed for calculations to proceed: the non-local
commutator was ignored and the maximum reciprocal lattice vector size was reduced with
respect to DFT calculations. The latter approximation is equivalent to reducing the cutoff
energy in a DFT calculation, but was found to have only small effect (< 0.01 eV) due to
smaller reciprocal lattice grids being required in G0W0 calculations. Both approximations
were found to be reasonable by carrying out one calculation without these approximations -
minimal difference in results was found.

G0W0 calculations on the toy interfaces, alongside on just tetracene and halide perovskite,
allow for an estimation of the changes that would occur to the PDOS calculations already
presented in this chapter. Specifically, G0W0 corrections are presented in Table 8.5, focusing
on the change in energy offset between halide perovskite and tetracene valence bands. In
general these results point towards the difference in energy between the halide perovskite
and tetracene valence bands being larger than what has been presented by ∼ 1 eV. As was
discussed in section 8.5, this would be partly offset by calculations including spin-orbit
coupling in the halide perovskite (reducing energy difference between the halide perovskite
and tetracene valence bands), so PDOS presented above are a reasonable estimate of ‘real
world’ results and qualitative conclusions drawn are unchanged.

DFT energies versus G0W0 energies for valence and conduction bands are plotted in
Figure 8.11a and b for CsI terminated toy model with spin-orbit coupling. Unlike most
situations, corrections to DFT-level energies do not form straight lines. This is because the
halide perovskite and tetracene energy corrections are significantly different in magnitude
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8.8 Toy interface and exciton visualisation

Fig. 8.10 a) and b) present the PDOS (without spin-orbit coupling) for CsI and PbI2
terminated toy models. The density of states with spin-orbit coupling for the same models
are shown in c) and d). In all plots the dashed line corresponds to the highest occupied level.
Different smearing parameters have been used in plots with and without spin-orbit coupling.

(as tetracene’s electronic states are more localised). Furthermore, there are some mixed
states including both part of the tetracene and halide perovskite wavefunction which carry
intermediate energy corrections. To model tetracene’s electronic states correctly at the
interfaces, a straight line is fitted to states where the DFT wavefunction is fully localised
on tetracene, as shown on the figure. These fits allow for a comparison of tetracene’s G0W0

level bandgap with that of bulk tetracene and isolated tetracene sheets (cut 1). Results are
presented in Table 8.6. Tetracene’s G0W0 level bandgap is lowered at all interfaces, which is
attributed to the halide perovskite stabilising single particle excited states in tetracene.

An approximate layout of energy levels in the toy model interfaces is presented in
Figure 8.11c. The only states close to the Fermi level are tetracene’s valence band and the
halide perovskite’s conduction band. The energy difference between these states is defined as
ET c−P. This means electron transfer from tetracene to the halide perovskite can be explored
in modelling, but not full exciton transfer.

To carry out BSE (exciton) calculations, scissor corrections were applied to DFT energy
levels. Scissor corrections shift DFT-level valence and conduction band states by constant
gradients, as in the red lines on Figure 8.11a and b, and add a constant value to the DFT-
level bandgap. Initially, excitonic states were calculated using the scissor corrections found
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8.8 Toy interface and exciton visualisation

Model
ET c,V B,shi f t −

EP,V B,shi f t (eV)
ET c,CB,shi f t −

EP,CB,shi f t (eV)
Bulk systems (no SO) 1.53 1.76
Bulk systems (with SO) 1.38 1.88
Bulk P and Tc in vacuum (no SO) 0.83 1.81
Bulk P and Tc in vacuum (with SO) 0.69 1.92
CsI terminated toy model (no SO) 1.37 1.20
CsI terminated toy model (with SO) 1.30 1.40
PbI2 terminated toy model (no SO) 1.37 1.08

Table 8.5 The energy difference in G0W0 corrections between tetracene and halide perovskite
states, for different bulk and interface models. Here ET c,V B,shi f t = ET c,V B,G0W0−ET c,V B,DFT ,
the difference in energy between tetracene’s (Tc) valence band energy at G0W0 and DFT
levels. Other subscripts carry similar meanings, with P corresponding to halide perovskite
and CB to conduction band. Lastly, SO corresponds to spin-orbit coupling.

Model Eg,T c,G0W0 (eV) ES,T c (eV) ET,T c (eV)
Bulk tetracene 2.62 2.08 1.20
Tetracene in vacuum (relaxed) 3.40 2.04 1.14
Tetracene in vacuum (CsI toy geometry) 3.28 1.92 1.11
Tetracene in vacuum (PbI2 toy geometry) 3.30 1.94 1.12
CsI terminated toy model (no SO) 2.13 1.91 1.12
CsI terminated toy model (with SO) 2.64 1.94 1.17
PbI2 terminated toy model (no SO) 2.24 1.87 1.08

Table 8.6 Tetracene’s G0W0 level bandgap (Eg,T c,G0W0) and lowest singlet (ES,T c) and triplet
(ET,T c) energies are presented for bulk tetracene, a layer of (cut 1) tetracene in a vacuum
(both relaxed and for the geometry used in toy models) and for toy models with scissor
corrections applied to correctly reproduce tetracene’s electronic states. Here SO means
spin-orbit coupling.

from G0W0 fits i.e. correctly replicating tetracene’s electronic states at the interface (as in
Figure 8.11a and b). With these scissor corrections, for both CsI and PbI2 terminated surfaces,
the triplet was found to be the lowest energy state at the interface. In calculations including
spin-orbit coupling ‘triplet’ and ‘singlet’ states were identified as triply/singly degenerate
dark/bright states with significant electron and hole contributions on tetracene. At both
interfaces the singlet and triplet energies were extremely comparable to those of a tetracene
cut 1 layer in a vacuum (see Table 8.6). For example, for CsI termination with spin-orbit
coupling, a trio of states (i.e. ‘triplet’ states) were found at 1.17 eV, while for the same
tetracene geometry in a vacuum (i.e. no halide perovskite present) a triplet energy of 1.11
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8.8 Toy interface and exciton visualisation

Fig. 8.11 DFT energies versus G0W0 energies for the CsI terminated toy model’s valence band
(VB) and conduction band (CB), with spin-orbit coupling, are shown in a) and b). Legend
in a) applies to a) and b). Schematic in c) shows relative band energies at the interface,
with ET c−P being the difference in energy between tetracene’s valence band and the halide
perovskite’s conduction band. Average hole (h+) and electron (e−) charge densities for the
lowest energy triplet and singlet excitons for the CsI terminated surface are plotted in d)
and e), for the G0W0 correction shown in a) and b) applied. Isosurfaces show the 95 %
probability boundary for all plots (i.e. there is a 95 % probability the electron/hole will be
found inside the plotted surfaces).

eV was calculated, in agreement (within calculation error). This is indicative of tetracene’s
excitonic states being relatively unaffected by the presence of the halide perovskite.

The average hole and electron positions of the lowest energy triplet and singlet states
for CsI termination are plotted in Figure 8.11d and e receptively (with scissor correction
applied which correctly reproduces tetracene’s electronic states). Both states are found to be
strongly localised to tetracene. Specifically, for both triplet and singlet there is less than a
3 % probability of the electron or hole being within the halide perovskite. It is noted that
there are lower charge transfer states than the singlet state in this model. In these states the
electron is fully localised on the halide perovskite.

Average exciton electron and hole position for PbI2 termination are plotted in Figure 8.12a
and b (for lowest energy triplet and singlet states). Here the average electron wavefunctions
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8.8 Toy interface and exciton visualisation

Fig. 8.12 Average hole (h+) and electron (e−) charge densities for the lowest energy triplet
and singlet excitons for the PbI2 terminated toy model are plotted in a) and b), for the G0W0
correction which correctly reproduces tetracene’s electronic states. The electron density of
the same states with the hole (grey sphere) fixed on a tetracene molecule are plotted in c) and
d), for two different unit cell orientations in each case. Isosurface marks the 95 % probability
boundary in all plots.

are found to have a small contribution within the halide perovskite (noting isosurfaces are only
on tetracene up to the 88 % probability surface). However, within these simulations tetracene
makes up only a small region of the simulation cell and therefore there are significant
contributions to the average electron position both from the hole being in vacuum and on the
halide perovskite. To this end, the electron charge density is plotted in Figure 8.12c and d for
the hole (grey sphere) fixed on a tetracene molecule. These plots reveal that when the hole is
fixed on a tetracene molecule, the electron also is. This was observed for the hole being fixed
at many different locations within tetracene. These results again demonstrate that tetracene’s
excitonic states are strongly localised, even at an interface.

The above plots were in the case of ET c−P being larger than tetracene’s triplet energy.
The scissor correction was then altered to reduce ET c−P, making charge transfer states (with
the electron localised the halide perovskite and the hole on the tetracene) lower in energy than
tetracene’s triplet energy (see Table 8.7). Almost identical results were found: singlet and
triplet states remain strongly localised on tetracene at the interface. This means singlet and
triplet states remain strongly localised on tetracene even when there are lower energy charge
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8.8 Toy interface and exciton visualisation

transfer states available. Similarly, for charge transfer states, the electron/hole remained fully
localised on the halide perovskite/tetracene. This suggests electron transfer is unlikely to
occur from a singlet or triplet state into a charge transfer state due to strong spatial separation.

Model ∆Eg (eV) Mc Mv

CsI termination
Physically correct scissor correction 1.88 1.20 1.23
Alternative scissor correction 1.30 2.05 1.23
PbI2 termination
Physically correct scissor correction 1.76 1.11 1.22
Alternative scissor correction 1.00 2.75 1.22

Table 8.7 Scissor corrections applied to the toy interface models are presented. Here ∆Eg is
the value added to the DFT-level bandgap and Mc and Mv are the gradient corrections applied
to the DFT-level conduction and valence bands (for more details see [215]). Physically
correct scissor corrections are those found from fitting G0W0 calculations (c.f Figure 8.11)
and alternative corrections are those applied to produce charge transfer states lower in
energy than tetracene’s lowest energy triplet.

Changing the scissor correction means tetracene’s electronic states are no longer exactly
reproduced at the interface. As a final confirmation to show that results with altered scissor
corrections are valid, lead was replaced with tin to form an SnI2 terminated surface. The same
G0W0 and BSE calculations were carried out. Charge transfer states lower in energy than
tetracene’s triplet energy were obtained for the physically correct scissor shift. Importantly,
results were found to be similar to those for the PbI2 surface presented above, with singlet
and triplet states remaining localised on the tetracene. This confirms that results calculated
with approximate scissor corrections are valid.

Attempts were made to extend these calculations further by altering the scissor correction,
reducing the halide perovskite’s bandgap to less than tetracene’s triplet energy. This required
extreme scissor corrections and only resulted in strong charge transfer states (with electron
localised on the halide perovskite only). No conclusions can be drawn from this as nothing
resembling a singlet or triplet state was calculated. It is likely this is due to the extreme
scissor correction meaning tetracene’s electronic states were not well reproduced.

In summary, triplet and singlet states are found to be strongly localised to tetracene at
all interfaces considered. There is a stronger suggestion of electron transfer into the halide
perovskite with PbI2 terminated surfaces, but this is still found to be unlikely when the hole
resides within a tetracene molecule. In all cases singlet and triplet energies are found to be
comparable to those for tetracene isolated in a vacuum. These combined results demonstrate
that tetracene’s excitonic states are relatively unaffected by the presence of an inorganic
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semiconductor, and that charge transfer is not likely to proceed, even when energetically
favourable, due to strong wavefunction confinement on the organic molecule.

8.9 Conclusion

A joint experimental/theoretical study of the interface between singlet fission materials
and a halide perovskite was carried out. Approximately 150 screening experiments were
undertaken but it was not experimentally possible to observe triplet transfer from a singlet
fission material directly to a halide perovskite. To this end, the interface between tetracene
and CsPbI3 was modelled. Tetracene was found to behave in a broadly similar way to
other organic/inorganic interfaces where the organic is a rod like structure: lone organic
molecules orient parallel to the halide perovskite surface, while films orient with the long
axis perpendicular to the surface. In all cases interface formation energies were much less
favourable than for bulk tetracene and tetracene’s valence band was found to be higher
energy than the halide perovskite’s valence band, suggestive of tetracene being a good hole
transporter. In general only weak electronic interaction between these two materials was
observed. By using reduced volume toy models, the excitonic states between tetracene and
a pseudo-typical halide perovskite structure were calculated. Singlets and triplets remain
mainly localised on tetracene molecules at the interface and tetracene’s excitonic energies
were unaffected by the presence of the halide perovskite. This demonstrates only weak
interaction between tetracene’s excitonic states and an inorganic semiconductor. These
collective results suggest that future work should focus on increasing electronic interaction
at the interface by further exploring chemical bonding between the two materials, improving
interface formation energies and increasing the probability of triplet transfer. This work lays
the ground for achieving triplet transfer from a singlet fission material to a halide perovskite.
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Chapter 9

A final summing up

Over the past 50 years wildlife populations have fallen by an average of 70 %, global surface
temperatures increased by 1◦C and the Earth’s human population has approximately dou-
bled [216, 217]. It is likely these trends will continue for the next few years at least. Science,
as always, has been a double-edged sword. Its advances have driven these fundamental
planetary changes, but also enabled better understanding and quantification of the associated
problems.

This thesis has focused on understanding and developing materials, methods and concepts
for the next generation of solar panels - key devices for addressing the problems humanity
now faces. The presented work has three main thrusts: understanding energy loss mechanisms
in solar panel absorber layers (Chapters 4 and 5); quantifying effects of re-emitted light in
solar panels (Chapters 6 and 7); and exploring charge transfer in a new solar panel design
(Chapter 8). The key findings of each chapter are now briefly summarised and assimilated.

9.1 Energy loss mechanisms

The low-bandgap halide perovskite formamidinium lead-tin iodide (FAPb0.5Sn0.5I3), a key
material for halide perovskite tandem solar cells, was investigated in Chapter 4. Charge
lifetimes and photoluminescence quantum efficiencies (PLQEs) significantly better than
previously observed were demonstrated. This was attributed to improved fabrication methods
and immediate sample encapsulation. Adding small quantities of zinc iodide to the halide
perovskite was found to greatly improve the material’s tolerance to air, limiting sample
degradation. It could also be used to control the level of p-type doping. Zinc iodide was
found to enable a more uniform mixing of lead and tin , removing tin-rich (oxygen sensitive)
clumps from the halide perovskite’s surface. This chapter revealed the potential of low-
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9.2 Re-emitted light

bandgap halide perovskites to be greater than previously thought and presented a new way to
increase their stability dramatically.

In Chapter 4 energy loss mechanisms were studied using transient absorption spectroscopy
(TAS). Chapter 5 introduced a faster method for quantifying energy loss in luminescent
semiconductors by combining PLQE and time resolved photoluminescence measurements.
Results from this new approach were found to be in excellent agreement with those from
TAS. Importantly, this new approach gave a direct method to quantify both total and radiative
second order recombination. In order to describe halide perovskites correctly a non-radiative
second order process is found to be required. The non-radiative second order process could
not be explained by parasitic absorption alone. This new approach to measuring decay rates
will streamline the development of new materials for future solar panels and has revealed
new information on recombination mechanisms in halide perovskites.

9.2 Re-emitted light

Halide perovskites are luminescent semiconductors, meaning a significant proportion of
absorbed photons can be re-emitted. It is important to understand how this re-emitted light
can be best utilised within devices. Chapter 6 explored re-emitted light being re-absorbed
within the same material: photon recycling. A general framework which can be applied
to any material was presented. The relationship of photon recycling to controllable device
parameters, namely thickness, charge trapping, transmission coefficients and light trapping,
was modelled in halide perovskite-based solar panels and light emitting diodes (LEDs) via a
simple metric: the average number of photon recycling events per initial excitation photon.
In both devices types photon recycling and device performance (efficiency or emitted light)
were found to increase with increased thickness, reduced charge trapping and improved
back reflection. However, devices improved and photon recycling reduced with better front
transmission or light trapping. Consequently, photon recycling was found to be not always a
beneficial process. For optimised devices (i.e. minimal charge trapping and a rough front
surface) the number of photon recycling events per initial excitation was less than 0.1/1 in
operating solar cells/LEDs at normal operating voltages. Therefore, photon recycling was
found not always to be a dominant process in well optimised optoelectronic devices. This
chapter gave new understanding on the role of photon recycling in single junction solar cells
and light emitting diodes.

Chapter 7 explored the role of re-emitted light in two-terminal two absorber layer tandem
solar cells. Specifically, a high-bandgap halide perovskite’s (FA0.7Cs0.3Pb(I0.7Br0.3)3) energy
loss mechanisms were measured using PLQE and TAS, and the absorption of both this
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high-bandgap material and the low-bandgap material discussed in Chapter 4 (FAPb0.5Sn0.5I3)
was measured using ellipsometry and photothermal deflection spectroscopy. This allowed for
all-halide perovskite and halide perovskite-silicon tandems to be simulated. The maximum
efficiency of these devices, when including all energy loss mechanisms, was found to be
40.8 % and 42.0 % respectively. Specific attention was paid to light being re-emitted from the
high-bandgap sub-cell and re-absorbed in the low-bandgap sub-cell (termed luminescence
coupling). Luminescence coupling was shown to relax current matching conditions in
both devices as long as the high-bandgap sub-cell has an external PLQE of at least 0.1 %
at maximum power point within the device. This corresponds to state of the art halide
perovskites’ recombination rates, meaning luminescence coupling already occurs in high
efficiency two-terminal tandems containing a halide perovskite as the high-bandgap sub-cell.
Experimental evidence of luminescence coupling occuring in an all-perovskite tandem was
presented, including its resolution on a microscale. This chapter demonstrated the potential
of halide perovskite tandems and revealed a commonly assumed design criterion for these
devices, namely current matching, does not always hold.

9.3 Charge transfer from a singlet fission material to a
halide perovskite

A potential alternative approach to fabricating high efficiency solar cells is by combining a
singlet fission material with a low-bandgap halide perovskite. This was the focus of Chapter 8.
In singlet fission materials two triplets are rapidly generated following photoexcitation. If
these triplets could be extracted into a halide perovskite they could form a high efficiency
solar cell. Approximately 150 interfaces between singlet fission materials and low-bandgap
halide perovskites were fabricated and triplet transfer was probed with magnetic photolu-
minescence. A significant fabrication parameter space was screened, including varying the
halide perovskite’s work function, using a range of deposition techniques (spin-coating, drop
casing and evaporation), fabricating singlet fission/halide perovskite hetetrojunctions, using
multiple singlet fission materials and attempting to form chemical bonds between the halide
perovskite and singlet fission material. In all cases no clear triplet transfer was observed.
Additionally, no triplet transfer was observed directly from a triplet sensitiser (a material
which produces only triplets) evaporated on a halide perovskite.

Materials modelling methods were used to understand the lack of triplet transfer at the
organic/inorganic interface. Specifically, density functional theory (DFT) was employed
to find the relaxed geometries and density of states at the interface. Tetracene on halide
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perovskite surfaces was demonstrated to behave in a similar way to when placed on other
inorganic semiconductors: single molecules align parallel while in thin films tetracene’s long
axis aligns perpendicularly to the surface. In all optimal configurations the valence band
of tetracene was above that of the halide perovskite. DFT calculations showed that there is
only weak formation energy and electronic interactions at this interface. To explore triplets
post-DFT methods were used on small (computationally feasible) toy models. Tetracene’s
singlet and triplet states were found to be almost unchanged in energy and position at the
interface when compared to bulk tetracene. Furthermore, the triplet wavefunction was found
to be almost entirely localised on tetracene in all simulations. These results go some way to
explaining the difficultly in achieving triplet transfer into halide perovskites: the interface
has weak formation energy and triplets remain highly localised on singlet fission molecules,
even when at the interface. This chapter has laid the groundwork for future fabrication of
singlet fission/halide perovskite solar cells.

9.4 The end

Halide perovskite based solar cells have improved dramatically in the last decade. For their
efficiencies to continue increasing, everything from halide perovskites’ photophysics to
more advanced solar cell designs needs further research. Specific research directions have
been highlighted by this thesis. Firstly, trap passivation in halide perovskites, especially its
relationship to sample fabrication, should be better understood. The screening approach
presented in Chapter 5 can help here. Secondly, the role of re-emitted light should be further
explored in devices, so as many photons as possible can be harvested. Further observation of
re-emitted light in full devices could prove extremely useful here. Thirdly, chemical bonds
between singlet fission materials and halide perovskites should be probed, using a range of
singlet fission ligands. Lastly, understanding interfaces in solar cells will be key. As was
outlined in Chapter 8, joint experiment/theory approaches can be used to achieve this, not
only for singlet fission materials but between all layers of device stacks.

This thesis has aimed to make an impact on the development of the next generation of
solar panels. It has increased the understanding of new materials and solar cell designs, and
revealed new experimental approaches. It is hoped this work will inspire others and help
enable high efficiency, cheap renewable energy.
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Nomenclature

Roman Symbols

A Fraction of incident laser light absorbed by the sample

A1 Fraction of light absorbed in the low-bandgap sub-cell of a tandem solar
cell when light enters from the front and before light escapes back to the
high-bandgap sub-cell

A2,b Fraction of light absorbed in the high-bandgap sub-cell of a tandem solar
cell when light enters from the rear of the solar cell and before light
escapes this sub-cell to the low-bandgap sub-cell or the surroundings

A2, f Fraction of light absorbed in the high-bandgap sub-cell of a tandem solar
cell when light enters from the front of the solar cell and before light es-
capes this sub-cell to either the low-bandgap sub-cell or the surroundings

Ani Arbitrary constant (cm−3)

Apixel Pixel area in Thorlabs beam profiler (µm2)

Apu Pump area (cm2)

As Area of material surface (cm2)

AS
vc Excitonic amplitudes for electron-hole wavefunctions

a First order loss rate (s−1)

a(E) Diffuse absorptance, averaged over a 2π hemisphere, at energy E

a1 First order electron loss rate (s−1)

a1(E) Diffuse absorptance for the low-bandgap sub-cell in a two absorber layer
tandem stack

a1,direct(E) Direct absorptance for the low-bandgap sub-cell in a two absorber layer
tandem stack

a2 First order hole loss rate (s−1)

a2(E) Diffuse absorptance for the high-bandgap sub-cell in a two absorber layer
tandem stack

160



Nomenclature

a2,direct(E) Direct absorptance for the high-bandgap sub-cell in a two absorber layer
tandem stack

aback(E) Diffuse absorptance for the rear surface of a material

adirect(E) Direct absorptance; fraction of light absorbed at energy E which is inci-
dent perpendicular to the surface

a f ront(E) Diffuse absorptance for the front surface of a material

a⃗ First unit cell lattice parameter

b Second order loss rate (cm3s−1)

br Second order radiative loss rate (cm3s−1)

b⃗ Second unit cell lattice parameter

C Capacitance per unit area (nFcm−2)

c Third order loss rate (cm6s−1)

cγ Speed of light in a vacuum (ms−1)

c1 Third order hole loss rate for two electrons and one hole (cm6s−1)

c2 Third order hole loss rate for one electron and two holes (cm6s−1)

c j,G⃗ Amplitudes of plane wave vectors contributing to Kohn-Sham wavefunc-
tions

c⃗ Third unit cell lattice parameter

dp Thickness of porous layer (nm)

dz Infinitesimal distance

E Energy (eV)

Ecut Plane wave cut-off energy (eV)

E f ormation Formation energy for a tetracene molecule/CsPbI3 interface (eV)

E f ormation,pm Formation energy for a tetracene/CsPbI3 thin film interface, per tetracene
molecule (eV)

Eg Bandgap (eV)

Eg1 Low bandgap (eV)

Eg2 High bandgap (eV)

Einter f ace Total (DFT) energy of a tetracene/CsPbI3 interface (eV)
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Nomenclature

E j Energy of oscillator j (eV)

EP,CB,shi f t The shift in a halide perovskite’s conduction band level following a G0W0
correction (eV)

Eph Energy of a single photon (eV)

Eperov,slab Total (DFT) energy of a CsPbI3 slab in a vacuum (eV)

EP,V B,shi f t The shift in a halide perovskite’s valence band level following a G0W0
correction (eV)

ET c,CB,shi f t The shift in tetracene’s conduction band level following a G0W0 correction
(eV)

Etetracene,molecule Total (DFT) energy of a tetracene molecule in a vacuum (eV)

ET c−P Energy difference between tetracene’s valence band and a proto-typical
halide perovskite’s conduction band, following a G0W0 correction (eV)

ET c,V B,DFT Tetracene’s DFT-level valence band energy (eV)

ET c,V B,G0W0 Tetracene’s G0W0-level valence band energy (eV)

ET c,V B,shi f t The shift in tetracene’s valence band level following a G0W0 correction
(eV)

Eu Urbach energy (eV)

Exc Exchange correlation Energy (eV)

e Charge of an electron (C)

F Arbitrary function

f Derivative of efficiency (η) with respect to current, which is equal to zero
at the maximum power point (mWmA−1)

f1 Fraction of light absorbed in the low-bandgap sub-cell of a tandem solar
cell when light travels from the front to back of this sub-cell once (used
in the Hybrid absorptance model)

f1→2 Fraction of light emitted in region 1 which is absorbed in region 2

f2 Fraction of light absorbed in the high-bandgap sub-cell of a tandem solar
cell when light travels from the front to back, or back to front of this
sub-cell once (used in the Hybrid absorptance model)

fa Fraction of light absorbed for one pass through a material in the Hybrid
absorptance model

f j Strength of oscillator j

fp Probability of a parasitic absorption event
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Nomenclature

fpu Pump repetition rate (s−1)

G Total generation rate for a continuous wave excitation in a material
(cm−3s−1)

G0,min Minimum generation rate used in any measurement (cm−3s−1)

Gext External generation rate for continuous wave excitation in a material
(cm−3s−1)

G(⃗r,⃗r
′
;ω) Time ordered Green’s function in frequency domain (eV−1)

G0(⃗r,⃗r
′
;ω) Time ordered mean-field Green’s function in frequency domain (eV−1)

G(⃗rt ,⃗r
′
t
′
) Time ordered Green’s function (eV−1s−1)

G⃗ Reciprocal lattice vector (m−1)

g⃗ Re-arrangement of governing set of current-equations given in a form that
can be solved by Newton-Raphson methods (mAcm−2)

h Planck’s constant (eVs)

ℏ Planck’s constant divided by 2π (eVs)

I Intensity of light at position z (mWcm−2)

I0 Intensity of light where z=0 (mWcm−2)

I1 Flux of light per unit area in the low-bandgap absorber of a two absorber
layer tandem (cm−2s−1)

I2 Flux of light per unit area in the high-bandgap absorber of a two absorber
layer tandem (cm−2s−1)

IAM1.5 Solar (AM1.5) intensity incident on the solar cell (mWcm−2)

Icent Beam intensity at the beam centre (mWcm−2)

Id Diode current (A)

Iin Flux of light per unit area incident on a solar cell (cm−2s−1)

IPL(E) Number of photons emitted from a material at energy E, per unit energy
(eV−1)

J Current extracted from a solar cell to an external circuit (mAcm−2)

J0 Recombination current (mAcm−2)

J1 First guess of tandem solar cell’s external current (mAcm−2)

J2 Second guess of tandem solar cell’s external current (mAcm−2)
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Nomenclature

Ji Current density in sub-cell i (mAcm−2)

JNR All non-radiative recombination currents (mAcm−2)

Jsc Short circuit current (mAcm−2)

Jsc1 Short circuit current for low-bandgap material (mAcm−2)

Jsc2 Short circuit current for high-bandgap material (mAcm−2)

Jsc,i Short-circuit current density in sub-cell i (mAcm−2)

J⃗sc Short-circuit current in all sub-cells, in a column vector (mAcm−2)

J⃗ Current through each sub-cell as a column vector (mAcm−2)

k Arbitrary constant

k1 Current density for first order loss mechanisms (mAcm−2)

k2 Current density for second order loss mechanisms (mAcm−2)

k3 Current density for third order loss mechanisms (mAcm−2)

ka,b Current density for loss in sub-cell a via a process of order b (mAcm−2)

K(12;34) Electron-hole interaction kernel (eV2)

kB Boltzmann constant (eVK−1)

ki, j,1 Current density for first order loss mechanism in sub-cell i due to pro-
cesses in sub-cell j (this is also denoted by matrix k1, mAcm−2)

ki, j,2 Current density for second order loss mechanism in sub-cell i due to
processes in sub-cell j (this is also denoted by matrix k2, mAcm−2)

ki, j,3 Current density for third order loss mechanism in sub-cell i due to pro-
cesses in sub-cell j (this is also denoted by matrix k3, mAcm−2)

k(E) Imaginary refractive index

k⃗ Wavevector (m−1)

L1,out Flux of diffuse light emitted by the low-bandgap sub-cell in the dark
(cm3s−1)

L1→1 Flux of diffuse light emitted and re-absorbed by the low-bandgap sub-cell
in the dark (cm3s−1)

L1→2 Flux of diffuse light absorbed by the low-bandgap sub-cell from the
high-bandgap sub-cell in the dark (cm3s−1)
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Nomenclature

L2,out Flux of diffuse light emitted by the high-bandgap sub-cell in the dark
(cm3s−1)

L(12;1
′
2
′
) Time ordered two-particle Green’s function in frequency space (eV−2)

L0(12;1
′
2
′
) Time ordered two-particle Green’s function of non-interacting electrons

and holes in frequency space (eV−2)

L2→1 Flux of diffuse light absorbed by the high-bandgap sub-cell from the
low-bandgap sub-cell in the dark (cm3s−1)

L2→2 Flux of diffuse light emitted and re-absorbed by the high-bandgap sub-cell
in the dark (cm3s−1)

La Laser counts when no sample present in the integrating sphere

Labs,surr,1 Flux of diffuse light absorbed by the low-bandgap sub-cell from the
surroundings in the dark (cm3s−1)

Labs,surr,2 Flux of diffuse light absorbed by the high-bandgap sub-cell from the
surroundings in the dark (cm3s−1)

Lb Laser counts when sample is present but not directly illuminated in the
integrating sphere

Lc Laser counts when sample is present and directly illuminated in the
integrating sphere

M Number of sub-cells in a solar cell

Mc Conduction band gradient correction in a scissor correction

Mv Valence band gradient correction in a scissor correction

me Mass of an electron (kg)

m Arbitrary integer

N Number of photon recycling events per initial excitation

Nγ,out Number of photons emitted per unit area per unit energy interval from the
surface of a material (m−2J−1)

Nmpp Number of photon recycling events at maximum power point in a solar
cell per initial excitation

Noc Number of photon recycling events at open circuit in a solar cell per initial
excitation

Nout(V ) Electron flux out of a small volume within a semiconductor (cm−3s−1)

NT c Number of tetracene molecules in the interface simulation
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Nomenclature

n Electron density in the conduction band (cm−3)

n0 Initial excitation density (cm−3)

n1 (Real) refractive index of the low-bandgap sub-cell in a two absorber
layer tandem

n2 (Real) refractive index of the high-bandgap sub-cell in a two absorber
layer tandem

n(E) Refractive index (real part)

ne Number of electrons

ni Background electron density (cm−3)

n∞ (Real) refractive index at infinite energy

n(⃗r) The electron density

ñ Excitation density in dimensionless units

P Power out from a solar cell (mWcm−2)

Pb Sample counts when sample present but not directly illuminated in the
integrating sphere

Pc Sample counts when sample present and directly illuminated in the inte-
grating sphere

PLHG(t) Time resolved photoluminescence from the high-bandgap sub-cell of an
all-halide perovskite two-terminal tandem solar cell

Pm Laser beam power measured on a power meter (µW)

Pm,min Minimum laser beam power used in a PLQE fluence series (µW)

Ppu Pump power (mW)

p Hole density in the valence band (cm−3)

pi Background hole density (cm−3)

p j Probability of process j

pp Porosity

preabs Probability of a photon re-absorption event occurring

Q Interfacial charge density (cm−2)

r⃗ Position vector in 3D space (m)

r Radial coordinate (µm)
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Nomenclature

R⃗1,2,3 Lattice vectors in directions 1, 2 and 3 (m)

R(V ) Electron loss flux from a small volume within a semiconductor (cm−3s−1)

Rnr Non-radiative recombination rates (s−1)

Rr Internal radiative recombination rates (s−1)

R⃗ All loss currents in a solar cell stack, in column vector form (mAcm−2)

rx Cut-off distance for norm-conserving pseudopotentials (m)

r⃗i Position of electron i

T Temperature (K)

T (0) Transmission coefficient for light incident perpendicular to the front
surface of a single junction solar cell

T0 Fraction of light which leaves the two absorber layer tandem solar cell
once it has left the low-bandgap sub-cell

T0,b→b Fraction of light which returns to the low-bandgap sub-cell of a tandem
solar cell having left the low-bandgap sub-cell

T0, f Fraction of light which passes through the high-bandgap sub-cell of a
tandem solar cell and enters the low-bandgap sub-cell when light enters
the front of the solar cell

T1 Transmission coefficient for light at the front surface of a solar cell

T2 Transmission coefficient for light at the rear surface of a single junction
solar cell, or between the two sub-cells in a two absorber layer tandem
solar cell

T 1 Angle averaged transmission coefficient between the low- and high-
bandgap absorbers of a two absorber layer tandem solar cell

T 2 Angle averaged transmission coefficient at the front of a solar cell

T Angle averaged transmission coefficient for the front of a single junction
solar cell

T̂ Kinetic energy operator (for electrons)

t Sample thickness or time, dependant on context (nm or s)

V Voltage across the solar cell (V)

V1 Low-bandgap sub-cell voltage (V)

V2 High-bandgap sub-cell voltage (V)

Ve Electron quasi-Fermi level per unit charge (V)
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Nomenclature

Vg Gate voltage (V)

VH Hartree potential (V)

Vh Hole quasi-Fermi level per unit charge (V)

Vi Voltage in sub-cell i (V)

Vn Potential energy of electrons interacting with nuclei in the Hartree-Fock
formalism (JC−1)

Vn,i Potential energy of electron i interacting with nuclei (JC−1)

Voc Open circuit voltage (V)

Vth Threshold voltage (V)

VX Fock exchange potential (V)

Vxc Exchange correlation potential (V)

V⃗ Voltages in all sub-cells in column vector form (V)

V⃗1 First guess of all sub-cells’ voltage, for given external current value (V)

V⃗2 Second guess of all sub-cells’ voltage, for given external current value
(V)

Ŵ Coulomb interaction operator (for electrons)

X Inverse length scale over which charges are distributed (nm−1)

X j Numerical outcome of process j

x Distance along major axis of laser beam (µm)

x0 Distance along major axis of laser beam to where intensity falls to 1
e of

maximum value (µm)

x⃗ Arbitrary set of variables

y Distance along minor axis of laser beam (µm)

y0 Distance along minor axis of laser beam to where intensity falls to 1
e of

maximum value (µm)

z Position within a material

Greek Symbols

α(E) The fraction of light absorbed per unit distance in a material (cm−1)

αd Ratio of background electron concentration to background hole concen-
tration i.e. ni

pi
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Nomenclature

αd,i Ratio of background electron concentration to background hole concen-
tration in sub-cell i

αPLQE Doping parameter extracted from PLQE fluence series in dimensionless
units

β Equal to a unit of charge divided by the thermal energy, e
kBT (V−1)

βPLQE First order trapping parameter extracted from PLQE fluence series in
dimensionless units

γ j Width of oscillator j (eV)

γPLQE Second order parameter extracted from PLQE fluence series in dimen-
sionless units

∆Eg Bandgap correction in a scissor correction (eV)

∆T
T The signal measured in transient absorption spectroscopy

δPLQE Auger parameter extracted from PLQE fluence series in dimensionless
units

ε(E) Angle averaged emissivity

ε0 Permittivity of free space (Fm−1)

εb Complex refractive index

εe f f Effective dielectric constant of porous layer

εi,G0W0 The Kohn-Sham wavefunction energies following the G0W0 correction to
DFT energies (eV)

εi Kohn-Sham energy of state i (eV)

η Solar cell efficiency

ηesc(E) Probability a photon of energy E escapes the material in which it was
generated

ηesc Energy averaged probability a photon escapes the material in which it
was generated

Θ Jacobian describing the derivative of Φ with respect to sub-cell voltage
(mAcm−2V−2)

Θ(E) Photopic luminosity function

θ Angle to the normal of a material’s surface (when considering the motion
of light, the internal angle)
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Nomenclature

θc Critical angle with the surroundings for the high-bandgap sub-cell of a
two absorber layer tandem solar cell

θout Maximum angle of emission to the surroundings from a material

θt Transformed polar coordinate

θ̃ Internal angle above which total internal reflection will occur

θ̃2 Critical angle from the high-bandgap to the low-bandgap sub-cell of a
two absorber layer tandem solar cell (on the high-bandgap side)

λ Wavelength (nm)

µ Chemical potential, also referred to as the quasi-Fermi level splitting (eV)

µn Quasi-Fermi level of conduction band electrons (eV)

µp Quasi-Fermi level of valence band holes (eV)

µabs Laser light absorbed by a sample following it being scattered of the wall
of the sphere in a PLQE measurement

µFET Mobility measured in field effect transistors (cm2(Vs)−1)

Σ(⃗r,⃗r
′
;ω) Non-local self-energy operator (eV)

σA The error in a measurement of A

σLa The error in a measurement of La

σPb The error in a measurement of Pb

σPc The error in a measurement of Pc

Φ Jacobian describing the derivative of R⃗ with respect to voltage elements
(mAcm−2V−1)

φAM1.5(E) AM1.5 global solar flux per unit area, per unit energy (J−1cm−1s−1)

φBB(E) Black body flux per unit area, per unit solid angle, per unit energy
(eV−1cm−1s−1)

φi Kohn-Sham wavefunction of state i

φpp Pseudopotential wavefunction

χS Excitonic wavefunction, where S describes the excitation level

Ψ Many body wavefunction of an ne electron system

ψc Conduction band wavefunction

ψv Valence band wavefunction
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Nomenclature

ω Wavenumber (s−1)

Acronyms / Abbreviations

AFM Atomic force microscopy

BCP Bathocuproine

BSE Bethe-Salpeter equation

CBM Conduction band minimum

DFT Density functional theory

DMF N,N-dimethylformamide

DMSO Dimethyl sulfoxide

DPH 1,6-Diphenyl-1,3,5-hexatriene

EDX Energy dispersive X-ray spectroscopy

ELQEext External electroluminescence quantum efficiency

FA Formamidinium (HC(NH2)+2 )

FET Field effect transistor

FF Fill factor

G06 Grimme Van der Waals semi-empirical correction

HG High-bandgap

ITO Indium tin oxide

JCHS Jurecka et al.’s Van der Waals semi-empirical correction

LDA Local density approximation exchange correlation

LED Light emitting diode

LG Low-bandgap

MA Methylammonium (CH3NH+
3 )

MPP Maximum power point

NA Numerical aperture

OC Open circuit

PBE Perdew-Burke-Ernzerhof exchange correlation

PBESOL Perdew-Burke-Ernzerhof exchange correlation for solids
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Nomenclature

PCBM [6,6]-Phenyl C61 butyric acid methyl ester

PCE Power conversion efficiency

PDOS Projected density of states

PEDOT Poly(3,4-ethylenedioxythiophene)

PL Photoluminescence

PLQE Photoluminescence quantum efficiency

PLQEext External photoluminescence quantum efficiency

PLQEint Internal photoluminescence quantum efficiency

PSS Polystyrene sulfonate

PtOEP Platinum octaethylporphyrin

SC Short circuit

SO Spin-orbit coupling

SPAD Single-photon avalanche diode

STEM Scanning transmission electron microscopy

TAS Transient absorption spectroscopy

TCSPC Time correlated single photon counting

T RPL0 Time resolved photoluminescence counts at initial time (time 0)

TRPL Time resolved photoluminescence

TS Tkatchenko-Scheffler Van der Waals semi-empirical correction

VBM Valence band maximum

XRD X-ray diffraction
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Appendix A

Additional methods

A.1 Low-bandgap FAPb0.5Sn0.5I3 fabrication methods for
Chapter 4

A.1.1 Thin film fabrication

Formamidinium iodide (FAI) was purchased from Greatcell Solar. Lead (II) iodide (PbI2,
99.999 % Ultradry), tin (II) iodide (SnI2, 99.999 % Ultradry) and zinc iodide (ZnI2, 99.995
% Ultradry) were purchased from Alfa Aesar. Tin (II) fluoride (SnF2, 99 %), lead (II) thio-
cyanate (99.5 %, Pb(SCN)2), anisole (anhydrous 99.7 %), N,N-dimethylformamide (DMF, an-
hydrous ≥99.8 %), dimethyl sulfoxide (DMSO, anhydrous ≥99.9 %) and chlorobenzene (CB,
anhydrous 99.8 %) were purchased from Sigma Aldrich. Poly(3, 4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS, PVP AI 4083) was purchased from Heraeus. Methanol
(MeOH) was purchased from Fischer Scientific.

A stoichiometric 0.75 M solution of FAPb0.5Sn0.5I3 was prepared in a nitrogen atmo-
sphere by dissolving FAI, PbI2, and SnI2 in a mixed solvent of 3:1 DMF:DMSO by volume
with an additional amount of SnF2 (20 % molar amount with respect to SnI2) and Pb(SCN)2

(6 % molar amount with respect to PbI2). A stoichiometric 0.75 M solution of FAZnI3 was
also prepared in a nitrogen atmosphere by dissolving FAI and ZnI2 in a mixed solvent of 3:1
DMF:DMSO. The solutions were stirred at room temperature and filtered with a 0.45 µm
PTFE filter prior to use. The FAPb0.5Sn0.5I3 and FAZnI3 solutions were blended to achieve
the desired FA(Pb:Sn:Zn)I3 ratio.

In Chapter 4 x is defined as
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A.1 Low-bandgap FAPb0.5Sn0.5I3 fabrication methods for Chapter 4

Concentration of ZnI2in precursor solution
0.75M

. (A.1)

where 0.75 M is the concentration of FAI in all precursor solutions. Scanning electron
microscopy results for x=0 % and x=5 % (as measured by Zahra Andaji-Garmaroudi, details
in Bowman et al. [95]) are presented in Figure A.1, demonstrating the grain size in films of
∼ 200 nm.

Fig. A.1 Scanning electron microscopy images of x=0 % and x=5 % FAPb0.5Sn0.5I3 films are
presented in a) and b) respectively.

Films for photoluminescence and transient absorption spectroscopy measurements were
prepared on O2-plasma treated glass substrates (O2-plasma treatment lasted for 10 minutes).
The halide perovskite layer was deposited by statically spin-coating 120 µL of the 0.75 M
FA(Pb:Sn:Zn)I3 solution at 5000 rotations per minute for 30 s with a 6 s ramp. At 14 s into
the spin-coating program, a stream of compressed N2 gas was applied to the spinning film
for 16 s. After spinning is finished, the substrate was annealed at 100◦C for 10 minutes. The
neat perovskite films were then encapsulated (see encapsulation methods below). Films for
electron microscopy and transistors were prepared on O2-plasma treated silicon. Films for
optical measurements in Chapter 7 films were prepared with x=5 % as they were the most air
stable.

A.1.2 Solar cell fabrication

Pre-patterned indium tin oxide (ITO) substrates (Shenzhen Huayu Union Technology Co
Ltd, 10 ohmsq−1) were cleaned via sonication in a diluted Hellamanex solution (1 % vol
in deionised water), deionized water, acetone, and isopropanol sequentially for 5 minutes
each. The remaining isopropanol was dried off with a nitrogen gun. Substrates were then
treated with an O2 plasma process for 10 minutes prior to spinning the PEDOT:PSS layer.
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS; Clevios P VP Al
4083, aqueous dispersion) solutions were prepared by diluting the as-received PEDOT:PSS
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A.1 Low-bandgap FAPb0.5Sn0.5I3 fabrication methods for Chapter 4

dispersion in MeOH in a 1:2 ratio respectively. Films were deposited on ITO via a static
dispense of 180 µL followed by spinning at 4000 rotations per minute for 40 seconds and
subsequently annealed for 10 minutes at 150◦C. Halide perovskite films were fabricated by
spin coating in a nitrogen filled glovebox. A 0.8 M solution concentration was used with
the solvent quench method and a solvent mix of 4:1 DMF:DMSO (other solution details are
the same as the previous section). 100 µL of precursor solution was statically dispensed
onto the substrate and the liquid meniscus was pulled over the substrate using the pipette
tip. The substrate was spun at 3600 rotations per minute for 30 s. At 13 s 200 µL of anisole
was pipetted onto the middle of the spinning substrate with a dispense time of around 1 s.
As soon as the chuck stopped a steady stream of nitrogen was applied via a nitrogen gun
to the surface of the film for a further 15 s. Films were annealed at 100◦C for 10 minutes.
PCBM ([6,6]-Phenyl C61 butyric acid methyl ester, Solenne BV) solutions were prepared to
a concentration of 20 mgmL−1 in a 3:1 mixture of chlorobenzene to dichlorobenzene. Once
made, solutions were left for at least 24 hours at room temperature before filtering with a 0.2
µm PTFE filter. PCBM was dynamically spin-coated on top of the halide perovskite layer
at 2000 rotations per minute using 50 µL of solution and annealing for 1 minute at 100◦C
. BCP (Bathocuproine, Sigma Aldrich) solutions were prepared to a concentration of 0.5
mgmL−1 in isopropanol. Solutions were stirred overnight at 70◦C and then filtered through
a 0.2 µm PTFE filter prior to use. BCP was dynamically spin coated on top of the halide
perovskite layer at 5000 rotations per minute using 70 µL of solution (with no annealing).
All electrodes for devices were deposited using a shadow mask to give an electrode pattern
complimentary to the solar simulator used. The pattern resulted in 8 pixels per substrate each
with an active area of 0.0919 cm2. A Kurt J. Lesker Nano 36 evaporator was used to deposit
silver electrodes. This final step resulted in ∼ 1 minute of air exposure prior to electrode
deposition.

A.1.3 Encapsulation

Samples for optical characterisation were encapsulated in a solvent-free, nitrogen-filled
glovebox immediately following fabrication (within ∼ 10 minutes of end of annealing). First
a 25 × 25 mm halide perovskite-coated glass substrate was broken into quarters and thin
strips of Kapton tape were applied to the edges of a quarter-substrate sample to act as a
spacer layer to disrupt thin-film interference effects (only in the case of TAS measurements).
An 18×18 mm glass cover slip was then placed on top of the sample and a UV-curable resin
(5 second UV Light Fix, Ontel products) was applied to the corner between the side edges of
the glass quarter-substrate and the underside of the oversized cover-slip. The sample was
sealed one edge at a time by applying the resin and curing with a UV LED for 10 seconds
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A.2 Other experimental methods for Chapter 4

(peak wavelength 400 nm). Once all edges were sealed, the whole sample was illuminated
with a UV light for 5 minutes. To ensure the encapsulation was not altering the samples one
encapsulation was carried out with a quick drying two part epoxy (Evo-Stik Rapid, Bostik
Ltd.) and similar PLQE and TCSPC results were obtained.

A.2 Other experimental methods for Chapter 4

A.2.1 Transistors

Bottom gate bottom contact halide perovskite field effect transistors were fabricated using an
Si/SiO2 substrate on which Au source drain electrodes are lithographically patterned. Halide
perovskite thin films were spin-coated. All devices were characterized in a vacuum chamber
(10−6 mbar) using an Agilent 4155B parameter analyser operated in pulsed mode for transfer
characteristics and continuous mode for output characteristics. For the transfer characteristics
a short impulse of 0.5 ms corresponding to Vg was applied and the measurements were
performed under continuous drain voltage Vd . For the photo-illumination study the device
was illuminated from the top with an intensity controllable white light source which reaches
a maximum intensity of 10 mWcm−2. The interfacial charge density is estimated from
the threshold voltage (Vth) value obtained from the transfer curves using the expression:
Q =

C(Vg−Vth)
e , where C is the capacitance per unit area of the SiO2 layer, Vg is the maximum

gate voltage and e is the unit of electronic charge. Photoinduced charge is then estimated
from the difference in interfacial charge between the dark and the photoinduced transfer
measurements. As control experiments, devices with only a ZnI2 layer were fabricated and
transistor characterisation was also performed.

A.2.2 Scanning transmission electron microscopy energy-dispersive X-
Ray Spectroscopy

An FEI Helios Nanolab dual beam Focused Ion Beam/ Field Emission Gun – Scanning
Electron Microscope (FIB/FEGSEM) was employed to prepare a lamella for scanning trans-
mission electron microscopy imaging and analysis. Halide perovskite thin films deposited on
both PEDOT and Si were examined. A capping layer of Spiro-OMeTAD was deposited on
top of both films to prevent damage and aid in charge transport during the FIB process. Pt was
deposited on top of the Spiro-OMeTAD in the region of interest prior to FIB milling of the
electron transparent lamella from the bulk sample. The lamella was immediately transferred
to an FEI Tecnai OSIRIS STEM equipped with a high brightness Schottky X-FEG gun and a
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A.3 Experimental methods for Chapter 5

Super-X EDX system composed of four silicon drift detectors, each approximately 30 mm2 in
area and placed symmetrically around the optic axis achieving a collection solid angle of 0.9
sr, where STEM/EDX data was acquired. Spectrum images were recorded at an acceleration
voltage of 200 kV, a spatial sampling of 10 nm pixel−1 and a 100 ms pixel−1 dwell time. All
data was acquired with Tecnai Imaging Analysis and analysed with Hyperspy [218].

A.2.3 X-ray diffraction

X-ray diffraction was performed using a Bruker X-ray D8 Advance diffractometer with Cu
Kα1,2 radiation (λ= 1.541 Å). Spectra were collected with an angular range of 10◦ ≤ 2θ ≤
45.7◦ and ∆θ = 0.02044◦ over 30 minutes. Bruker Topas software [219] was used to carry
out Le Bail analysis [220] on a single crystal sample over an angular range of 10◦ ≤ 2θ ≤
45.7◦. Backgrounds were fitted with a Chebyshev polynomial function and the peak shape
modelled with a pseudo-Voigt function.

A.3 Experimental methods for Chapter 5

A.3.1 MAPbI3 and FA0.79MA0.17Cs0.05Pb(I0.83Br0.17)3 fabrication

Glass substrates and cover slips were cleaned via sonication in acetone and then isopropanol,
each for 15 minutes, in an ultrasonic bath. Substrates were then cleaned by UV-Ozone
treatment. After substrate cleaning all fabrication steps were in a N2 filled glovebox.

For MAPbI3 samples, PbI2 (2 mmol, 0.922 g) and MAI (2 mmol, 0.318 g) were dissolved
in 1 mL of DMF: DMSO (4:1) solvent at room temperature with continuous stirring for
30 minutes. All chemicals were purchased from TCI or Greatcell materials. This halide
perovskite solution was used as a sock solution for making thin films with different thick-
nesses.Halide perovskite solutions were then dynamically spin coated at 2000 rotations per
minute (10 seconds) and 4500 rotations per minute (20 seconds). Films were then annealed
at 100◦C for 30 minutes. In order to achieve various thicknesses, the stock solution was
diluted in following ratios (stock solution = 2.0 mmol):

• Sample 1 = 0.5 mmol (50 µL stock solution + 150 µL of DMF:DMSO)

• Sample 2 = 0.75 mmol (75 µL stock solution + 125 µL of DMF:DMSO)

• Sample 3 = 1.0 mmol (100 µL stock solution + 100 µL of DMF:DMSO)

• Sample 4 = 1.25 mmol (125 µL stock solution + 75 µL of DMF:DMSO).
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A MABF4 solution in isopropanol was spun (1 mgmL−1, 4000 rotations per minute, 20
seconds) on the surface of annealed perovskite films. MAPbI3 samples were encapsulated
with transparent epoxy immediately following fabrication.

For FA0.79MA0.17Cs0.05)Pb(I0.83Br0.17)3 samples, formamidinium iodide (FAI) (1 M,
Greatcell Solar), methylammonium bromide (MABr) (0.2 M, Greatcell Solar), PbI2 (1.1 M,
TCI) and PbBr2 (0.2 M, TCI) were dissolved in anhydrous dimethylformamide/dimethyl
sulfoxide (DMF:DMSO 4:1 (v:v), Sigma). 5 % CsI (Sigma) dissolved in DMSO (1.5 M)
was then added to the precursor solution. To fabricate the halide perovskite films, 50 µL
of solution was spread onto the substrate and spun in a two-step spinning process: 1000
rotations per minute for 10 s and 6000 rotations per minute for 20 s. During the second
spinning, 100 µL of chlorobenzene was dropped in the middle of film 5 s before the end of
the process. After spinning, the substrates transferred on to a hotplate for annealed at 100◦C
for 1 hour.

A.3.2 Local PLQE measurement methods

Hyperspectral mapping of perovskite films was performed using an IMATM Vis microscope
(Photon etc.). The setup uses a volume bragg grating that splits light onto a silicon CMOS
camera (Hamamatsu) allowing both spatial and spectral resolution of light. Photolumines-
cence maps were performed using a 405 nm continuous wave laser using a dichroic beam
splitter to direct the laser onto the sample and remove the laser from the detected light. In
order to calibrate the system for absolute photon counts, first a 658 nm continuous wave
laser was coupled into an optical fibre. The laser was reduced in power using several optical
density filters into the nW power regime to avoid saturation of the camera. The power of the
laser at the end of the fibre was measured using a power meter (Thorlabs). The fibre was then
coupled into the objective lens used for the measurements, in this case a Nikon 20×, 0.45
NA, chromatic aberration corrected objective. The laser spot was imaged and total counts
calculated. This gave a conversion between absolute numbers of photons and counts at this
wavelength. The objective lens was then coupled into an integrating sphere along with a
calibrated white light source (Ocean Insight, HL-3P-INT-CAL). A hyperspectral image of the
diffuse light from the integrating sphere was measured to give spatial and spectral sensitivity.
Combined with the laser measurement, this gave an absolute calibration of the system.

To measure absolute local photoluminescence quantum efficiency, the total absorbed
and emitted photons per second must be calculated at each point. The total incident photon
intensity was calculated by measuring both the power and spot size of the 405 nm beam.
The reflection spectrum of the sample at 405 nm was found using a white light lamp and
calibration mirror with known reflectance. A hyperspectral image of the mirror was measured,
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dividing the measured spectra at each point of the mirror by the known reflectance spectrum,
giving the full incident spectrum of the white light source at each point. The reflection
spectrum of the sample was then measured and by dividing by the incident white light
spectrum, local absolute reflectance spectra are obtained. While ideally the reflectance at
405 nm would be used to match the laser, the lamp lacked sufficient power and there was low
efficiency of the grating in this region. Therefore, the average value about 450±10 nm is
taken. It is assumed that at 405 nm for the sample measured no light is transmitted. Knowing
the fraction of light absorbed at each point and the incident intensity, the absorbed photon
irradiance can be calculated. After measuring a calibrated hyperspectral photoluminescence
maps, and integrating the photoluminescence spectra at each point, the emitted photon
irradiance can be found. Dividing the two values point by point gives the local absolute
PLQE.

A.4 Experimental methods for thin films in Chapter 7

A.4.1 FA0.7Cs0.3Pb(I0.7Br0.3)3 fabrication

To prepare the high-bandgap halide perovskite, a 1.2 M solution of FA0.7Cs0.3Pb(I0.7Br0.3)3

was used. First, 304.3 mg PbI2 (TCI) and 198.2 mg PbBr2 (TCI) were dissolved in 0.8 mL
anhydrous N,N-dimethylformamide (sigma) and the solution heated to 100 ◦C. The solution
was then cooled to room temperature and 144.4 mg FAI (greatcell solar) was added. For
the CsI (sigma) precursor, 1.8 M CsI solution in dimethyl sulfoxide (sigma) was prepared
and the solution was heated to 150 ◦C. Finally, the FAPb(IBr) and CsI solutions were mixed
with a 4:1 volume ratio to achieve the desired composition to finalise the precursor solutions.
Prior to spin-coating, the glovebox was purged for 15 minutes with nitrogen to achieve a
clean atmosphere. To prepare the films, 50 µL of the halide perovskite precursor solution
was deposited on a glass, quartz or silicon substrates (which had been cleaned by sonication
in anisole and isopropanol). Substrates were then spun at 1000 rotations per minute for
10 s and then 6000 rotations per minute for 20 s. 100 µL of chlorobenzene anti-solvent
was dynamically dropped on the middle of substrate 5 seconds before the end of spinning.
The films were then annealed on a hotplate at 100 ◦C for 30 minutes in the glovebox. The
spin-coating method is optimised for an integrated spin-coater in an MBRAUN glovebox
with the lid open.

All films for photoluminescence quantum efficiency and transient absorption spectroscopy
measurements were encapsulated with a glass cover slip using a transparent UV epoxy
(Blufixx).
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A.4.2 Photothermal deflection optical absorption spectroscopy

A monochromatic pump light beam was incident on the sample (film on quartz substrate),
absorption of which produced a thermal gradient near the sample surface via non-radiative
relaxation induced heating. This resulted in a refractive index gradient in the area surrounding
the sample surface. This refractive index gradient was further enhanced by immersing the
sample in an inert liquid FC-72 Fluorinert®(3M Company) which has a high refractive index
change per unit change in temperature. A fixed wavelength continuous wave laser probe beam
was passed through this refractive index gradient producing a deflection proportional to the
absorbed light at that particular wavelength. This deflection was detected by a photo-diode
and lock-in amplifier combination. All samples were loaded into the inert liquid in a nitrogen
filled glovebox to prevent effects of air or moisture exposure.

A.4.3 Ellipsometry

The complex refractive index of the different halide perovskite films,
√

εb(E)= n(E)− ik(E),
was obtained from ellipsometry measurements at room temperature (Sopra PS-1000 SAM).
A genetic algorithm was employed to fit the experimental data assuming a Forouhi-Bloomer
model for three oscillators[221, 222]:

n(E) = n∞ +Σ
3
j=1

B j(E −E j)+C j

(E −E j)2 +Γ2
j

(A.2)

k(E) =

Σ3
j=1

f j(E−Eg)
2

(E−E j)2+Γ2
j
, E > Eg

0, E ≤ Eg

(A.3)

where

B j =
f j

Γ j
(Γ2

j − (E j −Eg)
2) and C j = 2 fiΓ j(E j −Eg). (A.4)

Here E is the photon energy, Eg is the energy of the bandgap, and E j, f j, and Γ j are
the position, strength, and width of one oscillator. In order to make the method more
accurate and reliable, three different incident angle (60◦, 65◦ and 70◦) measurements were
fitted simultaneously. A layer of arbitrary thickness (dp, 0-30 nm) and dielectric function
εe f f models the surface roughness of the film assuming a Bruggeman effective medium
approximation[223]:
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1− εe f f (E)
1+2εe f f (E)

pp +
εb(E)− εe f f (E)
εb(E)+2εe f f (E)

(1− pp) = 0 (A.5)

where pp is the porosity, i.e. the air to halide perovskite ratio, of the layer. To reduce
the impact of randomness on the initial fitting parameters, some parameters were appropri-
ately bounded according to the experimental values of the layer thickness (estimated from
cross-section scanning electron microscopy images) and the bandgap (extracted from the
photoluminescence maximum). Fits to recorded data are presented in Figure A.2 and results
summarised in Table A.1.

FAPb0.5Sn0.5I3 FA0.7Cs0.3Pb(I0.7Br0.3)3
pp 36 % 21 %

dp(nm) 18 20
db(nm) 112 138

n∞ 1.934 1.975
Eg (eV) 1.25 1.676
f1 (eV) 0.055 0.079
Γ1 (eV) 0.626 0.596
E1 (eV) 3.032 3.484
f2 (eV) 0.143 0.083
Γ2 (eV) 0.598 0.380
E2 (eV) 2.056 2.480
f3 (eV) 0.123 0.167
Γ3 (eV) 0.085 0.065
E3 (eV) 1.296 1.707

Table A.1 Parameters obtained from ellipsometry measurement fittings for both samples
studied.

A.5 All-halide perovskite tandem solar cell experimental
methods for Chapter 7

A.5.1 Device fabrication and main performance metrics

All-halide perovskite tandem solar cells were fabricated following the procedures of Palm-
strom et al.[186]. The champion tandem solar cell exhibited efficiency of 23.1 %, short
circuit current of 16.0 mAcm−2 and open-circuit voltage 1.88 V. Owing to the multiple spin-
coated layers and many involved steps in heavily used multi-user facilities the performance
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Fig. A.2 Ellipsometry data (red) and fits (blue lines) for films of FAPb0.5Sn0.5I3 a) and
FA0.7Cs0.3Pb(I0.7Br0.3)3 films b). Different columns correspond to different angles of inci-
dence (left panels: 60◦, middle panels: 65◦ and right panels: 70◦).

distribution is however wide and the average efficiency was ∼ 16 %. For the optical char-
acterisations presented herein the all-halide perovskite tandem solar cells were prepared on
quartz substrates with a home-made ITO coating to facilitate improved excitation at shorter
wavelengths, which yielded lower device performance in comparison to commercial ITO
on glass substrates. The device under test exhibited a stabilised power conversion efficiency
of 13.2 %, an open circuit voltage of 1.66 V and a short circuit current of 14 mAcm−2

(see Figure A.3a). Measurements were performed on encapsulated devices (unless stated
otherwise) at different stages over a period of 12 months, with storage in a nitrogen glove

182



A.5 All-halide perovskite tandem solar cell experimental methods for Chapter 7

box between measurements. In these measurements and others in this section, voltages were
applied to and currents recorded with a 2600 series Keithley source-meter.

Fig. A.3 a) Current-voltage and b) external quantum efficiency characteristics of the all-halide
perovskite experimental tandem used in proof of concept measurements in Chapter 7.

A.5.2 Hyperspectral measurements for quasi-Fermi level splitting

Absolute photoluminescence maps were recorded using a hyperspectral widefield imager
from Photon etc. using a 20× objective. Following literature [224], the setup was calibrated in
a two-step process: first using a calibrated halogen lamp coupled into an integrating sphere to
obtain a spectral calibration and, secondly, using a fibre-coupled laser to perform an absolute
calibration at one wavelength (see local PLQE methods for more details, section A.3.2).
All samples were excited with a 405 nm laser. For 1 sun equivalent excitation density in
the high-gap sub-cell, the laser intensity was set to 117 mWcm−2, which corresponds to
2.4×1017 photons cm−2s−1. Taking into account parasitic absorption of the laser excitation
in the glass substrate and interlayers, of about 50 % (see Figure A.3b), 1.2×1017 cm−2s−1

charge carriers were generated within the high-gap absorber. This value corresponds well
to the generation rate of the individual sub-cells in a realistic tandem. Higher and lower
excitations between 0.2 and 10 suns were calculated similarly.

A.5.3 Calculation of quasi-Fermi level splitting

The quasi-Fermi level splitting (QFLS) was calculated by assuming Lambertian emission via
Würfel’s generalized Planck law [23] (see section 3.2.1). This equation can be simplified
by assuming that the spectral absorptance approaches unity for photon energies above the
bandgap [225]

ln(
IPL(E)h3c2

γ

2πE2 ) =− E
kBT

+
eV
kBT

. (A.6)
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By plotting the normalized PL spectra, it was found that the local charge carrier tem-
perature did not vary with excitation fluence within the range considered here. Therefore
the above equation was fitted to the high-energy slope of the PL emission, with fixed local
charge carrier temperature, to extract the QFLS.

A.5.4 Confocal time-resolved photoluminescence measurements

To record time resolved photoluminescence and cross-sectional photoluminescence maps
of halide perovskite tandem solar cells, a confocal single-photon counting fluorescence
microscope from Picoquant was used. In all cases, excitation was performed at 636 nm
using a 100× long working distance air objective (NA = 0.8). The photoluminescence
was collected through a dichroic mirror, a 640 nm long-pass filter, and a 50 µm pinhole
onto a single photon counting SPAD detector. Typically, both the excitation and detection
were raster scanned using a galvo mirror system, where both the objective and the sample
remain at a fixed position. To observe the high- and low-bandgap films in the cross sections
(Figure 7.11) a 5 MHz repetition rate and pulse energies of 1.8 µJ cm−2 and 16.2 µJ cm−2

were used respectively.
To investigate luminescence coupling between the high- and low-gap sub-cells in the

halide perovskite tandem, excitation was fixed within the high-gap subcell (at 1 MHz or 5
MHz repetition rate and pulse energy of 5.1 µJ cm−2), and detection was raster scanned using
a galvano mirror system (scanning across the full cross section and averaging vertically over
0.5 µm in each case). To selectively detect emission from the high- and low-gap absorbers,
additional 750 nm short- or long-pass filters were used. Lastly, diffraction related features
were observed following excitation from both sub-cells at large distances from the excitation
position, which was not explored further here.

A.5.5 Preparation of cross-sections

The cross-sectional photoluminescence mapping experiments required a well prepared cross-
section. The best results were obtained by: i) removing the standard encapsulation slide
used to protect all-halide perovskite tandem solar cells from humidity and oxygen ingress;
ii) breaking the tandem solar cell with help of a scratch outside the area of interest; and
iii) encapsulation of the cross-section 90◦ on an ultrathin microscopy cover slip. This
allowed the acquisition of high-resolution PL maps without oxygen related degradation at
the cross-section with a long-working objective.
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A.6 List of experiments screening for triplet transfer to
a low-bandgap semiconductor, as discussed in Chap-
ter 8

Experiments break down into two types: evaporation and solution processing. Halide
perovskites including transition metals were fabricated by Matthew Klug (University of
Oxford, following details in [195]), others detailed in this section by Rohit Prasanna (Stanford
University, following details in [49]) except those marked ‘in situ’ which were fabricated by
the author with assistance from Edoardo Ruggeri (see section A.6.2 for fabrication details).
In all cases no triplet transfer was observed.

A.6.1 Evaporation

All evaporations were carried out at a pressure of ∼ 1 × 10−5 mbar or lower. Tetracene
was evaporated at a temperature of 120◦C, DPH at 110◦C, CBP at 190◦C, C60 at 400◦C and
PtOEP at 205◦C. Note for DPH evaporations thicknesses and evaporation rates are nominal
as tetracene tooling factors were used. DPH is a heavier molecule so these should be regarded
as upper bounds.

1. 30 nm of tetracene was evaporated at a rate of 0.5 Ås−1 on FAPb0.5Sn0.5I3 samples,
with a small proportion of the lead and tin replaced with x=0 %, 2 %, 5 % and 10 % Ca,
Mg, Sr, Zn, Co and Ni (where x is defined as in Appendix A.1.1). Halide perovskite
samples were ∼ 200 nm thick.

2. 30 nm of tetracene was evaporated at a rate of 0.5 Ås−1 on x=0 %, 2 % and 10 % Mg,
Sr and Co samples. Halide perovskite samples were ∼ 200 nm thick.

3. 60 nm of tetracene was evaporated at a rate of 1 Ås−1 on x=0 %, 2 % and 10 % Co and
Zn samples. Halide perovskite samples were ∼ 200 nm thick.

4. 60 nm of tetracene was evaporated at a rate of 0.7 Ås−1 on MAyFA1−ySn0.75Pb0.25I3

samples, with y=0, 0.2, 0.4, 0.6, 0.8 and 1. Halide perovskite samples were a range of
thicknesses around 300 nm.

5. 150 nm of DPH was evaporated at a rate of 0.5 Ås−1 on x=0 %, 2 %, 5 % and 10 % Zn
samples. Halide perovskite samples were ∼ 200 nm thick.

6. 20/150/150 nm of DPH was evaporated at a rate of 0.5/0.8/7.0 Ås−1 on ∼ 200 nm
thick CszFA1−zSn0.5Pb0.5I3 with z=0, 0.05, 0.1, 0.15 and 0.2, for x=0 % and 5 % Zn.
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7. 150 nm of DPH was evaporated at a rate of 6.5/0.5/2.5/17 Ås−1 on ∼ 100 nm thick
CszFA1−zSn0.75Pb0.25I3, z= 0, 0.05, 0.1, 0.15, 0.2, MAyFA1−ySn0.75Pb0.25I3, y=0.4,
0.8, 1.0 and in situ fabricated FA0.75Cs0.25Sn0.75Pb0.25I3.

8. 5.2 nm of C60 was evaporated on MAyFA1−ySn0.75Pb0.25I3 with y=0, 0.8 and 1 at a
rate of 0.4 Ås−1 (as C60 is known to separate triplets from singlet fission materials). On
these samples, and equivalent samples samples without C60 deposited, 5/50/500/500
nm of DPH/DPH/tetracene/DPH was evaporated at a rate of 15 Ås−1 (noting that
higher evaporation rates had been observed to reduce the formation of pillars). Halide
perovskites were ∼ 100 nm thick.

9. 1.5/10/100 nm of tetracene was evaporated at a rate of 0.9/1.2/1.2 Ås−1 on copper
indium gallium selenide (prepared by Thomas Feurer at the Swiss Federal Laboratory
of Material Science and Technology, of normal device thickness, which had been
recently etched to produce a clean surface) and low-bandgap halide perovskite samples
(MAyFA1−ySn0.75Pb0.25I3 with y=0, 0.8 and 1, < 200 nm thick).

10. x=0 % and x=5 % Zn samples of ∼ 200 nm and ∼ 50 - 100 nm thicknesses had either
DPH, or DPH followed by CBP evaporated on them. For the former, 100 nm of DPH
was evaporated at 1 Ås−1, while for the latter 7.5 nm DPH was evaporated at 1.2 Ås−1

followed by 100 nm CBP at 1 Ås−1. This was with the suggestion of transferring
singlet excitons from a high-bandgap absorber (CBP) to a thin layer of singlet fission
material (DPH).

11. 15 nm PtOEP was evaporated at a rate of 0.5 Ås−1 (nominal rate for tetracene, PtOEP
thickness measured in AFM) on ∼ 500 nm and ∼ 100 nm thickness FASn0.75Pb0.25I3

and MASn0.75Pb0.25I3 samples, evaporated FA/CsPbI3 (quantity of Cs less than 20 %
in all samples, ∼ 100 nm thick sample, fabricated by Yu-Hsien Chiang) and in situ
fabricated FA0.75Cs0.25Sn0.75Pb0.25I3 (∼ 400 nm thick).

12. 7.5 nm of DPH was evaporated at a rate of 5 Ås−1 on ∼ 500 nm and ∼ 100 nm
thickness FASn0.75Pb0.25I3 and MASn0.75Pb0.25I3 samples. On half of these samples
(four of each were made) 200 nm of CBP was evaporated at a rate of 1.2 Ås−1, again
with the suggestion of transferring singlet excitons from a high-bandgap absorber
(CBP) to a thin layer of singlet fission material (DPH).
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A.6.2 Solution processing

All ‘in situ’ fabricated low-bandgap FA0.75Cs0.25Sn0.75Pb0.25I3 halide perovskites samples
were fabricated from stock solutions of PbI2 (0.28 M), SnI2 (0.83 M), SnF2 (0.16 M), FAI
(0.83 M) and CsI (0.28 M) in a 65:35 solution of DMF:DMSO (all Sigma). In all cases films
were spin coated: 30 µL of the solution was deposited on a substrate which was spun at 4000
rotations per minute for 30 s, with a gas quench applied from 15 s. Samples were annealed at
100◦C for 15 minutes.

1. tetracene dissolved in 30 µL of chlorobenzene (solution concentration not noted) was
spin coated on CszFA1−zSn0.5Pb0.5I3, with z=0, 0.05, 0.1, 0.15 and 0.2 and x=0 % and
5 % Zn, at 2000 rotations per minute for 30 s. Halide perovskite samples were ∼ 200
nm thick.

2. A stock solution for in situ fabrication was diluted to 10 % of normal concentra-
tion and low-bandgap halide perovskites were deposited (achieving very thin films).
0.03/0.07/0.18 M DPH in chlorobenzene was prepared at 25/50/80◦C and statically
deposited on the halide perovskite. Four of each sample were made, half of which
were spun at 1000 rotations per minute for 20 s (i.e. spin-coating and drop casting was
carried out). One of each sample type was annealed at 100◦C for 15 minutes while the
others were left to air dry.

3. Bulk heterojunctions were spin-coated in situ. A FA0.75Cs0.25Sn0.75Pb0.25I3 precursor
solution was split into four. The first was used as a control solution, the second had 0.04
M DPH dissolved into it (DPH’s solubility limit in these solutions at room temperature),
the third was diluted by 50 % and then had 0.04 M DPH dissolved into it and the last
was heated to 70◦C and had 0.13 M DPH dissolved into it.

4. n=20 DPH ligand/halide perovskite samples were fabricated using a range of deposition
conditions (see sections A.7.5 and A.7.6 for methods). 0.06 M neat DPH was dissolved
into the solution for the final four samples.

5. n=10 and n=20 DPH ligand/halide perovskite samples were fabricated, no neat DPH
was added to any solutions (see section A.7.5 for methods).

6. n=10 DPH ligand/halide perovskite samples were fabricated. Several concentrations
of neat DPH was added to the solution (see section A.7.5 and A.7.6 for methods).

7. 3D halide perovskites were fabricated in situ and DPH ligand (0.05/0.09 M in chloroben-
zene) was then spin coated on the halide perovskite. This resulted in thick layers of the
DPH ligand so it was difficult to observe the halide perovskite photoluminescence.
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A.7 Methods for experiments discussed in detail in Chap-
ter 8

Tetracene, DPH and PtOEP were all purchased from Sigma at the highest purity available
(> 99.99 %, > 98 % and > 95 % respectively). All samples were fabricated on glass, which
was cleaned in ultrasonic baths of acetone and then isopropanol prior to fabrication. All
fabrication was carried out in nitrogen filled gloveboxes with oxygen levels of less than 10
ppm and water levels of less than 0.1 ppm. All samples were encapsulated immediately
following fabrication, either by a two part or UV cured epoxy (Bluefixx).

A.7.1 Drop cast DPH

25 mg of DPH was dissolved in 600 µL of chlorobenzene, which had been heated to 80◦C
to achieve sufficient solubility. Pipette tips were pre-heated to 80◦C and were used to drop
cast 20 µL of the solution onto a glass substrate which had just been placed on a hot-plate at
80◦C. Samples were annealed for five minutes prior to encapsulation.

A.7.2 Bare tetracene evaporation

Tetracene was evaporated at a pressure of 1×10−5 mbar. It was heated to ∼ 120◦C. A
deposition rate of approximately 1 Ås−1 was achieved, though it is noted that this fluctuated
between 0.5 Ås−1 and 1.5 Ås−1 during the deposition process. A film of 30 nm of tetracene
on glass was achieved.

A.7.3 Evaporation of tetracene on FA0.9Cs0.1Pb0.25Sn0.75I3

FA0.9Cs0.1Pb0.25Sn0.75I3 was fabricated by Rohit Prasanna at Stanford University, following
methods in their work [49]. Samples were sealed in two nitrogen filled bags and shipped to
Cambridge, arriving within 3 days, where they were immediately stored in a nitrogen filled
glovebox.

Tetracene was evaporated onto the halide perovskite sample at a pressure of 1×10−5

mbar. Tetracene was heated to ∼ 120◦C and a deposition rate of ∼ 1 Ås−1 was achieved.
Approximately 60 nm of tetracene was deposited on the halide perovskite.
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A.7.4 Drop cast DPH ligand

2 mg of the DPH ligand was dissolved in 125 µL of a 3:1 ratio of DMF to DMSO. The
solution was heated to 70◦C to achieve a non-cloudy solution. 20 µL of solution was drop
cast onto a substrate which was then annealed at 100◦C for 15 minutes prior to encapsulation.

A.7.5 DPH ligand/halide perovskite bilayer fabrication

Due to limited supply of the DPH ligand low concentration (i.e. thin) 2D/3D halide per-
ovskites were fabricated. Specifically, for n=10/20 layers (to maintain the low-bandgap of
the halide perovskite), 0.09 M/0.05 M of DPH ligand (fabricated by Anastasia Leventis),
0.41 M/0.43 M of FAI, 0.11 M of PbI2, 0.34 M of SnI2 and 0.07 M of SnF2 (all Sigma) were
dissolved in a 4:1 ratio of DMF to DMSO. Chemicals were dissolved in the solution at 50◦C.
The solution looked a little cloudy, and more orange in colour than normal halide perovskite
precursor solutions. It was heated to 70◦C to confirm that the solution would not become any
clearer at this temperature (i.e. no further dissolving occurred at higher temperatures). The
solution was then cooled to room-temperature prior to fabrication. No precipitates formed in
the solution after cooling.

Samples were spin coated, with 30 µL of solution spread on the surface of a glass
substrate prior to spinning. Substrates were spun at 4000 rotations per minute for 30 s. A
range of deposition conditions were explored: some samples had an anti-solvent quench of
200 µL anisole at 20 s into the spinning time; some samples were then annealed at 100◦C
for 20 minutes prior to encapsulation; and some were left to air dry for 40 minutes. All
combinations of these deposition conditions were explored. For the sample presented in
Chapter 8, this received an anti-solvent quench and was left to air dry.

A.7.6 DPH/DPH ligand/halide perovskite fabrication

The same solution concentrations were used as in section A.7.5 for the DPH ligand and halide
perovskite in the precursor solutions. The solution was held at 70◦C for the entire experiment.
The solution was split into three and DPH was added to the solution at concentrations of
0.019 M, 0.05 M and 0.13 M (the last of which was close to the saturation limit).

30 µL solution was statically deposited on each glass substrate. Again, substrates were
spun at 4000 rotations per minute for 30 s and the same deposition parameters as those
outlined in the previous section were explored (section A.7.5).
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A.7.7 PtOEP evaporation

The evaporation was carried out at a pressure of 1×10−5 mbar. PtOEP was heated to ∼
205◦C. A steady evaporation rate of 0.5 Ås−1 was achieved, producing samples of 15 nm
thickness (as measured in AFM).

A.7.8 Confocal microscopy measurements

Time resolved photoluminescence and cross-sectional photoluminescence maps were recorded
using a confocal single-photon counting fluorescence microscope from Picoquant. Excitation
was performed at 404 nm and 636 nm using a 20× long working distance air objective (NA
= 0.8). The photoluminescence was collected through a dichroic mirror, long- or short-pass
filters (as outlined in main text) and a 50 µm pinhole onto a single photon counting SPAD
detector. The excitation and detection were raster scanned using a galvo mirror system. For
404 nm excitation, to observe the DPH ligand a 490 nm band pass filter, a 2 MHz repetition
rate and 100 ps time bins were used, while to observe the low-bandgap halide perovskite a
900 nm long pass filter, a 20 MHz repetition rate and 100 ps time bins were used. For 636 nm
excitation, a 900 nm long pass filter, a 10 MHz repetition rate and 25 ps time bins were used.

A.8 Chapter 8 computational details

Geometry optimisations were carried out with the density functional theory (DFT) code
CASTEP [106] using on-the-fly generated ultra-soft pseudopotentials. Spin-orbit coupling
was not included in geometry optimisations as it was found to have a small effect relative
to the additional computational effort: the lattice parameter of cubic CsPbI3 only changed
from 6.155 Å to 6.185 Å with the inclusion of spin-orbit coupling. A cutoff energy of
400 eV was used in all geometry optimisations. Van der-Waals semi-empirical corrections
were required for all calculations to correctly reproduce tetracene’s geometry and electronic
structure, as is discussed further in section 8.4. For primitive tetracene and halide perovskite
unit cells a Monkhorst-Pack k⃗-point grid of 5×5×5 was used, while for larger cells (e.g. two
repeating tetracene and three repeating halide perovskite units in the non-vacuum direction)
a commensurate reduced number of k⃗-points in periodic directions was employed (with a
minimum of 2 k⃗-points being used in these directions). In non-periodic directions only the
Γ point was sampled. In all supercells with a vacuum, the vacuum size was converged to
be large enough not to affect results. This corresponded to a vacuum at least 0.8 times the
size of the unit cell for CsPbI3 and the same length as the unit cell for tetracene. The same
cutoff energies and k⃗-point grids were used for density of states (DOS) and projected-DOS
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(PDOS) calculations. For density of states calculations including spin-orbit coupling a
cutoff energy of 500 eV, a Monkhorst-Pack spectral k⃗-point grid of 6×6×6 and CASTEP’s
norm-conserving pseudopotentials were used. For calculations of a tetracene molecule on a
halide perovskite surface lattice parameters were fixed, while for thin-film interfaces lattice
parameters were allowed to vary freely (discussed further in sections 8.6 and 8.7).

The DFT code QUANTUM ESPRESSO and post-DFT code YAMBO were used to calculate
electronic and excitonic states [226, 227, 228]. In QUANTUM ESPRESSO 6×6×6 k⃗-point
grids were used (so the Γ and R points were both directly sampled), with a cutoff energy of
680 eV (50 Ry). Norm-conserving Vanderblit pseudopotentials, taken from the Schlipf-Gygi
norm-conserving pseudopotential library, were employed in these computations as they are
optimised for subsequent YAMBO calculations[229, 230, 231]. In all YAMBO calculations,
parameters were converged to give results to an accuracy of at least 0.05 eV. To aid with
YAMBO calculations at full interfaces, the non-local commutator was sometimes ignored
(noted in text), which was found to affect calculations on tetracene and halide perovskite
only minimally (changing energies by < 0.05 eV), and for toy models the maximum size
of reciprocal lattice vectors was reduced (corresponding to the cut-off energy used in DFT
calculations) with respect to that in QUANTUM ESPRESSO calculations (which affected the
accuracy of calculations to < 0.01 eV).

All visualisations were carried out with a combination of C2X and VESTA[232, 233].
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Appendix B

Solar cell efficiency modelling

B.1 Governing equation for a doped semiconductor single-
junction solar cell

Here the details for calculating solar cell efficiency, including details of the algorithms used,
are presented. The main text discusses an intrinsic semiconductor, but here a more general
governing equation is presented, which reduces to that shown in the main text when ni = pi.
A small volume within a semiconductor is considered. At steady state the difference between
the generated and recombining charges gives the flux of charges entering or leaving the
volume per unit time:

Nout(V ) = G−R(V ). (B.1)

Here G is the local generation rate and R the local loss rate per unit time. For a typical
semiconductor

R(V ) = a1(n−ni)+a2(p− pi)+br(np−ni pi)+ c1(n2 p−n2
i pi)+ c2(np2 −ni p2

i ). (B.2)

Here a1 and a2 are first order electron and hole loss mechanisms (normally associated with
charge trapping) and c1 and c2 Auger loss mechanisms for two electrons and a hole, and
two holes and an electron. It is not reasonable to say that the Fermi-level-splitting is equal
between electrons and holes if background doping densities are not equal. However, at
steady state the law of mass action holds and two quasi-Fermi levels can be introduced, one
for electrons, Ve, and one for holes, Vh. The sum of these give the total quasi-Fermi-level-
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splitting, which in the ideal case is equal to the voltage in an external circuit; V =Ve +Vh.
These statements correspond to

np = ni pieβV ; (B.3)

n = nieβVe; (B.4)

p = pieβVh. (B.5)

Here β = e
kBT . From this point onwards the quasi-Fermi-level-splitting is assumed uniform

throughout the semiconductor. Additionally, it is assumed that there is no charging within the
semiconductor, i.e. n−ni = p− pi. This allows for a re-arrangement of the above equations
to give

n =
pi

2

(
αd −1+

√
(1−αd)2 +4αdeβV

)
; (B.6)

p =
pi

2

(
1−αd +

√
(1−αd)2 +4αdeβV

)
; (B.7)

αd =
ni

pi
. (B.8)

Considering generation, as photons which do not escape the system are re-absorbed (see
Chapter 5, assuming negligible parasitic absorption) it can be stated that

G = Gext +(1−ηesc)br(np−ni pi). (B.9)

Finally, it is not possible to know whether measured Auger recombination rates were of
c1 or c2. It is suggested that to first approximation these are equal (in approximate agreement
with DFT calculations [142]), so a general Auger rate is defined as c = c1

2 = c2
2 . Integrating

over the solar cell thickness, this gives the governing equation as

J = Jsc − k1

(√
(1−αd)2 +4αdeβV − (1−αd)

)
− k2(eβV −1)

−k3

(
eβV
√

(1−αd)2 +4αdeβV − (1−αd)

)
;

(B.10)

where
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k1 =
eapit

2
; (B.11)

k2 = eηescbrtni pi = J0; (B.12)

k3 =
etcni p2

i
2

. (B.13)

with a = a1 +a2. For the case of an intrinsic semiconductor, where αd = 1, this reduces to
the same form as used by Pazos-Outón et al. [117].

B.2 Governing equations for of a two-terminal solar cell

A general algorithm for calculating the maximum efficiency of a two-terminal solar cell with
any number of absorber layers was outlined in Chapter 3.4. However, some algebraic terms
were only generally defined rather than for the system being modelled. Here these terms are
fully introduced.

Based on the equation introduced in Appendix B.1, for a two-terminal tandem solar cell
with many sub-cells, the governing equation for each sub-cell i can be written as

Ji = Jsc,i −Σ j

[
ki, j,1

(√
(1−αd, j)2 +4αd, jeβV j − (1−αd, j)

)
+ ki, j,2(eβV j −1)

+ki, j,3

(
eβV j

√
(1−αd, j)2 +4αd, jeβV j − (1−αd, j)

)]
.

(B.14)

Here Ji is the current in sub-cell i, Jsc,i the short-circuit in sub-cell i, αd,i is the ratio of
background electrons to holes in sub-cell i, ki, j,l are the lth order loss mechanism (first,
second or third) in sub-cell i due to processes in sub-cell j (this is also denoted by matrix k

l
.

To use the algorithm outlined in the main text, two further terms must be defined:

Φi, j =−β (2αd, jki, j,1

(
(1−αd, j)

2 +4αd, jeβV j
)− 1

2
eβV j + ki, j,2eβV j

+ki, j,3

(
(1−αd, j)

2 +6αd, jeβV j
)(

(1−αd, j)
2 +4αd, jeβV j

)− 1
2

eβV j);
(B.15)
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Θi, j = β

(
Φi, j +

4βα2
d, jki, j,1e2βV j

((1−αd, j)2 +4αd, jeβV j)
3
2

−
4βαd, jki, j,3((1−αd, j)

2 +3αd, jeβV j)e2βV j

((1−αd, j)2 +4αd, jeβV j)
3
2

)
.

(B.16)

These definitions allow for the algorithm in the main text to model a solar cell with any
number of absorbing layers. It is noted in the main text that Φi, j has been assumed only a
function of Vj. This is to allow for the simplification of dΦi, j

dVk
=

dΦi, j
dV j

, which is true for all
situations considered.

B.3 Modelling a two absorber layer, two-terminal tandem
solar cell

This is a specific case of the algorithm outlined in Chapter 3 and Appendix B.2 for two
absorbing layers. To do this the following terms are identified

k1 =

[
k1,1 0
0 k2,1

]
; (B.17)

k2 =
∫ [L1,out −L1→1 −L2→1

−L1→2 L2,out −L2→2

]
dE; (B.18)

k3 =

[
k1,3 0
0 k2,3

]
. (B.19)

Here ka,b is the loss process in sub-cell a via a process of order b (e.g. k1,3 is a third order
loss process in sub-cell 1) and other terms are defined below. The governing equations can
be written in a non-matrix form as
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J = Jsc,1 − k1,1

(√
(1−αd,1)2 +4αd,1eβV1 − (1+αd,1)

)
−e
∫ (

eβV1(L1,out −L1→1)−Labs,surr,1 − eβV2L2→1

)
dE

−k1,3

(
eβV1

√
(1−αd,1)2 +4αd,1eβV1 − (1+αd,1)

)
;

(B.20)

J = Jsc,2 − k2,1

(√
(1−αd,2)2 +4αd,2eβV2 − (1+αd,2)

)
−e
∫ (

eβV2(L2,out −L2→2)−Labs,surr,2 − eβV1L1→2

)
dE

−k2,3

(
eβV2

√
(1−αd,2)2 +4αd,2eβV2 − (1+αd,2)

)
.

(B.21)

Here Labs,surr,1 is the flux of diffuse light absorbed by the low-bandgap cell from the sur-
roundings in the dark, L2→1 the flux of light absorbed by the low-bandgap sub-cell from the
high-bandgap sub-cell in the dark, L1,out the total flux of light emitted by the low-bandgap
sub-cell in the dark, L1→1 the total flux of light emitted and reabsorbed by the low-bandgap
sub-cell in the dark, and other terms correspond to equivalent quantities for the high-bandgap
sub-cell (with sub-scripts 1 and 2 corresponding to the low- and high-bandgap sub-cells
respectively). It is noted that Labs,surr,2 = L2,out −L2→2 −L2→1, and similarly for the low-
bandgap sub-cell. As charge carrier mobility is assumed infinite, only electroluminescence
coupling is included in this model [234].

Within this framework the external photoluminescence quantum efficiency of the high-
bandgap sub-cell is defined as the light emitted to the surroundings divided by the absorbed
light from the surroundings, that is

e
∫

Labs,surr,2(eβV2 −1)dE
Jsc,2

. (B.22)
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B.4 Hybrid absorptance model for a single junction solar cell

B.4 Hybrid absorptance model for a single junction solar
cell

While the other singe absorber layer absorptance models introduced in Chapter 3 are well
discussed in the literature [33, 98], the Hybrid model is briefly discussed here. It is equivalent
to Green’s analysis of Lambertian light trapping [99].

When light enters the solar cell it is randomised in direction over a full 2π hemisphere.
Therefore, the fraction of light absorbed on its first pass through the absorbing layer is equal
to

f = 2
∫

θ= π

2

θ=0
(1− e−

αt
cos(θ) )cos(θ)sin(θ)dθ . (B.23)

When non-absorbed light impacts on the rear surface of the absorber layer, it is again
randomised in direction, so the same absorption fraction applies to light reflected at the rear
surface. Only light within the escape cone can leave the material when impacting on the
front surface, which is given by the fraction T

n2 , where T is the angle averaged transmission
coefficient. Carrying out a geometric sum to account for all passes of light through the
material, and assuming a perfect back reflector, it can be shown that

a(E) =
T (0) f (2− f )

1− (1− f )2(1− T
n(E)2 )

(B.24)

In this model when α → 0, a(E)→ 4αn2t, in agreement with the Randomised absorp-
tance model when α → 0. Furthermore, as light is randomised at interfaces the direct and
diffuse absorptances are equal.

B.5 Single absorber layer absorptance models

Absorptance
model

Description

Direct

adirect(E) =
T1(0)(1−e−αt)(1+(1−T2(0))e−αt)

1−(1−T1(0))(1−T2(0))e−2αt

Continued on next page
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B.5 Single absorber layer absorptance models

Table B.1 – continued from previous page
Absorptance
model

Description

a f ront(E)= 2n2 ∫ θ̃

0

T1(θ)(1−e
− αt

cos(θ) )

(
1+(1−T2(θ))e

− αt
cos(θ)

)
1−(1−T1(θ))(1−T2(θ))e

− 2αt
cos(θ)

cos(θ)sin(θ)dθ

Here T1 and T2 are the front and rear transmission coefficients
(either for direct light, as in T1(0), or as a function of angle, as
in T1(θ)), sin(θ̃) = sin(θout)

π
, where θout is the polar angle through

which light can escape to the surroundings. It is assumed equal to
90◦ unless stated in the text.
To calculate aback(E), T1 and T2 are exchanged in the above ex-
pression. a(E) = a f ront(E)+aback(E).

Randomised

adirect(E) =
4αn2tT1

T1sin2(θ̃)+T2+4αn2t

a f ront(E) =
4αn2tT1

T1+
T2+4αn2t
sin2(θout )

aback(E) =
4αn2tT2

T1+
T2+4αn2t
sin2(θout )

All light in the semiconductor is assumed indistinguishable, so
adirect(E) = a(E) when there is interaction over a full 2π hemi-
sphere [98]. T1 and T2 are spatially averaged transmission coeffi-
cients.

Hybrid

adirect(E) = a(E) =
faT1sin2(θ̃)(1+(1− fa)(1−

T2
n2 ))

n2
(

1−(1− fa)2(1− T1sin2(θ̃)
n2 )(1− T2

n2 )

)

and fa = 2
∫ π

2
0 (1− e

−αt
cos(θ) )sin(θ)cos(θ)dθ

Here fa is the fraction of light absorbed in a single pass through
the solar cell, and the emission from the back of the solar cell has
been assumed to be into a 2π hemisphere, unless T2 = 0.

Continued on next page
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B.6 Absorptances in two-terminal, two absorber layer tandem solar cells

Table B.1 – continued from previous page
Absorptance
model

Description

Maximal
adirect(E) = 4αn2t

sin2(θout)
if < 1, else 1

a(E) = 4αn2t if < sin2(θout), else sin2(θout)

Corresponds to a maximum in ηesc(E), representing a surface
which absorbs the maximum possible incident light at all energies
(see Chapter 6). Assumed adirect(E) = a(E) in the same way as
Randomised as these agree when α(E) → 0. No transmission
coefficients are considered in the context of this model.

Table B.1 All absorptance models used in this thesis, for a single absorber layer. a f ront and
aback are the diffuse absorptance for the front and rear of the layer.

B.6 Absorptances in two-terminal, two absorber layer tan-
dem solar cells

Absorptance models used in this thesis were defined in Chapter 3 for single junction solar
cells (see Table B.1 for analytical forms). Chapter 7 applies three of these absorptance
models to two absorber layer tandem solar cells. These extended models (which are derived
from the same physical assumptions) are presented below. In the main text, all transmission
coefficients are set to 1 and a perfect back-reflector is assumed. In the following equations
sub-scripts 1 and 2 refer to the low- and high-bandgap sub-cells respectively.

B.6.1 Direct model
a2,direct(E) =

[
T2
(
1− e−α2t2

)(
1+(1−T1)(e−α2t2 − e−2α1t1)− (1−2T1)e−(2α1t1+α2t2)

)]
[
1− (1−T1)e−2α1t1 − (1−T1)(1−T2)e−α2t2 +(1−2T1)(1−T2)e−2(α1t1+α2t2)

]−1
;

(B.25)
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B.6 Absorptances in two-terminal, two absorber layer tandem solar cells

a1,direct(E) =
[
T1T2e−α2t2(1− e−2α1t1)

][
1− (1−T1)e−2α1t1 − (1−T1)(1−T2)e−α2t2 +(1−2T1)(1−T2)e−2(α1t1+α2t2)

]−1
;

(B.26)

a2(E) = 2n2
2

∫
θc

0

[
T2(θ)(1− e−α2d2)

(
1+(1−T1(θ))(e−α2d2 − e−2α1d1)

−(1−2T1(θ))e−(2α1d1+α2d2)
)]

[
1− (1−T1(θ))e−2α1d1 − (1−T1(θ))(1−T2(θ))e−α2d2+

(1−2T1(θ))(1−T2(θ))e−2(α1d1+α2d2)
]−1

cos(θ)sin(θ)dθ ;

(B.27)

a1(E) = 2n2
2

∫
θc

0

[
T1(θ)T2(θ)e−α2d2(1− e−2α1d1)

]
[
1− (1−T1(θ))e−2α1d1 − (1−T1(θ))(1−T2(θ))e−α2d2+

(1−2T1(θ))(1−T2(θ))e−2(α1d1+α2d2)
]−1

cos(θ)sin(θ)dθ ;

(B.28)

d2 =
t2

cos(θ)
;d1 =

t1√
1− (n2sin(θ)

n1
)2

;sin(θc) =
1
n2

. (B.29)

B.6.2 Randomised model

Here light is treated as equivalent to black body radiation once it has entered the high-bandgap
material (following the approach of Yablonovitch et al. [98]), leading to (in the case n1 > n2)

I2T 2

2n2
2
+

I2T 1

2
+2α2t2I2 = IinT2(0)+

I1T 1n2
2

2n2
1

; (B.30)

I1T 1n2
2

2n2
1

+2α1t1I1 =
I2T 1

2
. (B.31)
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B.6 Absorptances in two-terminal, two absorber layer tandem solar cells

Here I2 is the flux of light per unit area in the high-bandgap absorber, Iin is the flux incident
on the solar cell per unit area and I1 the flux of light per unit area in the low-bandgap absorber
material. These give

a2,direct(E) = a2(E) =
2α2t2T2(0)

T 2
2n2

2
+2α2t2 +

T 1α1t1
T 1n2

2
2n2

1
+2α1t1

; (B.32)

a1,direct(E) = a1(E) =
α1t1T 1T2(0)

T 1α1t1 +(
T 1n2

2
2n2

1
+2α1t1)(

T 2
2n2

2
+2α2t2)

; (B.33)

and if n2 > n1,T 1 →
T 1n2

1
n2

2
.

B.6.3 Hybrid model

The same approach as for a single absorbing layer is followed i.e. light is randomised in
direction every time it impacts on an interface, and otherwise follows Beer-Lambert type
absorption.

a2,direct(E) = a2(E) = A2, f +
A2,bT0, f (1−A1)

1−T0,b→b(1−A1)
; (B.34)

a1,direct(E) = a1(E) =
A1T0, f

1−T0,b→b(1−A1)
. (B.35)

Here A2, f is the fraction of light absorbed in the high-bandgap sub-cell on a single pass
from the front (air) side (where a pass denotes all absorption before light is re-emitted to
the surroundings or enters the low-bandgap sub-cell), A2,b the fraction of light absorbed
in the high-bandgap sub-cell on one pass through when entering from the low-bandgap
sub-cell side, T0, f the fraction of light from the surroundings which is transmitted through
the high-bandgap cell and enters the low-bandgap cell, A1 the fraction of light absorbed on
one pass through the low-bandgap cell and T0,b→b the fraction of light which returns to the
low-bandgap cell after entering the high-bandgap cell. If n1 > n2
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B.7 Modelling luminescence coupling in two-terminal, two absorber layer tandem
solar cells

A2, f =
T2(0) f2(1+(1− f2)(1−T 1))

1− (1− f2)2(1−T 1)
(

1− T 2
n2

2

) ; (B.36)

A2,b =
f2

(
1+(1− f2)(1− T 2

n2
2
)
)

1− (1− f2)2(1−T 1)
(

1− T 2
n2

2

) ; (B.37)

T0, f =
T2(0)(1− f2)T 1

1− (1− f2)2(1−T 1)
(

1− T 2
n2

2

) ; (B.38)

T0,b→b =
(1− f2)

2
(

1− T 2
n2

2

)
T 1

1− (1− f2)2(1−T 1)
(

1− T 2
n2

2

) ; (B.39)

A1 =
f1(2− f1)

1− (1− f1)2
(

1− T 1n2
2

n2
1

) ; (B.40)

fi = 2
∫ π

2

0

(
1− e

−αiti
cos(θ)

)
sin(θ)cos(θ)dθ . (B.41)

If n2 > n1,T 1 →
T 1n2

1
n2

2
.

B.7 Modelling luminescence coupling in two-terminal, two
absorber layer tandem solar cells

Ignoring non-radiative loss mechanisms, the governing equations are (see section B.3)

J = Jsc,1 + e
∫
(Labs,surr,1 + eβV2L2→1 − eβV1(L1,out −L1→1))dE; (B.42)

J = Jsc,2 + e
∫
(Labs,surr,2 + eβV1L1→2 − eβV2(L2,out −L2→2))dE. (B.43)

By noting that the black body flux out of a layer is equal to the black body flux into the
layer (to maintain equilibrium in the dark), it is possible to derive analytical forms for all
terms, which are now presented for all absorptance models.
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B.7 Modelling luminescence coupling in two-terminal, two absorber layer tandem
solar cells

B.7.1 Direct model

L1,out = 2πn2
2φBB

∫
θ̃2

0
T1A1sin(θ)cos(θ)dθ ; (B.44)

L1→2 = 2πn2
2φBB

∫
θ̃2

0

T1A1A2b

1− (1−A1)(1−T0 −A2b)
sin(θ)cos(θ)dθ ; (B.45)

L1→1 = 2πn2
2φBB

∫
θ̃2

0

T1A2
1(1−A2b −T0)

1− (1−A1)(1−T0 −A2b)
sin(θ)cos(θ)dθ ; (B.46)

Labs,surr,1 = 2πn2
2φBB

∫
θc

0

T0, f A1

1− (1−A1)(1−T0 −A2b)
sin(θ)cos(θ)dθ ; (B.47)

L2,out = 2πn2
2φBB

(∫
θc

0
A2, f sin(θ)cos(θ)+

∫
θ̃2

0
T1A2,bsin(θ)cos(θ)

)
dθ ; (B.48)

L2→1 = 2πn2
2φBB

∫
θ̃2

0

T1A1A2b

1− (1−A1)(1−T0 −A2b)
sin(θ)cos(θ)dθ ; (B.49)

L2→2 = 2πn2
2φBB

∫
θ̃2

0

T1A2
2b(1−A1)

1− (1−A1)(1−T0 −A2b)
sin(θ)cos(θ)dθ ; (B.50)

Labs,surr,2 = 2πn2
2φBB

∫
θc

0

(
A2 f +

T0, f A2b(1−A1)

1− (1−A1)(1−T0 −A2b)

)
sin(θ)cos(θ)dθ ; (B.51)

where sin(θc) =
1
n2

and sin(θ̃2) =
π

2 if n1 > n2, else = n1
n2

. It can be shown that
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solar cells

A1 =
1− e

−2α1t1√√√√1−
n2
2sin2(θ)

n2
1

1− (1−T1)e

−2α1t1√√√√1−
n2
2sin2(θ)

n2
1

; (B.52)

A2 f =

T2(1− e
−α2t2
cos(θ) )

(
1+(1−T1)e

−α2t2
cos(θ)

)
1− (1−T1)(1−T2)e

−2α2t2
cos(θ)

; (B.53)

A2b =

(1− e
−α2t2
cos(θ) )

(
1+(1−T2)e

−α2t2
cos(θ)

)
1− (1−T1)(1−T2)e

−2α2t2
cos(θ)

; (B.54)

T0 =
T2e

−α2t2
cos(θ)

1− (1−T1)(1−T2)e
−2α2t2
cos(θ)

; (B.55)

T0, f =
T1T2e

−α2t2
cos(θ)

1− (1−T1)(1−T2)e
−2α2t2
cos(θ)

. (B.56)

Here T0 is the fraction of light which leaves the system once it has left the low-bandgap
sub-cell (without re-entering the low-bandgap sub-cell). It is noted that when θ > θc, T2 = 0.
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solar cells

B.7.2 Randomised and Hybrid models

L1,out = πn2
2φBBT 1A1; (B.57)

L1→2 =
L1,outA2b

1− (1−A1)(1−T0 −A2b)
; (B.58)

L1→1 =
L1,outA1(1−A2b −T0)

1− (1−A1)(1−T0 −A2b)
; (B.59)

Labs,surr,1 =
πφBBT0, f A1

1− (1−A1)(1−T0 −A2b)
=

T0L1,out

1− (1−A1)(1−T0 −A2b)
; (B.60)

L2,out = πφBBA2, f +πn2
1φBBA2b ×

T 1n2
2

n2
1

= L2, f ,out +L2,b,out ; (B.61)

L2→1 =
L2,b,outA1

1− (1−A1)(1−T0 −A2b)
; (B.62)

L2→2 =
L2,b,outA2b(1−A1)

1− (1−A1)(1−T0 −A2b)
; (B.63)

Labs,surr,2 = πφBB

(
A2, f +

T0, f A2b(1−A1)

1− (1−A1)(1−T0 −A2b)

)
=

L2, f ,out +
L2,b,outT0(1−A1)

1− (1−A1)(1−T0 −A2b)
.

(B.64)

It is noted that, for n1 > n2, T0, f = T 1T0n2
2. For consistency, L2,b,out

A2,b
=

L1,out
A1

. If n2 > n1,

T 1 →
T 1n2

1
n2

2
.

Randomised model

A2, f =
2α2t2T 2

2α2t2 +
T 2
2n2

2
+ T 1

2

; (B.65)

T0, f =
T 1T 2

2(2α2t2 +
T 2
2n2

2
+ T 1

2 )
; (B.66)

T0 =
T 2

2n2
2(2α2t2 +

T 2
2n2

2
+ T 1

2 )
=

T0, f

T 1n2
2

; (B.67)

A2,b =
2α2t2

2α2t2 +
T 2
2n2

2
+ T 1

2

; (B.68)

A1 =
2α1t1

2α1t1 +
T 1n2

2
2n2

1

. (B.69)
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Hybrid model

T0 =
(1− f2)

T 2
n2

2

1− (1− f2)2(1−T 1)(1− T 2
n2

2
)

(B.70)

and other terms were defined in section B.6.3.
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‘Twas brillig, and the slithy toves
Did gyre and gimble in the wabe;

All mimsy were the borogoves,
And the mome raths outgrabe.

Lewis Carroll


	Table of contents
	List of figures
	List of tables
	1 Introduction
	1.1 A little history
	1.2 Solar energy
	1.3 Halide perovskites

	2 How solar cells work
	2.1 Idealised solar cells
	2.1.1 The Shockley-Queisser model
	2.1.2 Extending efficiency limits

	2.2 Real absorber layers
	2.3 Materials
	2.3.1 Semiconductors
	2.3.2 Materials for solar cells


	3 Measurements and models
	3.1 Experimental tools
	3.1.1 Generating light
	3.1.2 Cameras

	3.2 Spectroscopic experimental techniques
	3.2.1 Photoluminescence and photoluminescence quantum efficiency
	3.2.2 Time resolved photoluminescence
	3.2.3 Transient absorption spectroscopy
	3.2.4 Beam profiling
	3.2.5 Establishing absorption coefficients

	3.3 Other experimental techniques
	3.3.1 Atomic force microscopy
	3.3.2 Solar cell efficiency measurements

	3.4 Numerical modelling of solar cell efficiency
	3.4.1 Main algorithm
	3.4.2 Absorption models

	3.5 Materials modelling
	3.5.1 Density functional theory
	3.5.2 Beyond density functional theory: excited states


	4 Exploring recombination and passivation in low-bandgap halide perovskites
	4.1 Introduction
	4.2 Spectroscopic measurements
	4.3 Electrical characterisation
	4.4 Proof of concept solar cells
	4.5 Nanoscale chemical distributions
	4.6 Conclusion

	5 Extracting decay rate ratios from photoluminescence quantum efficiency
	5.1 Introduction
	5.2 Modelling and fitting PLQE data for luminescent semiconductors
	5.3 Extracting ratios from experimental PLQE data
	5.4 Decay rates from time resolved photoluminescence
	5.5 Background doping discrepancies
	5.6 PLQE/TRPL comparison with transient absorption spectroscopy
	5.7 Second order non-radiative recombination
	5.7.1 Systematic errors in PLQE
	5.7.2 Thickness and power measurement errors
	5.7.3 Parasitic absorption within the sample

	5.8 Evidence for the second order rate changing
	5.9 Conclusion

	6 Quantifying photon recycling in solar cells and light emitting diodes
	6.1 Introduction and background
	6.2 Theoretical framework
	6.3 Quantifying photon recycling in devices
	6.3.1 Solar cells
	6.3.2 Light emitting diodes

	6.4 Conclusion

	7 Relaxing current matching requirements in halide perovskite based tandem solar cells via luminescent coupling
	7.1 Introduction and background
	7.2 The Shockley-Queisser limit for tandem solar cells
	7.3 Determining experimental parameters
	7.4 Absorption models
	7.5 Limiting efficiency of low-bandgap halide perovskite single junction solar cells
	7.6 The limiting efficiency of an all-halide perovskite tandem
	7.7 The limiting efficiency of a halide perovskite-silicon tandem
	7.8 Real world spectra
	7.9 Charge trapping
	7.10 Proof-of-concept measurements
	7.11 Conclusion

	8 Exploring triplet transfer from singlet fission materials to halide perovskites
	8.1 Introduction
	8.2 Experimental screening
	8.3 Background to modelling
	8.4 Tetracene alone
	8.5 Caesium lead iodide alone
	8.6 Tetracene molecules on halide perovskite surfaces
	8.7 Tetracene/halide perovskite thin film interfaces
	8.8 Toy interface and exciton visualisation
	8.9 Conclusion

	9 A final summing up
	9.1 Energy loss mechanisms
	9.2 Re-emitted light
	9.3 Charge transfer from a singlet fission material to a halide perovskite
	9.4 The end

	References
	Nomenclature
	Appendix A Additional methods
	A.1 Low-bandgap FAPb0.5Sn0.5I3 fabrication methods for Chapter 4
	A.1.1 Thin film fabrication
	A.1.2 Solar cell fabrication
	A.1.3 Encapsulation

	A.2 Other experimental methods for Chapter 4
	A.2.1 Transistors
	A.2.2 Scanning transmission electron microscopy energy-dispersive X-Ray Spectroscopy
	A.2.3 X-ray diffraction

	A.3 Experimental methods for Chapter 5
	A.3.1 MAPbI3 and FA0.79MA0.17Cs0.05Pb(I0.83Br0.17)3 fabrication
	A.3.2 Local PLQE measurement methods

	A.4 Experimental methods for thin films in Chapter 7
	A.4.1 FA0.7Cs0.3Pb(I0.7Br0.3)3 fabrication
	A.4.2 Photothermal deflection optical absorption spectroscopy
	A.4.3 Ellipsometry

	A.5 All-halide perovskite tandem solar cell experimental methods for Chapter 7
	A.5.1 Device fabrication and main performance metrics
	A.5.2 Hyperspectral measurements for quasi-Fermi level splitting
	A.5.3 Calculation of quasi-Fermi level splitting
	A.5.4 Confocal time-resolved photoluminescence measurements
	A.5.5 Preparation of cross-sections

	A.6 List of experiments screening for triplet transfer to a low-bandgap semiconductor, as discussed in Chapter 8
	A.6.1 Evaporation
	A.6.2 Solution processing

	A.7 Methods for experiments discussed in detail in Chapter 8
	A.7.1 Drop cast DPH
	A.7.2 Bare tetracene evaporation
	A.7.3 Evaporation of tetracene on FA0.9Cs0.1Pb0.25Sn0.75I3
	A.7.4 Drop cast DPH ligand
	A.7.5 DPH ligand/halide perovskite bilayer fabrication
	A.7.6 DPH/DPH ligand/halide perovskite fabrication
	A.7.7 PtOEP evaporation
	A.7.8 Confocal microscopy measurements

	A.8 Chapter 8 computational details

	Appendix B Solar cell efficiency modelling
	B.1 Governing equation for a doped semiconductor single-junction solar cell
	B.2 Governing equations for of a two-terminal solar cell
	B.3 Modelling a two absorber layer, two-terminal tandem solar cell
	B.4 Hybrid absorptance model for a single junction solar cell
	B.5 Single absorber layer absorptance models
	B.6 Absorptances in two-terminal, two absorber layer tandem solar cells
	B.6.1 Direct model
	B.6.2 Randomised model
	B.6.3 Hybrid model

	B.7 Modelling luminescence coupling in two-terminal, two absorber layer tandem solar cells
	B.7.1 Direct model
	B.7.2 Randomised and Hybrid models



