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ABSTRACT

In this thesis, several different optoelectronic techniques are used to investigate the transient

behaviour of photo-generated charge carriers in metal halide perovskites. The overarching objec-

tive is to gain a greater understanding of the fundamental properties of both three-dimensional

and layered perovskite structures. The first two chapters introduce the field of research of metal

halide perovskites for photovoltaic applications and provide the theoretical background necessary

to evaluate the results presented in this thesis. All experimental methods used throughout the

entire thesis are described in detail in the third chapter so that the results can be replicated.

Chapter four discusses the difficulties of measuring charge carrier mobilities with precision, with

an emphasis on the role played by early-time recombination and exciton formation. The lateral,

long-range charge carrier mobilities of different perovskite thin films are then reliably determined

by performing transient photo-conductivity measurements and simulating a transient free-carrier

fraction. The findings highlight the impact of the fabrication route on the long-range optoelec-

tronic properties of the resulting thin films.

The fundamental properties of two-dimensional layered perovskites are investigated in Chapter

five. The sum of the electron and hole mobilities for PEA2PbI4 and related two-dimensional

perovskites are estimated using the approach described in the prior chapter. For PEA2PbI4, a

remarkable long-range mobility of 8.0 ± 0.6 cm2 V−1 s−1 is found. This tenfold improvement in

mobility over a typical 3D perovskite demonstrates the potential single-crystal-like charge trans-
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port properties of 2D polycrystalline thin films.

In the final chapter, an exciting, novel approach for analysing time-resolved photo-luminescence

data is presented, by making use of Bayesian inference and a Markov-Chain Monte-Carlo algo-

rithm. Using a FAPbI3 thin film as a case study, a number of parameters, including diffusion, and

recombination constants can be accurately inferred. The findings provide new perspectives on

the physics underlying observed optoelectronic properties. For some of the systems illustrated in

this chapter, for instance, the distinction between surface and bulk appears to be less clear than

previously assumed. Validation of the method is provided by comparisons to other experimental

data, such as intensity-dependent PLQE and transient photo-conductivity.

Overall, this thesis contributes powerful analytical tools that can be applied to future studies of

a wide range of metal halide perovskites.
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CHAPTER

INTRODUCTION 1
Throughout this introduction, quotes of highly cited researchers of the field of metal halide per-

ovskites are presented. They were chosen to encourage a critical view of the results presented in

this thesis and the metal halide perovskite research literature in general. In no means do they

represent the personal opinion of the author of this thesis.
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2 Chapter 1

1.1 PEROVSKITE RESEARCH OVER THE YEARS

Metal halide perovskites (MHP) have been termed “the rising star of photovoltaic” research and

have achieved some outstanding performances in photovoltaic and other optoelectronic applica-

tions. The unique combination of material properties, easy processability and promising device

performances have sparked interest across the research areas of materials science, physics, chem-

istry, engineering and many other.1 After the material discovery and initial characterization by

H.L. Wells, C.K. Møller and D. Weber, metal halide perovskites (MHP) were not investigated

much, until D. Mitzi reported on their unique optoelectronic properties around the early 2000s.2–7

Despite early findings on the optoelectronic properties of this material class, it took until 2009

to demonstrate their use in a photovoltaic application with an initial power conversion efficiency

(PCE) of 3.8%.8 Already two years later, the group of N.G. Parks build a photovoltaic device

based on perovskite quantum dots with a PCE of 6.5%.9 It took only one year, to achieve the

first important milestone for every novel photovoltaic technology: a PCE of > 10%, mainly due

to a surprisingly high open-circuit voltage of > 1.1 V.10 Due to this unprecedented rate of per-

formance improvement, thousands of new publications have been added to the field annually in

recent years.1 An important factor for this vast expansion of the research field may have been

the relatively simple, solution-based fabrication of MHPs that made the material easily accessible

across the world.11.

“Getting high performance isn‘t easy, but it‘s very easy to
get started, enabling research groups to jump in and get

moving quickly.”11

The early MHP research concerned itself mainly with the question:

How could this material work so well in photovoltaic applications?

First fundamental studies were directed towards understanding the optoelectronic properties of

this material class and revealed high absorption coefficients and photo-luminescence, low exciton

binding energies and long charge carrier diffusion, all of which are highly beneficial for photo-

voltaic applications.12–18 It was realized that the MHP material could not only absorb sunlight,
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but also efficiently transport charges, making previous device architectures based on scaffold-

ing obsolete.19,20 The ability to alter perovskite composition and processing to tune bandgap,

absorption properties, and resulting devices was also recognised as a benefit of the MHP mate-

rial class.21–23 The field started to become more diverse, with fundamental questions emerging

alongside the surge of photovoltaic device performance.

“Solution processing is the essence of chemistry, while
properties of perovskite semiconductors are the

playground of physics.”24

For instance, the origin of the energetic band structure from the atomic orbitals of the metal and

halide ions was an early area of research.23,25 Further research revealed that many imperfections

(defects) could form within the perovskite structure without impacting the overall PV device per-

formance. Hence, the material was termed “defect-tolerant”.26,27 However, a significant number

of defects would remain in the material and still limit the device performance by inducing non-

radiative losses.28 In addition, hysteresis was observed in MHP photovoltaic devices, where the

measurement of a solar cell device was dependent on how it was measured.29–31 It was postulated

to be related to the presence of mobile, ionic species and surface defects, which would result in

a screening of the electric field and performance losses.30 This realization started a still ongoing

exploration into the use of different solvent routes, molecular additives and fabrications methods

to obtain a MHP material with reduced intrinsic defect density and high material quality.32–38

Alongside these material improvements, fundamental research was targeted toward understand-

ing their impact on the long-range transport properties and optoelectronic performance.17,39,205?

While it is widely agree upon that the transport of charge carriers is initially governed by their

interaction with crystal lattice vibrations, it is much more debated what happens at grain bound-

aries and extended crystalline defects in polycrystalline thin films.40–42

“[Engineers] have their place, but without basic science,
they will be lost.”43

Then, the field of MHP-based photovoltaic research slowly shifted towards investigating and un-

derstanding the parameters that influence long-term stability of the material.44,45 To this day

it is one of the most pressing challenges facing the research field. The early improvements in

the bulk material have resulted in improved performance, but also improved material stability.46
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Unfortunately, this does not necessarily translate to an improved long-term stability of photo-

voltaic devices, as interfaces with adjacent layers play a crucial role as well.47 The understanding

of the impact of inhomogeneities and microstructure on material and device stability has become

a hot topic in recent years.48–50 Also, the mobile ions are under more active investigation again,

specifically their impact on photovoltaic performance losses and long-term stability.51–53

“[U]sually when we come up with a way we think we are
going to make the solar cell better, it does not work.”54

MHP-based solar cells are now getting close to their detailed balance limit and have shown >

30% PCEs in perovskite-silicon tandem applications.55 Despite this diverse and ever-expanding

research and the outstanding achievements, there still remain many open questions. For instance,

the impact of reabsorption on the final material performance is not understood and often simply

ignored.56 Likewise, there is still an ongoing debate about the nature and impact of defects,

especially shallow defects in this material class.57 Finally, the initial question as to why these

materials yield such promising performance in the first place is still not fully answered. A lot has

been discovered, but there is a lot more to come.



1.2 STRUCTURE OF THIS THESIS

This thesis is organized into 5 main chapters.

Chapter 2 introduces the theoretical background needed to understand and challenge the results

shown in this thesis.

Chapter 3 details all experimental methods used throughout this thesis that led to the results

shown in the following chapters.

Chapter 4 introduces a developed methodology to accurately determine the lateral, long-range

charge carrier mobility in MHPs. In this chapter, transient photo-conductivity was combined

with a post-measurement analysis to reveal the strong dependence of different fabrication routes

on the long-range charge carrier transport. This will allow to address open questions surrounding

the nature of long-range charge transport and its limitations in these materials.

Chapter 5 applies the methodology to assess long-range charge carrier mobility of two-dimensional,

layered perovskites. Fundamentally, this material class is much less investigated than the three-

dimensional counterpart. In this chapter the behaviour of free charge carriers and their impact

on the optoelectronic properties is investigated. It is understood that control over orientation

and morphology of two-dimensional thin films is crucial for predictable material performance.

Chapter 6 demonstrates a different approach to understand the transient photo-luminescence

behaviour in MHPS. There, Bayesian inference is coupled with a Markov-Chain Monte-Carlo

algorithm and a physical model from already existing theory to be able to study interplay of pa-

rameters that result in the observed photo-luminescence response. FAPbI3 is studied as a model

system to illustrate the power of the method and validate the accuracy of inferred parameters.

This thesis presents results, which further the research discussion surrounding long-range charge

carrier transport properties as well as the fundamental physics of two-dimensional MHPs. The

most important outcome however is the development of novel and improved analysis methodolo-

gies, which empower others to further their own research into the fundamental properties of this

fascinating material class.





CHAPTER

THEORETICAL BACKGROUND 2
In this chapter, the theoretical foundation required for the subsequent results is presented. The

chapter begins with a brief background on solar radiation. Then, metal halide perovskites, a

semiconductor material with an unusual set of characteristics, are introduced. This will be com-

pleted by a summary of properties that are special to two-dimensional, layered perovskites. In

the end of the chapter, all optoelectronic concepts used throughout this thesis are detailed.

7
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2.1 THE SOLAR SPECTRUM

Black Body Radiation

In order to understand why semiconductors can be used as solar cell absorber materials, one has

to understand the solar spectrum which can be approximated as a black body. Any object can be

described as a black body if it absorbs all the incident radiation - so the absorptance A(hν) = 1.

hν is the energy of the photons, with h being the Planck constant and ν the frequency of the

photon.58 The absorption is in thermal equilibrium with emission, called “black body (thermal)

radiation”, which only depends on the temperature T of the emitter. When considering photons

as a gas of non-interacting particles (bosons), the distribution of the number of photons at a given

energy state will follow Bose-Einstein statistics::

fγ(hν, T ) = 1
exp (hν)

kBT
− 1

(2.1)

which only depend on the energy of the photon (hν) and the temperature of the system (T ),

with kB being the Boltzmann constant.58 Generally, the energy distribution is a function of the

temperature and the chemical potential of the gas. However, as the number of photons is not

conserved in a black body, this chemical potential is zero, so the spectrum becomes a function of

temperature alone. The resulting occupation of energy levels can be seen schematically in Figure

2.1(a).
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Figure 2.1: (a) The calculated density of states (DOS) as well as the photon occupation
fγ(hν, T ) for different temperatures (T = 300 K, 3000 K, 6000 K and 10000 K) are shown
(b) The resulting calculated, normalized photon density is shown for each temperature.
The spectrum for T = 6000 K is closest to the spectrum of the sun.

The density of possible states at a given energy level can be estimated from the volume of a single

state in momentum space, as well as the spin-direction of the photon (up or down). The density

of states is lower for lower energy levels, because the entropy is reduced. This is described in

Dγ(hν) = 8π · (hν)2

h3 · c3 (2.2)

with c being the speed of light inside the material (c = c0
nr

, with c0: speed of light in vaccum,

and nr: refractive index of the material). Dγ(hν) is shown schematically in Figure 2.1(a). Now

the emitted photon density at each energy level can be calculated by multiplying the occupation

statistics and the density of states.

dnγ,BB(hν, T )
dhν

= 1
4π

· Dγ(hν) · fγ(hν, T ) = 2 · (hν)2

h3 · c3 · 1
exp (hν)

kBT
− 1

, (2.3)

where the factor 1
4π

is needed to describe isotropic emission of radiation.59 For systems other than

vacuum (nr ̸= 1), the internal and external radiation of a black body are different, due to total

internal reflections at the boundaries of the material. Thus, when a black body with larger nr is

interfaced with a material with lower nr (for example air), a significant part of the radiation is

reflected back into the black body as the density of states is higher there.58 The internal photon

density spectra in energy for different temperatures T are shown in Figure 2.1(b). Photon
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density can be turned into power density per unit energy (ρ(hν,T )
dhν

) by multiplying dnγ,BB(hν,T )
dhν

with

c. It is often referred to as irradiance.

In a first approximation, the sun can be described as a black body with a temperature T =

6000 K.58 Not all the photons generated by the sun can reach earth to be used in photovoltaic

applications. Therefore, the irradiance emitted by the sun needs to be further corrected before it

can be used to predict and compare photovoltaic performances.

The AM1.5 Spectrum

As light travels from the sun to earth it first has to traverse empty space, where it continuously

spreads. This leads to a reduction in irradiance which can be approximated via

ρearth(hν, 6000K)
dhν

= π · R2
sun

d2
sun−earth

· ρsun(hν, 6000K)
dhν

(2.4)

where Rsun is the radius of the sun and dsun−earth is the distance between sun and earth.60 The

irradiance spectrum can then be plotted in energy or wavelength. It is important to keep the

Jacobian transformation (dhν = − hc
λ2 dλ) in mind, when switching between the two, so that

integration over a range of energies or wavelengths allows for the accurate determination of total

power density.61

Figure 2.2: The NREL reference spectra for one sun outside the atmosphere (sun spec-
trum) and after travelling trough 1.5 air mass (AM1.5 Spectrum) are shown together with
the wavelength spectrum calculated for a black body at T = 6000 K.62
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The resulting calculated irradiance spectrum in wavelength for a black body at 6000 K is shown

in Figure 2.2 and compared to the measured extraterrestrial spectrum.62 It can be observed

that the measured spectrum has several lines of lower intensity when compared to the calculated

one. These are known as “Fraunhofer lines” and correspond to absorption lines of atomic species

within the outer layer of the sun, for example sodium and potassium.63,64

As the light travels through the atmosphere its intensity is reduced due to scattering and absorp-

tion events. Small molecules, particles and aerosols in the atmosphere can scatter and absorb

photons and further reduce the irradiance reaching the surface of the earth.65 It becomes apparent

from Figure 2.2 that the largest fraction of power density of the solar spectrum is located within

the visible range (approx. 400 to 700 nm). Materials, which are able to absorb this part of the

solar spectrum can hence be useful for photovoltaic energy generation. As they do not absorb all

light anymore, they are called grey bodies.

Grey Bodies

Even though a large number of objects and materials can be approximated as black bodies, the

materials needed for photovoltaic applications would be considered grey bodies, as they only

absorb a part of the total incident radiation. Their absorptance is defined as

A(hν) = 1 − t(hν) − r(hν) (2.5)

where t(hν) is the transmittance and r(hν) the reflectance. According to Kirchhoff’s Law, the

irradiance emitted by a grey body simply becomes58,64

ρGB(hν, T )
dhν

= A(hν, T ) · ρBB(hν, T )
dhν

(2.6)

This relationship is also known as reciprocity relation. It describes the radiation emitted by a

grey body as the result of an absorption process and the black body radiation at the temperature

of the grey body.58
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The Basics of a Solar Cell

Figure 2.3: The theoretical maximum values are shown for (a) the open-circuit voltage
(Voc), (b) the short-circuit current density (Jsc), and (c) the fill-factor (FF ). According to
the detailed-balance limit they yield a (d) maximum power conversion efficiency (η) that
changes as a function of the bandgap of the semiconductor material.

The most important class of materials for photovoltaic applications are semiconductors. A solar

cell can be constructed by a semiconductor material that is sandwiched in between charge-selective

contacts. The semiconductor needs to be designed to allow for the absorption of the visible part

of the irradiance spectrum. The power generated by a solar cell is defined by the current (J) and

voltage (V ), which depend on the properties of the absorber material and full device stack. As

will be introduced later, a bulk semiconductor, such as metal halide perovskites, can absorb any

photon with an energy larger than its energetic bandgap. Semiconductors with small bandgaps
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will thereby absorb more photons, resulting in increased currents, but also sustain lower voltages.

In a first approximation the maximum voltage generated by a solar cell (open-circuit voltage or

Voc) is equal to the bandgap Eg of the absorbing semiconductor (see Figure 2.3(a)).

Similarly, the maximum current density (short-circuit current density or Jsc) is related to the

absorbed photon flux and is shown in Figure 2.3(b). The ideal power output is then the product

of Voc and Jsc. In reality this power can never be reached due to transport losses within the

semiconductor material and the fact that the solar cell is typically at 300 K, while the absorbed

photons will stem from a black body at 6000 K. The ratio between the ideal power output

and the maximum power output is known as fill-factor (FF , Figure 2.3(c)) or impedance-

matching factor. It can be estimated from an empirical equation.60,66 The resulting maximum

power conversion efficiency (ηmax) known as “detailed balance limit” is given by

ηmax(Eg) = Voc(Eg) · Jsc(Eg) · FF (Eg)
ρAM1.5

, (2.7)

where ρAM1.5 is the power density obtained by integration of the AM1.5 irradiance spectrum

(from Figure 2.2) over all energies (or wavelengths). The resulting ηmax(Eg) is shown in Figure

2.3(d). It can be seen that a maximum η of approx. 33% can be achieved with an energetic

bandgap of 1.13 eV. Until now, a few materials like silicon (1.1 eV, ηrecord = 26.1%), gallium

arsenide (1.42 eV, ηrecord = 29.1%), CIGS (1.12 eV, ηrecord = 23.6%) and cadmium telluride (1.42

eV, ηrecord = 22.3%) have been successful candidates for photovoltaic applications, because their

energetic bandgaps are close to this ideal value.67,68 In addition, metal halide perovskites can also

have bandgaps below 1.6 eV and have hence joined this list. In the following their most important

properties will be introduced.
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2.2 METAL HALIDE PEROVSKITES

The Perovskite Crystal Structure

Metal halide perovskites are organic-inorganic materials with AMX3 stoichiometry, where A+ is a

monovalent cation, typically methylammonium (MA+), formamidinium (FA+) or cesium (Cs+),

(M2+) is a bivalent metal cation, like lead (Pb2+) or tin (Sn2+), and (X– ) is a monovalent anion,

most commonly a halide (iodide (I– ), bromide (Br– ) or chloride (Cl– )).8,69

The idealised perovskite crystal structure is cubic (α-phase; Pm3̄m), which is the highest-

temperature phase in all metal halide perovskite compositions (see Figure 2.4(a)).70,71 The

metal and halides form a network of corner-sharing MX6
4– octahedra and the A-site cation oc-

cupies the octahedral voids. The octahedra can collectively rotate about the c-axis into the

tetragonal (β-phase; I4/mcm or P4/mbm) crystal structure, where they are now more closely

packed along the ab-plane. Additionally the octahedra can slightly tilt out of the ab-plane and

distort into an orthorhombic (Pnma, γ-phase) phase.70 Depending on the arrangement, the op-

toelectronic properties change considerably. Metal halide perovskites have a unique combination

of structural and optoelectronic properties, which are summarized in the following sections.

Electronic Band Structure of Perovskites

The optoelectronic properties of this structure are determined mainly by the metal-halide bond-

ing, which has a mixed ionic-covalent character. The electronic configurations for Pb2+ and I– in

APbI3 perovskites are 5d106s26p0 and 5s25p6, respectively. The valence band (VB) consists of the

filled, s-p anti-bonding orbital formed by the Pb 6s and I 5p orbitals, while the conduction band

(CB) consists of a mixture of anti-bonding p-s and p-p orbitals formed by the Pb 6p orbitals with

the I 5s and 5p, respectively.25,72 It is worth mentioning the band structure near the band edge is

strongly influenced by spin-orbit coupling effects, such as the Rashba- or Dresselhaus effect.25,73,74

These effects occur more strongly in the presence of heavy atoms, like Pb2+ or Sn2+, hence their

influence on the band structure cannot be neglected for perovskites. As is shown schematically

in Figure 2.4(b), the parabolic valence band maximum has strong iodide character (approx.
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75%), while the conduction band minimum has a mixed lead-iodide character. The latter will

therefore be more impacted by spin-orbit coupling effects. It can be seen as well that metal halide

perovskites are direct bandgap semiconductors, as the valence band maximum and conduction

band minimum appear at the same point (R) in momentum-space.

Figure 2.4: (a) Schematic of the cubic crystal structure of MAPbI3. The purple
spheres indicate iodide (halide), the center of the green octahedra is the lead (metal)
and in the octahedral void, a methylammonium cation is shown. (b) Band structure
for MAPbI3 as calculated from quasi-particle self-consistent GW theory, where green
represents orbitals with iodide- and red orbitals with lead-character. (a) and (b) were
reproduced with permission from Ref.25

Next to the MX6
4– octahedral network, the A-site cation has mainly a structurally stabilizing

function, by forcing corner-sharing octahedra instead of face-sharing (A-site too large) or edge-

sharing (A-site too small) arrangements. It can indirectly influence the band structure as well,

by changing the overlap of the atomic orbitals of Pb2+ and I– , where a larger overlap results in a

smaller bandgap.23,75,76 For example, in the idealized cubic structure, the Pb2+ ions are linearly

aligned, optimizing the overlap of the Pb2+ and I– orbitals. This generates a bandgap of 1.45-

1.55 eV in the case of APbI3 perovskites, which is ideal for single-junction solar cell absorber

materials.36,77
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In addition to the chemical bonding, there are electrostatic interactions collectively shared over

the entire structure as well as many-body effects between charge carriers moving through the

material.23,78 The highly ionic character of the perovskite structure affects properties such as the

dielectric permittivity, exciton binding energy and low ionization potential.23,79

Excitons in Perovskites

Photons with energies larger than the electronic bandgap will be absorbed by the perovskite ma-

terial and form a photo-excited electron-hole-pair, known as exciton.80 A fast exciton dissociation

into free charge carriers can be beneficial for photovoltaic applications. The energy needed to

separate the exciton is known as exciton binding energy EB and is a property of the underlying

material. Metal halide perovskites show desirably low exciton binding energies of EB ≤ kBT (≤

26 meV at r.t.), hence they mainly generate free charge carriers upon photo-excitation. This is

due to the aforementioned high dielectric constant, strong coupling of electrons to optical (LO)

phonons and large polarizability. Both absorption and photo-luminescence are thought to be gov-

erned by free charge carriers, hence metal halide perovskites generally have small Stokes’ shifts,

which in turn can enable efficient photon recycling.81

There have been many attempts to measure EB accurately, but even for MAPbI3, the most stud-

ied perovskite composition, values range from 2 meV to 62 meV, depending on the method used.82

For this thesis, the exciton binding energy was determined from absorption spectra using Elliott’s

method.83

Intrinsic Semiconductors

At this point it is important to mention that lead-based metal halide perovskites are often clas-

sified as intrinsic semiconductors. As such, the number of electrons and holes inside the material

are equal in equilibrium. This will become important when time-resolved behaviour is simulated

later.
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Charge Carriers Effective Masses

The effective mass is the mass of a charge carrier (electron or hole) within a solid. It can be much

smaller than the mass of a free electron. In metal halide perovskites, the strong hybridization of

the lead orbitals result in low effective masses.23,25 Some values for typical perovskite compositions

are summarized in Table 2.1. The relatively low effective masses are thought to result in high

charge carrier mobilities and hence long diffusion lengths.13

Table 2.1: Effective masses of typical perovskite compositions, where me is the mass of a
free electron of approx. 9.11 × 10−31 kg.

Composition Effective Mass (x me) Source Studyelectrons holes

MAPbI3
0.150 0.120 25 theoretical

0.104 84 experimental
FAPbI3 0.090 84 experimental

PEA2PbI4 0.091 85 experimental
BA2PbI4 0.150 86 experimental

Defect Tolerance of the Perovskite Material

A real material is not perfect. Even the most carefully grown single crystal has phase impuri-

ties and defects, because perfect crystals are unstable at finite temperatures due to the entropic

stabilization of imperfect crystals.87–89 These imperfections in the structure as well as stoichio-

metric impurities are often summarized under the term point defects. Common point defects are

(1) vacancies, where an ion is missing from the crystal lattice, (2) interstitials, where an ion is

inserted into a crystal lattice or (3) substitutions, where an ion is occupying a wrong lattice site.

In metal halide perovskites, extended defects, like dislocations or stacking faults may also appear,

especially at or near grain boundaries.48 Some defects can generate energetic states within the

bandgap of a material. These can act as recombination centres (see Section 2.6 for more details),

effectively narrowing the bandgap at that specific location. In the semiconductor literature, these

types of defects are therefore often called ’trap-states’ as well.

Early work on band structure calculations of different possible point defects in metal halide

perovskites has concluded, that most of them are less detrimental for the optoelectronic properties
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than in other semiconductor materials. Metal halide perovskites have hence been termed a “defect-

tolerant” material class.27,90–93

Thus, even though the trap density in MAPbI3 has been estimated in the range of 1016 to 1017 cm−3

for thin-films (and 109 to 1010 cm−3 for single crystals), this material exhibits good properties for

optoelectronic devices.94–96 It shall be noted that trap densities may be much larger near grain

boundaries or at interfaces, which will be important when assessing longer-range effects, such as

charge transport or recombination at later times.97

Mobile Ions

Another unique property of perovskites is their soft crystal lattice leading to increased ionic

conductivity. The ions can screen the electric field within the semiconductor, which leads to per-

formance losses and has been linked to hysteresis, due to their slow motion.30,52,53,98,99 The ions

migrating in an electric field may lead to degradation of the photovoltaic devices as they react

with adjacent layers.100,101 It has been estimated that the density of mobile ions is on the order

of 1017 to 1019 cm−3 and their diffusion rather slow due to the size of the ions.51,102

Halide migration, in particular iodide migration, has been understood as one of the main path-

ways for the degradation of the perovskite material as its reduction can result in iodine formation,

which can subsequently sublime from the perovskite material or induce interface reactions.103–106

It is worth noting that iodide has been found to be the most mobile ion through iodide-vacancy-

mediated diffusion.107 Halide interstitials can also result in mid-gap trap states, limiting the bulk

properties of the perovskite material. As such, the research field is in agreement that reduced

defects within the perovskite material will result in improved long-term stability as well.46

In fact it may be that the “defect tolerant” nature of the perovskite material resulting in good

optoelectronic properties may not apply to the effects of the same defects on long-term stability

Not only do ions affect the performance and stability of perovskite-based optoelectronic devices,

they can also result in segregated phases in mixed-composition metal halide perovskites. Both

A-site and X-site segregation has been observed.108–113 The movement of the anions is typically

through to lead to performance losses of the optoelectronic devices, but it has been shown that

it does not affect charge carrier transport properties significantly and that it can even result in a

“healing” of defects within the perovskite material.114,115
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For the work presented in this thesis it is important to keep the effects of mobile ions in mind

for two reasons: 1) perovskite compositions with high Br-contents can phase segregate under

illumination and hence are not useful for the fundamental work presented here. Thus, mostly

I-based perovskites were used throughout the thesis. 2) During steady-state illumination in an

electric field, mobile ions can readily move and screen the electric field. Especially in Chapter

4 it was important to use a pulsed excitation and low electric fields to reduce the impact of this

effect on the measurements.
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2.3 TWO-DIMENSIONAL, LAYERED PEROVSKITES

Nomenclature

Beyond the three-dimensional perovskites, two-dimensional Ruddlesden-Popper (RP) and Dion-

Jacobson (DJ) structures are considered to be possible alternatives to increase the stability

of the perovskite layer and allow for the band-gap and optical properties to be adjusted by

varying the quantum well width and confinement.116–121 The RP-phase has a stoichiometry of

A‘2An –1MnX3n+1, where A‘ is now a larger organic ion (most commonly butylammonium (BA+)

or phenylethylammonium (PEA+)).122 The organic cation induces the formation of a layered,

quantum-well structure by separating n-stacks of MX6
4– octahedra that are often oriented paral-

lel to an underlying substrate.123 The quantum confinement directly affects the electronic band

structure and hence optoelectronic properties.124 In Figure 2.5 the crystal structures of two-

dimensional perovskites of the BA2MA1–nPbnI3n+1 stoichiometry for n = 1 to n = 4 are shown

schematically.125

Figure 2.5: The crystal structure of BA2MA1–nPbnI3n+1 ruddlesden-popper struc-
tures is shown for n = 1 to n = 4. The figure is adapted from Ref. 125.
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It is noteworthy that thin films made from stoichiometries with n > 1 yield mixed phases of

several n-values in most cases.126 Improving control over the phase purity is part of ongoing

research.127,128 For this reason, only the phase-pure n = 1 compositions were studied in Chapter

5. In the following, the most important properties of two-dimensional, layered metal halide

perovskites are summarized.

Effect of Quantum Confinement and Exciton Formation in Lower-

Dimensional Materials

The reduced dimensionality in the crystal structure of two-dimensional perovskites results in a

quantum confinement in the direction parallel to the inorganic layers. Dielectric confinement is

the increase in electrostatic force between charge carriers in a material with a high dielectric con-

stant that is layered between a material with a lower dielectric constant.129,130 The electric field is

only screened within the high dielectric material, but less so in the low-dielectric material. This

effectively enhances the interaction between electrons and holes and hence the exciton binding

energy of the material.130 In addition, the electronic bandgap is increased as both the conduction

and valence band get shifted.129

In two-dimensional perovskites, the MX6
4– octahedra form the high-dielectric, while the large

organic spacer cations form the low-dielectric. Hence, the excitons are primarily located in the

inorganic layers. Two-dimensional RP perovskites with n < 5 have reported exciton binding en-

ergies on the order of or greater than 100 meV. They are considered to be excitonic materials and

generate a significant fraction of excitons following photo-excitation.131 Hence, excitons dominate

the optoelectronic properties of confined materials (see Section 2.6). The exciton is further

stabilized by the structure of the inorganic layer. As described in Section 2.2, the bandgap of

perovskites is formed by the Pb-X bonding, thus the exciton stability is greatly influenced by

the Pb-X-Pb angle: the closer the angle to 180°, the smaller the exciton binding energy with the

lowest one reported recently being EB = 48 meV for an n = 1 RP perovskite.132

Recently, it was demonstrated that excitons in the two-dimensional perovskite PEA2PbI4 can be

highly mobile with diffusion coefficients reaching up to 2 cm2 s−1 (µx of up to 80 cm2 V−1 s−1) at

room temperature with an effective exciton mass of 0.44 x me.133,134 Little was understood about
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the long-range transport of free charge carriers in this material class, but this will be discussed

in more detail in Chapter 5.

Dynamic Exciton-to-Free-Carrier Fraction

The rate of exciton dissociation into free carriers is balanced by the rate of exciton formation from

free charge carriers. An equilibrium can be calculated between the two for each charge carrier

density (n) using the Saha equation135

ϕ2

1 − ϕ
= 1

n
·
(

2π · m∗
i · kBT

h2

)3/2

· e
− EB

kBT , (2.8)

where ϕ is the free-carrier fraction. In Figure 2.6(a) and (b) ϕ is shown for different exciton

binding energies as a function of n and T , respectively.

Figure 2.6: (a) The equilibrium free-carrier fraction ϕ is shown as a function of
charge carrier density n for different exciton binding energies. The marked area
(pink) are the typical charge carrier densities associated with most optoelectronic
characterization techniques. The pink dotted line marks the charge carrier density
used in (b). (b) ϕ is shown as a function of temperature T for the same exciton
binding energies as in (a). The charge carrier density was fixed to 1015 cm−3. The
pink, dotted line marks the room temperature measured for this thesis of 292 K.
The reduced mass m∗

i was fixed to 0.1 × me in accordance with Table 2.1.

In the case of two-dimensional materials, the anisotropy of charge carrier transport complicates the

use of Equation 2.8. In general, another version of the Saha equation exists for two-dimensional

materials, taking this into account, by estimating a fluence F (in cm−2well−1) per quantum well
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thickness dqw instead of the excitation density136

ϕ2

1 − ϕ
= dqw

F
·
(

2π · m∗
i · kBT

h2

)
· e

− EB
kBT . (2.9)

For Chapter 5 a quantum well thickness of dqw = 15 nm yielded a good agreement between

Equations 2.8 and 2.9 for PEA2PbI4. For better comparability with the three-dimensional

perovskite Equation 2.8 was used for all materials investigated in that chapter.

A Note on Free Charge Carriers

Although the term “free carrier” will be used extensively throughout this thesis, it is important to

note that the precise nature of charge carriers in a two-dimensional perovskite is still the subject

of active investigation. Any unpaired charge carrier will be probed by the techniques used in

Chapter 5 and is thus included in the presented results, regardless of whether they are true free

charge carriers, polarons, or something else entirely.
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2.4 ABSORPTION

Absorption of Direct and Indirect bandgap Semiconductors

Solid state materials form energy bands rather than discrete energy levels.80,137 Absorption of

light can occur whenever a photon with energy equal or larger than the bandgap interacts with a

solid material. The absorption spectra of solids are continuous above a certain energy (see Figure

2.7(a) and (b)), in contrast to the discrete lines and peaks that are observed for for atomic and

molecular absorption spectra, respectively.137

Figure 2.7: (a) Simplified band structure of MAPbI3 as shown in Figure 2.4. The colored
arrows represent absorption of photons at different energies. The conduction band (CB)
is split into CB1 and CB2 due to the spin-orbit coupling. Between the R and M point in
momentum space, electrons can be excited from the valence band (VB) to the conduction
band (CB1) by absorption of visible light. Higher-energy transitions are allowed between
VB and CB2 and are indicated by the dashed blue arrow. It is indicated that charge
carriers with excited by higher energies will relax back to the R point, where subsequently
recombination happens. (b) The absorption spectrum of MAPbI3 is shown with colored
arrows indicating the transitions from VB to CB1 from (a). The resulting spectrum is a
continuum of absorbing states. (a) & (b) were adapted with permission from ref. 138.

Not every absorption process of a photon will lead to the formation of an electron-hole pair. The

reason for that can be understood from an energetic as well as structural point of view and both

will be briefly mentioned here: energetically, an excited electron will need to occupy an empty

state within the conduction band. This process hence depends on the density of states in the
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conduction band. During the excitation process the momentum of the electron will need to be

conserved. In a molecule this can be achieved by a change in vibrations (or momentum), but

in a solid it depends strongly on the interaction of the excited electron with the underlying lat-

tice vibrations, called phonons.80,139 Two scenarios can be differentiated: 1) a direct bandgap, in

which no additional phonon-interaction is necessary to conserve the momentum during excitation

of an electron. This is the case for metal halide perovskites, for example. 2) an indirect bandgap,

where an electron also needs to interact with a phonon in order to conserve the momentum during

excitation. This process is a second-order process and much less likely than the direct transition.

An example for this type of material is crystalline silicon.

A direct bandgap semiconductor should hence show an absorptance A(hν) of 1 for photons with

energies larger than the bandgap. In reality this is not the case and an absorption coefficient α

can be defined as

α(hν) = 1
d

· ln
(

1 − R(hν)
T (hν)

)
, (2.10)

where d is the thickness of the material.58 For a strongly absorbing semiconductor, α(hν) >> 1

for photon energies above the bandgap. In Figure 2.8(a) the absorption coefficient is shown

for common semiconductor materials that have been used in photovoltaic applications. It can

be seen that all examples, except crystalline silicon (c-Si) show α(hν) >> 1 at high photon

energies, indicating that these materials have direct energy bandgaps. In addition the onset of

the absorption is different between the materials. It can indicate the energetic disorder at the

band edge and below the bandgap, due to for example defect states.140 As these states effectively

narrow the bandgap they will also directly affect the possible Voc of the resulting device. The

“steepness” of the absorption onset can therefore be correlated to losses in Voc. It can be seen

in Figure 2.8(a) that MAPbI3 has a steep onset, indicating a low defect density, owing to the

defect tolerance of the material, as well as a good overall material quality.
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Charge Generation Rate

With the knowledge of the absorption coefficient of a material, one can estimate the absorption

properties of a material. When photons interact with the material the likelihood of absorption

increases with the the thickness of the sample. This effect is known as the Beer-Lambert law.141

It is used in Equation 2.11 to estimate the density of photo-generated electron-hole pairs inside

a semiconductor material after a single excitation pulse

G(0, d) = F (hν)
d

· (1 − r(hν)) ·
(
1 − e−α(hν)d

)
. (2.11)

where F (hν) is the fluence of the excitation source. The exponential part follows the Beer-

Lambert law and can be used to describe the excitation profile within a semiconductor slab. In

Figure 2.8(b) the normalized charge carrier density over the thickness of 500 nm of a given

semiconductor sample is presented for different absorption coefficients following

nnorm(0, z) = 1 − e−α(hν)z. (2.12)

It can be observed that all absorption coefficients result in an exponentially decaying profile over

the thickness of the absorber material.

Figure 2.8: (a) The absorption coefficient of MAPbI3 is shown alongside other semiconduc-
tor technologies for photovoltaic applications: crystalline silicon (c-Si), amorphous silicon
(a-Si), Copper indium gallium selenide (CIGS), gallium arsenide (GaAs) and cadmium
telluride (CdTe). (b) The normalized charge carrier density as a function of z coordinate
is shown for different absorption coefficients. All show an exponential absorption profile
over the thickness of 500 nm. (a) was adapted with permission from Ref. 18.
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In agreement with Figure 2.8(b) it becomes apparent that high energy photons are absorbed

much closer to the incident surface than lower energy ones. This effects is often used to compare

surface- and bulk processes. In Chapter 6 this effect will be leveraged to probe the surface

recombination of a thin film sample and study the diffusion of charge carriers after highly inho-

mogeneous charge carrier generation. It is important to keep in mind that the generation profile

described by Equations 2.11 and 2.12 is more relevant for pulsed excitation, while during

continuous excitation a steady-state generation rate G is calculated instead.

Comment: Reproducibility and the “one sun” Condition

At this point it is worth emphasizing the importance of reproducible experiments. When per-

forming spectroscopic characterization it is crucial to keep the amount of photons incident on a

sample as well as the density of photo-generated charge carriers in mind. This is especially im-

portant when investigating perovskite materials, where seemingly small changes to the processing

can have significant impact on the final material quality.142

Figure 2.9: The AM1.5 global tilt spectrum is shown as (a) converted to photon flux per
energy level and (b) integrated up to the absorption edge wavelength assuming a step-like
absorption profile. The latter is the absorbed photon flux that is called ’one sun condition’.

Hence, the “one sun” condition has been defined as the excitation condition at which the same

number of electron-hole pairs are generated per second as under AM1.5 illumination.143 It corre-

sponds to a power density of approx. 100 mW cm−2 This condition can be calculated from the

AM1.5 photon flux spectrum (shown in Figure 2.9(a)), by integrating the photon flux above a

certain bandgap energy. This assumes, that the absorption spectrum is step-like and A(hν) =
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1 above the bandgap, both of which are approximately true for a direct bandgap semiconductor

with low below-bandgap disorder, such as metal halide perovskites. The resulting absorbed pho-

ton flux for each bandgap energy (shown in wavelength) is presented in Figure 2.9(b). This

approach now allows the comparison of measurements made with different monochromatic or

broadband light sources as well as continuous or pulsed excitation. In addition it allows for a

better correlation of spectroscopic investigations of semiconductor materials with measurements

of full photovoltaic device stacks, which are typically assessed using a lamp with a simulated

AM1.5 spectrum.144,145

The Continuity Equation

After the generation of electron-hole pairs, their transient behaviour is described by the continuity

equation
∂n(t, z)

∂t
= G(0, z) − R(t, z) − 1

q

∂J(t, z)
∂z

, (2.13)

with n(t, z) being the charge carrier density over time and space, G(t, z) the generation, R(t) the

total recombination rate, q the electric charge and J(t, z) the current density related to charge

carrier transport, such as drift in an electric field and diffusion. Equation (2.13) is written for

electrons here, but a similar equation can be written for holes. In an intrinsic semiconductor, like

many perovskites, the two are linked via n(t) = p(t). This relation will become important when

non-radiative recombination is taken into account.

Over then next sections the different parts of the continuity equation will be introduced in more

detail.
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2.5 CHARGE TRANSPORT

Following photo-excitation, charges are now in the conduction band, which is delocalized over

the crystal lattice and hence allows for charges to move around. There are two main processes,

diffusion and drift, where the latter is only relevant in the presence of an electric field. Both are

however dependent on the interaction of the charge carriers and excitons with the surrounding

crystal lattice. This interaction is quantified by the mobility µ.

Mobility

In a semiconductor the mobility of electronic charge carriers is defined as

µi = e · τsc

m∗
i

(2.14)

using the reduced mass of the carrier type inside the crystal lattice m∗
i (i = n, p for electrons and

holes) and the average time taken until the charge carrier is scattered by the lattice again (τsc).

It follows that charge carriers with a higher effective mass, which are hence more localized in

momentum-space, will have a lower mobility.146 Therefore, the mobility also becomes a property

of the underlying crystal lattice and is an important material parameter. In an ideal semiconduc-

tor material, it is independent of the charge carrier density until carrier-carrier scattering effects

become relevant.147

In an electric field E charges will be accelerated along the electric field lines. Due to the m∗
i

and τsc in Equation 2.14 this acceleration slows down until it becomes a constant drift velocity

vd
80,146

vd(V ) = µi · E(V ). (2.15)

In a single crystal materials an electric field can hence be used to probe the impact of the lattice

on the mobility.148 It could be shown via temperature-dependent mobility measurements that

the charge carrier transport inside the perovskite material is limited by charge carriers scattering

off acoustic phonons.39 In a polycrystalline thin film the simple relations described in Equations
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(2.14) and (2.15) become dependent on the distance the charge carriers have to move. This is

due to morphological or compositional changes within the thin film. Alongside the polycrystalline

nature of the thin films this leads to additional scattering and trapping processes within the grains

at also at grain boundaries.13,17,147,149

In Chapter 4 the differences between long- and short-range mobility will be explored in more

detail.

Diffusion

In the absence of an electric field, photo-generated charge carriers will diffuse inside a semicon-

ductor material according to their density gradients. This will result in a homogeneous charge

carrier distribution after some time, if recombination can be neglected. Diffusion can be described

by the one-dimensional heat equation150–152

∂n(t, z)
∂t

= −Di
∂2n

∂z
. (2.16)

Here, D is the diffusion coefficient, which is related to the mobility via

Di = µikBT

e
. (2.17)

Often, diffusion is not characterized by the underlying mobility that governs the charge transport,

but by the diffusion length LD. It can be calculated as

LD,i =
√

Di · τtot, (2.18)

where τtot is the lifetime related to the total recombination rate Rtot as introduced in Section

2.6. It is important to keep in mind that µi and thereby Di is dependent on the distance the

charge carrier can move during a measurement. Additionally, there is some ambiguity in the field

to how τtot is defined.57

Equation 2.16 can only be solved numerically, without further assumptions. Common methods

include the foward- or backward-Euler method, the Crank-Nicolson method or the trigonometric

solution as described by Ahrenkiel.150,153 A more detailed description of the latter is presented

in Chapter 6. Regardless of the method chosen, the behaviour at the edges z = 0 and z = d
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need to be introduced via boundary conditions. This can be done by defining a net velocity of

charge carriers out of the boundaries on both sides. They are referred to as ’surface recombina-

tion velocities’ (SRVs) and are introduced as Neumann boundary conditions, meaning they are

introduced via their first derivative154

(a) S0 · n(t, 0) = D · ∂n(t, 0)
∂z

(b) Sd · n(t, d) = −D · ∂n(t, d)
∂z

.

(2.19)

In Section 2.6 it is described that the surface recombination can occur, if trap states are present

at the surface of a thin film or single crystal. In addition, interface recombination between a

semiconductor absorber and for example a charge transport layer can occur and is also described

by Equations (2.16) and (2.19). This is true because S has the units of velocity and describes

a net-flow from the absorber through the surfaces. The exchange of charge carrier at an interface

(extraction and re-injection) can thus be understood as a net-surface recombination rate.

Drift

The mobility, as a measure for charge transport, can also be directly linked to photovoltaic

performance parameters, such as the steady-state current density or the fill factor.80,155 The

steady-state current density is defined as

Jdrift(V ) = σ · E(V ) (2.20)

and is also known as ’drift current’. Here, σ is the conductivity of the material and is linked

directly to the mobility via

σ = e · (n · µn + p · µp) = e · n · Σµi, (2.21)

where the right side of the equation is only true for intrinsic semiconductors, where n = p.149,156 In

Chapter 4 this relation will be used to estimate the sum-mobility Σµi from photo-conductivity

measurements at different length scales.
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Charge Extraction

In a full solar cell device stack, charges that have moved from the absorber to a transport layer,

can be extracted by the metal contacts. In such a situation, the perovskite semiconductor can no

longer be assumed to be intrinsic across the entire thickness d. At this point, the charge carrier

transport can no longer be described by diffusion or drift alone, but becomes a mixed system

of both, that also depends on the intrinsic electric field. In perovskites, the presence of mobile

ionic species further complicate this. The detailed description of such a system goes beyond the

work presented here, but has been subject of previous research in the field.157,158 It is however

worth mentioning that charge extraction in the absence of electronic contacts is still covered by

the surface recombination. In this regard it is not possible to decouple charge extraction and

re-injection from interface recombination.
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2.6 RECOMBINATION

During absorption of photons, excitons and free charge carriers are generated in the conduction

and valence band. While diffusing or drifting through the material they can recombine via

a variety of processes, as shown schematically in Figure 3.1. In the following sections, all

recombination processes relevant for this thesis are introduced in detail.

Figure 2.10: All recombination processes relevant for this thesis: (a) radiative, band-
to-band recombination, (b) radiative, excitonic recombination, (c) non-radiative, trap-
assisted recombination, and (d) non-radiative, Auger recombination. The straight, solid
arrows indicate electron movement, the wavy arrows indicate photon emission and the
straight, dotted arrows indicate the Auger process.
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Radiative Recombination

Radiative recombination describes all recombination processes that result in the emission of a

photon at the energy (or close to the energy) of the bandgap.

bi-molecular, Band-to-Band Recombination

The band-to-band, radiative recombination of photo-excited, free charge carriers is shown schemat-

ically in Figure 3.1(a) and can be described via

Rrad(t) = krad · ((∆n(t) + neq) · (∆p(t) + peq) − neqpeq) , (2.22)

where neq and peq are the equilibrium, background electron and hole densities, which should be

equal in an intrinsic semiconductor.81,151,159 Similarly, ∆n and ∆p are equal in an intrinsic semi-

conductor. krad is the intrinsic, radiative recombination constant. Equation 2.22 describes that

the band-to-band recombination depends on the square of the photo-generated charge carrier

density.

When measuring the transient photo-luminescence of perovskites, Equation 2.22 is often sim-

plified to

Rrad = krad · ∆n2 (2.23)

as neq and peq are usually much smaller than the density of photo-generated charge carriers. In

Chapter 6 it will be seen under which circumstances these might become important again.

Since radiative recombination results in the generation of photons, it can be used to calculate the

photo-luminescence response of a semiconductor. After pulsed excitation the photo-luminescence

intensity is defined as

PL(t) =
∫ d

0
Rrad(t, z) · (1 − Preabs) dz = krad,eff ·

∫ d

0
((∆n(t) + neq) · (∆p(t) + peq) − neqpeq) dz,

(2.24)

where krad,eff = krad(t, z) · (1 − Preabs) is the effective, radiative recombination rate, with Preabs

being the probability of reabsorption of emitted photons before being detected. Further below it

is introduced, how the impact of Preabs was handled in this thesis.
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Mono-Molecular Exciton Decay

In addition to the bi-molecular, band-to-band recombination, there exists also mono-molecular

exciton recombination as shown schematically in Figure 3.1(b). In a full physical model de-

scription there will be rates related to the (b.1) recombination of free charge carriers to excitons,

(b.2) the dissociation of an exciton into free carriers, (b.3) the decay of an exciton to the ground

state resulting in the emission of a photon, and (b.4) the absorption of a photon by the excitonic

bandgap.81,160–162

It was shown that the ratio of (b.2) to (b.1) could be approximated via the Saha-Equation

(Equation 2.8), with high accuracy for high exciton binding energies, where (b.1) was the dom-

inating process.163 As was introduced in Section 2.3, excitons are the dominating species in

two-dimensional perovskites and define the optoelectronic properties. Under the assumption that

(b.1) is fast enough, the absorption rate (b.4) can be neglected as well. Then, the model can be

simplified by assuming that most of the photo-luminescence comes from the decay of an exciton

to the ground state (b.3). It can be described as a modification to the bi-molecular, band-to-band

recombination rate as

krad,eff = krad · (1 − Preabs) + kx · 1 − ϕ

ϕ2 , (2.25)

where kx is the mono-molecular rate of the exciton decaying to the ground state (b.3).136 For this

thesis the simplified model according to Equation 2.25 was sufficient to be used in Chapter 5.
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Non-Radiative Recombination

Via Bulk Trap States

As introduced in Section 2.2, defects will exist in any material, which can act as recombination

centres. The reason for this is that most defects generate energetic trap states within the bandgap.

Recombination via these trap states is shown schematically in Figure 3.1(c) for an electron trap,

but the recombination rates will be the same for a hole trap in an intrinsic semiconductor. The

recombination can be described via four coupled rate equations:

(c.1) Rc,n = v · σn · ∆n · Nt · (1 − ft)

(c.2) Re,n = en · Nt · ft

(c.3) Re,p = ep · Nt · (1 − ft)

(c.4) Rc,p = v · σp · ∆n · Nt · ft

(2.26)

with Rc,i and Re,i being the capture and emission rates of electrons (i = n) and holes (i = p),

v the thermal velocity, σi the capture cross section (i = n, p for electrons and holes), Nt the trap

state density and ft the trap state occupation.151,164,165 Equations 2.26(c.1) to (c.4)

As the emitted energy from this recombination process is now much lower than the bandgap it

will be lost to thermalisation. Hence, this type of recombination is termed non-radiative recom-

bination.

In the perovskite literature vσnNt = vσpNt is often summarized as a single constant knr - the

non-radiative recombination constant. This is valid under the assumptions that there is negligible

de-trapping and that both trapping and recombination happen on similar time scales so that

n = p is still conserved. In most cases, this is a good approximation and leads to the simple,

non-radiative recombination rate

RSRH = knr · ∆n. (2.27)

The rates Re,i of emission of charge carriers from the trap only become significant once the energy

of the trap is close to the conduction (in the case of an electron trap). In that case the density of
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re-emitted charge carriers into the band can be estimated via

ne,i = NC · e
− ∆Et

kBT , (2.28)

where NC is the density of states in the conduction band and ∆Et is the depth of the trap with

respect to the conduction band edge.164 It can then be used to approximate the non-radiative

recombination rate via any trap as

RSRH = knr · ∆n(t)2

2 · ∆n(t) + ne,i
(2.29)

again assuming that knr = knr,n = knr,p. The non-radiative recombination rate now scales with

∆n for low ne,i (deep traps) or with ∆n2 for ne,i approaching ∆n (shallow traps).57

The non-radiative recombination treated here is a property of the bulk material and is there-

fore termed ’bulk non-radiative recombination’. In the next section the ’surface non-radiative

recombination’ will be introduced.

Via Surface and Interface Recombination

Similar to bulk trap states due to imperfections within the material lattice, there can also be re-

combination centers at the surface. These are most often dangling bonds or under coordinated ions

generating trap states with energies within the bandgap again.166,167 In single crystal materials,

the surface recombination can often be ignored as it doesn’t determine the overall optoelectronic

properties, but in thin films is becomes a significant contribution to the overall recombination.

Again, four coupled rate equations similar to the ones for bulk-trap-assisted recombination can

be formulated for the capture of an electron or hole into a surface trap and the emission of an

electron or hole from the surface trap. Alternatively, it can be understood in terms of interface

processes, where an electron or hole is extracted into the adjacent material or re-injected into

the absorber material. As mentioned in Section 2.5 the two descriptions are equivalent, if a

net-surface recombination velocity (SRV) is defined. In this thesis surface recombination was

implemented only in Chapter 6 using the approach described in Section 2.5.
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Comment: Via a bi-molecular Process

In the field some reports have postulated a non-radiative, bi-molecular process with the recom-

bination constant k2,nr.168,169 It is often needed to accurately describe intensity-dependent PLQE

and TRPL data with the same parameters. The physical nature of this process is thus far not

understood. Recent work points towards a possible connection to non-radiative recombination via

shallow trap states, which then becomes a bi-molecular process, as shown in Equation 2.29.57 It

is worth noting that this non-radiative process won’t have an impact on the time-resolved fitting

shown in this thesis, as it cannot be disentangled from krad,eff unless in the case of intensity-

dependent PLQE measurements. In this thesis k2,nr was hence used to improve the agreement

between intensity-dependent TRPL and PLQE measurements without further investigating its

physical nature.

Via the Auger Process

In addition to the recombination processes introduced so far, there is also the possibility for the

Auger recombination process, which is shown schematically in Figure 3.1(d). In general, it

involves three charge carriers (either two electrons and one hole or the other way around), two of

which recombine and transfer the emitted energy onto the third one. In all cases the newly excited

charge carrier looses its extra energy to thermalisation making it a non-radiative process.170 As

the process follows third-order kinetics, it is only probable at high charge carrier densities. The

Auger recombination rate can be written as

RAug = (kAug,n + kAug,p) · ((∆n + neq) · (∆p + peq) − neqpeq) , (2.30)

where kAug,n and kAug,p are the Auger recombination constants. In the case of perovskites, they

are often combined into kAug,eff = kAug,n + kAug,p.152 It was shown that the Auger recombination

can be influenced by the presence of trap states, as it temporarily locates one or two of the charge

carriers, which increases the probability of the process.170,171 It was postulated that the Auger

recombination diverges from a third-order process, only if the trap density exceeds 1018cm−3 and

the trap state has a large ∆Et. For most perovskite materials it is hence unlikely to be the

source of the unknown, non-radiative, bi-molecular recombination. In addition, typical values

for kAug,i are in the range of 10−27 to 10−32 cm6s−1, which makes the Auger process in general
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only a relevant process for charge carrier densities ≥1017cm−3, which are barely reached in typ-

ical photo-luminescence measurements.172 Therefore, Auger recombination was neglected for all

TRPL-related processing in this thesis, but included for intensity-dependent PLQE analysis (see

Chapter 3).

Reabsorption Effects

An additional effect, which can impact the observed recombination behaviour is the reabsorp-

tion (as mentioned Preabs).56,173–175 It was shown through simulations that reabsorption affected

the earlier time processes.56 Hence, its impact is often reduced to a pre-factor, which is then

included in krad,eff .169 In a full ray-tracing simulation it could be shown that proper inclusion of

reabsorption processes allows the extraction of krad from TRPL measurements.173,175 The com-

plete description of reabsorption effects goes beyond the scope of this thesis, nevertheless it is an

important parameter when assessing TRPL data (as will be discussed in detail in Chapter 6).

At this point it is worth mentioning that reabsorption can affect all parameters that impact the

early-time processes during a TRPL measurement, which includes the radiative recombination,

but also diffusion.174,176 It appears to be unclear at this point how reabsorption and diffusion are

connected other than via the diffusion length: The diffusion length can appear longer when reab-

sorption effects are present.174,177,178 This would result in an over-estimation of the charge carrier

mobility. The possible correlation between mobility and reabsorption has not been studied, yet,

but will be discussed in Chapter 6.
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2.7 STEADY-STATE PHOTOLUMINESCENCE

The steady-state photo-luminescence is the result of electron-hole pairs recombining and releasing

the energy as a photon. It is thus the inverse process of absorption.81 This is known as the

reciprocity-relation between absorption and emission, which is true as long as both processes are

connected to the same energetic states.179 Hence, it is possible to gain insights into the underlying

material properties from the photo-luminescence. For instance, the reciprocity relation can be

leveraged to estimate below-bandgap absorption from ss-PL measurements.180

One can also estimate the photo-luminescence quantum efficiency (PLQE, ηQE), which is generally

defined as the ratio of emitted photons to absorbed photons

ηQE = emitted
absorbed (2.31)

The PLQE can then be interpreted using the continuity equation (Equation 2.13), where all

processes are in equilibrium and dn(t,z)
dt

= 0. An internal and external PLQE can be defined as

(a) ηQE,int = Rrad

Rrad + Rnr

(b) ηQE,ext = Pesc · ηQE,int

1 − ηQE,int + Pesc · ηQE,int
,

(2.32)

where ηQE,int can be calculated with the knowledge of the radiative and non-radiative recombi-

nation rates (Rrad and Rnr). Importantly, ηQE,ext is also dependent on the escape probability

Pesc and is the parameter that can be measured experimentally.169 This is especially important

to consider when measuring thin film samples on a substrate, where generated photons can be

absorbed by adjacent layers or be trapped via total internal reflections.169,175 Because of this

effect it is possible to have a system, where all absorbed photons are re-emitted and still the

measured ηQE,ext is not 100%.173,175 Still, the PLQE is a measure of the ratio of radiative- and

non-radiative processes and can hence give insights about the defect density in a material. As

with the absorption, the PL emission can hence be used to assess Voc losses in semiconductors in

contact with transport layers and full device stacks.143,181,182



CHAPTER

EXPERIMENTAL DETAILS 3
This chapter summarizes all experimental techniques used for the work presented in this thesis.

Both thin film fabrication, as well as extensive optoelectronic characterization are covered. Addi-

tionally, computational methods like fitting algorithms and transient behaviour simulations were

applied to analyse the data.

41
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3.1 CHEMICALS AND MATERIALS

Unless otherwise stated, the following materials were used throughout this thesis:

Precursor salts to form the perovskite material included Lead(II) iodide (PbI2, TCI Chemi-

cals, 99.999%, trace metals basis or sigma-PbI2, Sigma-Aldrich, 99%), lead(II) bromide (PbBr2,

Afla Aesar, ultra dry, 99.999%, metals basis), lead(II) chloride (PbCl2, Sigma-Aldrich, powder,

98%), lead(II) acetate (PbAc2 x 3 H2O, Sigma-Aldrich, ≥ 99%), formamidinium iodide (FAI,

GreatCell Solar, ≥ 99.99% or dyenamo, 99.99%, trace elements basis), cesium iodide (sigma-CsI,

Sigma-Aldrich, 99.999%, metals basis or Alfa Aesar, 99.9%, metals basis), methylammonium io-

dide (MAI, GreatCell Solar, ≥ 99.99%), methylammonium bromide (MABr, GreatCell Solar, ≥

99.99%) and methylammonium chloride (MACl, GreatCell Solar, ≥ 99.99%).

To form the two-dimensional, layered perovskite materials, phenethylammonium iodide (PEAI,

Sigma-Aldrich, 98%), 4-fluoro-phenethyl-ammonium iodide (F-PEAI, Greatcell Solar), 4-methoxy-

phenethylammonium iodide (MeO-PEAI, Greatcell Solar) and 4-methyl-phenethylammonium io-

dide (Me-PEAI, Greatcell Solar) were used.

The solvents used where 2-isopropanol (IPA, Sigma-Aldrich, ACS reagent, ≥ 99.5% for cleaning),

acetone (Sigma-Aldrich, ACS reagent, ≥ 99.5% for cleaning), toluene (Sigma-Aldrich, anhyrdous,

99.8%), acetronitrile (Sigma-Aldrich, anhydrous, ≥ 99.8%), dimethylformamide (DMF, Sigma-

Aldrich, anhyrous, 99.8%), dimethylsulforxide (DMSO, Sigma-Aldrich, anhydrous, ≥ 99.9%),

N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, anhydrous, 99.5%), gamma-butyrlactone (GBL,

Alfa Asear, 99%), anisole (Sigma-Aldrich, anhydrous, 99.5%), methylamine (Sigma-Aldrich, 33

wt.% in absolute ethanol), hydrophosphorous acid (HPA, Sigma-Aldrich, 50 wt% in H2O) and

formic acid (FAH, Sigma-Aldrich, ≥ 95%).

All chemicals were used without further treatment or purification.
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3.2 SUBSTRATES

Types of Substrates

The substrates used in this thesis were glass (Lumtec LT-G000 or biosigma), z-cut quartz, or

fluorinated indium-tin-oxide (FTO) on glass (latech, 8Ω per square). Generally, for optoelectronic

characterization thin film samples on glass or z-cut quartz were used. To measure half-stack

samples FTO was used.

Substrate Cleaning

All substrates used in this thesis were cleaned using the same protocol: First, the substrates

were scrubbed with a toothbrush and Decon90 detergent and rinsed with deionized water. Then

the substrates were placed in a beaker in Decon90. The beaker was placed in an Ultrasonicator

(Grant, Xuba3) at 50 °C for 30 min. Then, the substrates were rinsed with deionized water at

least three times before being sonicated sequentially with acetone and IPA at 50 °C for 10 to 15

min. each. The substrates were then blow dried with a compressed dry air (CDA) gun and kept

in a case covered with aluminum foil until use.

Right before using, the substrates were treated with UV-Ozone Cleaner (Jetlight Company Inc.,

Model 30) for 15 min. and used immediately, unless stated otherwise.
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3.3 SAMPLE FABRICATION

Spin-Coating

All samples prepared for the work shown in this thesis were fabricated using Laurell-Technology

spin-coaters. The spin-coating was either done inside a nitrogen-filled glovebox (< 1ppm H2O,

< 1 ppm O2, 5 to 7 mbar over-pressure), a dry-box (ambient pressure) filled with nitrogen or

compressed dried air (CDA) to control the humidity inside or using an ambient spin-coater in the

the atmosphere of a cleanroom lab (approx. 50%RH, approx. 20 °C).

Thin Film- and Single Crystal Samples for Chapter 4

All thin films for this work were deposited on glass substrates.

Preparation of FA0.83Cs0.17Pb(I0.9Br0.1)3 and (FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3

thin films4,34,35

CsI-alpha, FAI, MAI , PbI2 and PbBr2 were combined to the exact stoichiometry for the desired

(FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3 (termed FAMACs) or FA0.83Cs0.17Pb(I0.9Br0.1)3 (termed FACs)

compositions and then stirred with a 4:1 solvent mixture of DMF and DMSO to obtain a 1.4 M

solution. The fabrication of the thin films was carried out via spin-coating using a 2-step protocol:

1) 1000 rpm (200 rpm/s acceleration) for 10 sec. and 2) 5000 rpm (2000 rpm/s acceleration) for

35 sec. The perovskite precursor solution was dropped in the beginning of the program and 5

seconds before the end of the spinning process, a solvent-quenching method was used by dropping

300 µL anisole onto the wet, spinning films. The method was previously reported in more detail.36

Average film thicknesses of 495 and 550 nm for FACs and FAMACs, respectively was determined

using a DekTak profilometer.

Preparation of MAPbI3 (ACN/MA) thin films

MAI and sigma-PbI2 were combined at a ratio of 1:1.06 with a solvent mixture of acetonitrile and

methylamine to obtain a 0.5 M solution. The precuror solution was spincoated in a CDA dry box
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using a one-step protocol: 2000 rpm for 45sec. The resulting thin films were then post-treated with

MACl, by dynamically spincoating 100 µL of a 5 mg/mL solution of MACl in IPA. The samples

were then annealed at 100 °C for 60 mins. The formation of the acetonitrile/methylamine solvent

and the rest of the method is detailed in a previous study.32 An average film thickness of 400 nm

was determined using a DekTak profilometer.

Preparation of MAPbI3–xClx (DMF) thin films

The perovskite precursor solution was made by combining MAI, PbCl2 and sigma-PbI2 with the

stoichiometry MA3Pb(Cl0.98I0.02)3 and dissolved in pure DMF to obtain a 0.76 M solution. The

thin films were prepared in a drybox (CDA, 15% to 20% RH at 20 °C) by a two-step spin-coating

process: 1) 1300 rpm for 25sec.and 2) 3000 rpm for 15sec. Crystallization was induced by quickly

quenching the spinning film with a CDA gun for 30sec. The resulting films were dried at 20 °C

for 15 min and then at 70 °C for 15 min on a hot plate. Then the films were annealed 100 °C for

90 min before the tamperature was ramped up to 120 °C for 10 min inside an oven at ambient

conditions. Finally, the annleaing process was completed at 150 °C for 10 min to evaporate excess

MAI and form the perovskite material. The method is detailed in a previous report.38 An average

film thickness of 405 nm was determined using a DekTak profilometer.

Preparation of MAPbI3 (DMF/HPA) thin films

MAI and PbAc2·3 H2O were combined with the stoichiometry of MA3PbI5 and dissolved in DMF

to obtain a 0.43 to 0.73 M solution. Then, 0.05 to 0.1 mol% of HPA solution was added to the

precursor solution. The thin films were fabricated in a nitrogen-filled glovebox by a one-step spin

coating process: 2000 rpm for 45sec. Afterwards, the films were left at 25 °C for drying for 10 to

15 min. then annealed at 100 °C for 5 min. The procedure is based on a previous report.34 An

average film thickness of 340 nm was determined using a DekTak profilometer.

Preparation of MAPbI3 single crystals

MAI and PbI2 were combined at a 1:1 molar ratio and dissolved in fresh GBL at 55 °C for at least

30 min. to obtain a 1.2 M solution. To obtain a seed crystal, 200 µL of FAH were added to 5 mL

of precursor solution and the mixture was filtered through a 0.45 µm filter. The solution was kept

in a closed vial at 55 °C until a seed crystal formed. Then, another solution was prepared from

precursor salts with the same stoichiometry and concentration, but this time only 150 µL of FAH
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per 5 mL of precursor solution were added. A cleaned Si wafer was placed at the bottom of the

vial and a small (approx. 500 µm) seed crystal was placed on top of it. Then the vial was closed

and placed in an oil bath at 55 °C until the crystal size was sufficient. The protocol is described

in more detail in previous reports.183,184 To be able to use the crystals for photo-conductivity

measurements a 75 nm layer of gold was evaporated onto the dried crystals using a Nano36 (Kurt

J. Lesker) evaporator. A thin piece of tape was carefully used to mask part of the crystal surface

and produce laterally spaced electrodes. The parameters of the MAPbI3 single crystals used in

Chapter 4 are summarized in Table 3.1. They were determined using a digital caliper.

Table 3.1: Structural parameters of the MAPbI3 single crystal devices for the TPC mea-
surements in Chapter 4.

Crystal No. Crystal width Crystal thickness Electrode spacing
(mm) (mm) (mm)

1 3.2 0.22 2.8
2 2.8 0.30 3.3
2 3.6 0.35 4.5

Thin Film Samples for Chapter 5

Thin film samples for this work were deposited on glass substrates for UV-Vis absorption, TRPL,

PLQE and TPC measurements and on z-cut quartz for OPTP and XRD experiments. Thicker

samples were produced for all optical characterization, while in the case of the 2D perovskite

samples, the UV-Vis absorption was obtained from thinner samples, to be able to resolve the

excitonic absorption feature.

Preparation of FA0.9Cs0.1PbI3 Thin Films

FAI, CsI and PbI2 were combined with the stoichiometry of FA0.9Cs0.1PbI3 and dissolved in a

3:1 solvent mixture of DMF and DMSO, to obtain a 1 M solution. The solution was stirred

overnight. Then, the thin films were fabricated by spin-coating the precursor solution via a two-

step program: 1) 1000 rpm (200 rpm/s acceleration) for 10 sec. and 2) 5000 rpm (2000 rpm/s

acceleration) for 35 sec. 250 µL of precursor solution were dropped onto the spinning substrate

5 to 6 sec. after starting the program. Crystallization was induces by dropping 350 µL of anisole

onto the spinning films 10 sec. before the end of the program. It took about 1 to 2 sec. to release
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all of the antisolvent. The films were then annealed on a hotplate at 100 °C for 15 min. All

processing was done inside a nitrogen-filled glovebox. An average film thickness of 370 nm was

determined using a DekTak profilometer.

Preparation of two-dimensional perovskites A2PbI4 Thin Films

The same procedure was used for all ammonium iodides (AI) used in this thesis namely PEAI,

F-PEAI, MeO-PEAI and Me-PEAI.

PbI2 and the chosen AI were combined with the stoichiometry of A2PbI4 and dissolved in a

3:1 solvent mixture of DMF and DMSO, to obtain a 0.6 M solution. The solution was stirred

overnight. Then, the thin-films were fabricated by spin-coating the precursor solution substrate

via a two-step program: 1) 1000 rpm (200/s rpm acceleration) for 10 sec. and 2) 6000 rpm (2000

rpm/s acceleration) for 35 sec. 250 µL of precursor solution were dropped onto the substrate

after 5 to 6 sec. starting the program. No anti-solvent was needed to induce crystallization. The

films were then annealed on a hotplate at 100 °C for 15 min. All processing was done inside a

nitrogen-filled glovebox. For the thicker films, an average film thickness of 590 nm was determined

using a DekTak profilometer, while for the thinner ones used for UV-Vis absorption a thickness

of 160 nm was determined.

Thin Films for Chapter 6

The FAPbI3 thin films and FAPbI3|Spiro samples were deposited on glass substrates, while the

SnO2+TiO2|FAPbI3 samples were depoited on FTO. All samples for this project were fabricated

by Dr. Seongrok Seo (University of Oxford).

Preparation of FAPbI3 Thin Films

Precursor salts were combined according to the (FAPbI3)0.99(CsPbBr3)0.01 stoichiometry with

35mol% excess MACl and were dissolved in a DMF:DMSO solvent mixture (4:1 by volume) to

obtain a 1.5 M solution. It was stirred for 1 hr and filtered using a 0.45 µm PTFE filter before use.

The spin was conducted in 2 steps: 1000 rpm for 10 sec. (500 rpm/s acceleration) and 5000 rpm

for 35 sec. (1000 rpm/s acceleration). 100 µL of the precursor solution was dropped dynamically

in the beginning of the program. Then 300 µL of anisole were used for the solvent quenching

at 5 seconds before end the spin and annealed at 80 °C for 10 mins. Films were spin-coated in
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a nitrogen-filled glovebox and then further annealed at 150 °C for 15 min. in a dry box (10 to

15%RH).

Preparation of SnO2+TiO2|FAPbI3 Half-Stacks

Glass substrates were cleaned and UVO treated for 30 min. before the deposition of the ETL.

100 µL of TTIP solution (diluted 1:15 in 1-Butanol) were statistically spin-coated at 5000 rpm

for 45 sec. (2000 rpm/s acceleration) then dried at 130 °C for 5 min. and 450 °C for 30 min. 100

µL of SnO2 nanoparticle dispersion (2 wt% diluted in DI water) were statistically spin-coated at

4000 rpm for 30s (3000 rpm/s acceleration) and then annealed at 180 °C for 30min. Then the

perovskite was processed on top, as described before.

Preparation of FAPbI3|Spiro-OMeTAD Half-Stacks

Spiro-OMeTAD solution was prepared with the following composition: 60 mg of Spiro-OMeTAD,

25.5 µL of 4-tert-butylpyridine, 15.5 µL of Li-TFSI (520 mg mL−1 in acetonitrile), and 12.5 µL

of Co-TFSI (375 mg mL−1 in acetonitrile) in 700 µL of chlorobenzene. 60 µL of the solution

was dynamically spin-coated on top of the perovskite thin film at 4000 rpm for 30s, then dried

overnight in dry air condition before characterization.
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Preparation of Samples for Transient Photo-Conductivity Measure-

ments

To prepare samples for TPC measurements, in-plane gold (Au) electrodes with a thickness of 75-

100 nm were evaporated onto the perovskite thin films on glass using a Nano36 (Kurt J. Lesker)

evaporator. The measurements of the channel dimensions are summarized in Table 3.2. There

were two different pixel layouts used: a 300 µm-channel, which was used for Chapter 4 and 5,

and a 500 µm-channel. For Chapter 6 both channels were used. All evaporation masks were

designed by Dr. Jongchul Lim (Chungnam National University).

Figure 3.1: Photograph of the interdigitated Au electrode layout used throughout this
thesis. The ’300 µm’ and ’500 µm’ pixels were used.

Table 3.2: Structural parameters of the two Au pixel layouts used for the TPC measure-
ments in this thesis.

’300 µm’ ’500 µm”
Spacing (mm) 0.3 0.5
Length (mm) 31.6 23.2
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3.4 STRUCTURAL MATERIALS CHARACTERIZATION

1D Thin Film X-ray Diffractometry

All X-ray diffractograms presented in this thesis have been measured on z-cut quartz, unless

stated otherwise. They were obtained using an X‘PERT Pro X-ray diffractometer (Panalytical)

using a Cu-Kα1 X-ray source.

2D Thin Film X-ray Diffractometry

2D X-ray diffractograms were measured for thin film samples on z-cut quartz. The measurements

were conducted in ambient air (30 to 50%RH, r.t.) with a Rigaku SmartLab X-ray diffractometer

with a Cu-Kα1 X-ray source and a HyPix-3000 2D hybrid pixel array detector. All 2D X-ray

diffractograms were measured and analyzed by Philippe J. Holzhey (University of Oxford).

Secondary Electron Microscopy (SEM)

The instrument used to image thin films using the secondary electron emission was an FEI Quanta

600 FEG electron microscope. The thin films were either deposited on glass or ITO-coated glass.

The latter was necessary for two-dimensional perovskites (in Chapter 5) as they showed strong

in-plane conductivity, which resulted in diffuse images. Measuring on ITO improved the image

quality.

Kelvin probe Force Microscopy

The measurement was performed in a nitrogen-filled glovebox at room temperature using a Kelvin

probe (KP technologies) with a 50 µm tip diameter, and with a micro-translation stage to move

the sample under the tip. A bias voltage of < 0.01 V µm−1 was applied to the sample via the

evaporated electrodes used for TPC. Samples were assessed with and without illumination.
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3.5 CHARACTERIZATION OF ABSORPTION PROPERTIES

UV-Vis Absorption

Transmission and reflection spectra were measured for thin-film samples on microscope glass slides

with a PerkinElmer 1050+ UV-Vis-NIR spectrophotometer equipped with an integrating sphere

accessory. The absorption coefficient was calculated according to Equation (2.10) where the

thickness d was determined using a DekTak profilometer.

It is worth mentioning at this point that for the analysis of data obtained from optoelectronic

characterization methods it is crucial to know the number of photons absorbed by the sample. In

this case the knowledge of the absorption coefficient is not sufficient, but the reflectance r(hν) at

the illuminated surface is needed as well. The absorptance can then be calculated as

A(hν) = (1 − r(hν)) ·
(
1 − e−α(hν)d

)
(3.1)

For example, for perovskites illuminated with a 470 nm (2.64 eV) excitation laser, the absorption

coefficient is approximately 1 × 105 cm−1. At a film thickness of 500 nm, almost all photons

should be absorbed. The measured absorptance is however only 75% to 85%, because it is limited

by the reflectance the illuminated surface.

Ellipsometry

A JA Wollam RS2 ellipsometer was used to measure the dielectric constants of the thin films

on glass. The constants of a reference glass substrate were measured and fit first, and then the

glass/film sample was measured with the glass model held constant. The psi and delta values

were measured at angles of 55,65 and 75 with respect to the sample normal. A b-spline model

was used to determine the n and k values, with a transparent region past the band edge set to

k = 0. All ellipsometry was measured and assessed by Akash Dasgupta (University of Oxford).
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3.6 PHOTOLUMINESCENCE CHARACTERIZATION

Steady-State Photoluminescence Quantum Efficiency (PLQE)

PLQE measurements were carried out using a home-built setup. Over the course of this thesis,

the previously used PLQE setup was upgraded with a different set of lasers and an optical fiber.

For Chapter 5 the ‘old setup‘ was used. There, a 405 nm laser (Roithner laser MLL-III-405-200

mW), was used for the two-dimensional perovskite samples and a 532 nm laser (Roithner laser

RTLMLL-532-1.5-3W) for the three-dimensional ones. An integrating sphere, and a calibrated

grating spectrometer (QEPro, OceanInsight), were used to measure the PL spectra.

For Chapter 6 the ‘new setup‘ was used, where a 445 nm laser (Thorlabs L450P1600MM laser

diode powered with a LTC56B current controller) was used to measure all samples.

Intensity-Dependent PLQE

Intensity-dependent PLQE measurements can help to understand the recombination properties

of a material. The same setups as above were used. For Chapters 4 and 5 the old setup was

used, where the intensity was changed with a discrete filter wheel and the resulting power was

measured with a powermeter. The small spot size and irregular illumination times made it nec-

essary to measure many samples (typically 3 spots on 3 samples) in order to obtain a statistically

significant dataset.

For Chapter 6 the new setup was used, where the discrete filter wheel was replaced with a

continuous one and the power of the laser was monitored by a photo-diode attached directly to a

powermeter. The intensity was then changed by a protocol written in python by Akash Dasgupta

(University of Oxford), which fixed both the illumination time before the measurements and the

time the sample was in the dark. The new setup yielded more reproducible results, so only one

spot was measured for each sample.
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Time-Correlated Single-Photon Counting (TCSPC)

In order to investigate transient behaviour of photo-generated charge carriers, the transient photo-

luminescence can be studied using time-correlated single-photon counting. For this thesis, a

TimeHarp300 (Picoquant) was used, which includes a PMT detector (dead time < 95 ps) cou-

pled to single-photon counting electronics (TimeHarp260 nano). Two lasers were mainly used

with emissions at 398 nm (LPD- P-C-405) and 505 nm (LDH-P-C-510). The laser spot sizes and

fluence ranges are summarized in Table 3.3 For each sample, multiple fluences were measured

to enable extraction of physical parameters using global fit (see Section 3).

In TCSPC experiments, the sample is excited with a pulsed light source and photo-generated

charge carriers form upon absorption. The charge carriers will decay via a multitude of pathways

(see Chapter 2) and emit photons at the detected wavelength. The time-difference between

excitation and emission of a photon is tracked using the time-correlation electronics. This only

works efficiently, if the number of photons arriving at the detector is a stream of single photons.

One measure to keep in mind, is the pile-up rate, which is defined as the ratio of rate of emission

to the rate of excitation. A pile-up rate of 100% therefore means that each excitation pulse

generates one photon. The pile-up rate is influence by two important processes: (a) long-lived

photons that stem from previous pulse cycles and (b) multi-photon emission within one pulse

cycle. If the pile-up rate is too high, there is a chance for two photons simultaneously arriving

at the detector, whereas the detector cannot differentiate between them. Effectively, this leads

to an underestimation of the number of emitted photons from the sample. It is generally advised

to keep the pile-up rate as low as possible to reduce this effect. If the pile-up rate gets too high,

either the repetition rate of the laser can be reduced or neutral density filters can be used to

reduce the number of photons reaching the detector. In all TRPL measurements for this thesis,

the pile-up rate was kept below 5% to ensure that these effects are minimized.

Table 3.3: Parameters of the two lasers used in this thesis for the TCSPC measurements.

Laser Wavelength 398 nm 505 nm
spot size (×10−5 cm2) 8 15

max. Fluence (m2) 4.8 × 1011 2.1 × 1010
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3.7 PHOTO-CONDUCTIVITY MEASUREMENTS

Optical-Pump Terahertz-Probe (OPTP) Conductivity

Optical-Pump THz-Probe experiments were performed as previously described.17,185 A Spectra

Physics Mai Tai-Empower-Spitfire Pro Ti:Sapphire regenerative amplifier provided 35 fs pulses

centered at 800 nm at a repetition rate of 5 kHz. 400 nm (3.10 eV) photo-excitation is obtained by

frequency doubling the fundamental laser output through a BBO crystal, and 520 nm (2.38 eV)

photo-excitation is obtained using an Optical Parametric Amplifier (Spectra Physics TOPAS).

THz probe pulses are generated by a spintronic emitter composed of 1:8nm of Co40Fe40B20

sandwiched between 2 nm of Tungsten and 2 nm of Platinum, all supported by a quartz substrate.

Detection of the THz pulses was performed using electro-optic sampling in a ZnTe crystal (1

mm (110)-ZnTe). The samples studied were bare perovskite films deposited on z-cut quartz.

The sample, THz emitter and THz detector were held under vacuum (<10−2 mbar) during the

measurements. For this technique, no electronic contact is made with the sample.

Transient photo-conductivity (TPC)

Using a home-built setup, the transient photo-conductivity (TPC) can be measured for the thin

films on glass. Inter-digitated gold electrodes spaced were used to bias the sample with a weak

electric field of < 0.01 V µm−1. The sample was illuminated by a 10 Hz pulsed laser at 470 or

550 nm with power densities < 1 mW cm−2 neutral density filters are used to access multiple

excitation fluences and a hazy lens in front of the sample was used to uniformly illuminate the

sample between in-plane electrodes, with an excitation of up 0.25 cm2. The excitation used during

the TPC experiment has a pulse width σFWHM of 3.7 ns, and was used as an optical trigger for a

digital oscilloscope (Tektronix DPO 3054), which measures the voltage across a terminal resistor.

More details about the technique and post-processing of the acquired data is part of Chapter 4.
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A Note on the Probed Length-Scales

Concerning the length-scale over which the charge transport will occur during the measurement,

this will depend upon the charge carrier mobility, the charge carrier lifetime and the applied

electric field. For instance, with a mobility of 1 cm2 V−1 s−1 and a lifetime of 1000 ns, the charge

carriers would drift 1000 nm in the applied electric field of 0.01 V µm−1.

Similarly to the TPC measurement, the length-scale over which OPTP spectroscopy probes the

charge carrier mobility is dependent upon the absolute value of the charge carrier mobility. It is not

straight forward to precisely estimate this length-scale.186 However, for metal halide perovskites

it has been observed that the OPTP estimated charge carrier mobility reduces when reducing

perovskite nanocrystal sizes from 9 to 5 nm, suggesting that the length-scale probed is on the

order of 10 nm. Hence, this technique is considered short-range, in comparison to the length-scale

of 100s to 1000s of nm probed by the TPC measurement.
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3.8 COMPUTATIONAL METHODS

About Physical Models

A general consideration when using physical models is the maximum number of parameters needed

to fully describe a set of experimental data. A physical model should be able to describe the en-

tire data set, make falsifiable predictions about unseen data and contain physically meaningful

parameters.187 When using a physical model one hence needs to consider the effects of under- and

over-fitting: An experimental data set will contain features that are caused by some underlying,

physical process and random fluctuations known as measurement noise that depend on the na-

ture of the measurement and the environment. The physical model should be able to accurately

describe features, but neglect the random fluctuations. Both, the lack of (under-fitting) as well

as the abundance of (over-fitting) parameters may lead to a model that lacks the ability to make

predictions and from which no physically meaningful quantities can be extracted.188

Simultaneously one needs to pay close attention to the identifiability of the physical model:

There should be enough parameters to describe the experimental data set, but not so many

that degenerate parameter combinations are possible.189 It should be noted at this point that

both, over-fitting and non-identifiability may enable ’cherry picking’, by which only one of the

degenerate parameter combinations is reported to support the hypothesis of an experiment. At

the same time, non-identifiability can also be a feature of an experimental data set.190 These

considerations should be kept in mind, when writing or assessing physical models and will be

explored further in Chapter 6.

Elliott Fit

The exciton binding energy of semiconductor materials is commonly determined by fitting the

absorption coefficient to Elliot’s Model.83 In brief, the absorption onset of a direct bandgap

semiconductor can be characterised by a range of states that are influenced by the presence of

excitonic states below the bandgap. Previous studies have demonstrated that the absorption

spectrum of metal halide perovskites cannot be accurately captured by Elliott‘s model, primarily
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due to the presence of a strong Coulomb interaction within the material.81 Only the first few

hundred meV above the absorption onset can be fitted by the model. For the purpose of the

work presented in this thesis it is good enough to fit these first few hundred meV and extract

the exciton binding energy EB as the difference in energy between the excitonic state and the

continuum of states. The absorption coefficient α, can be modelled by separating it into an

excitonic component fex and a continuum component fc

α(hν) = B ·
√

EB

hν
· (fex(hν) + fc(hν)) . (3.2)

Here,
√

EB
hν

· (fex(hν) + fc(hν)) is dimensionless and can also be used to fit the absorbance directly.

To be able to fit the absorption coefficient instead, the factor B, is needed, which is on the order

of 1
d
, with d being the thickness of the sample.

The excitonic part fex consists of a series of normalised Gaussian peaks, with the peak centres

being Eg − EB and a broadening factor of σex. The energetic spacing between the different

excitonic states is denoted as Exm. In general, it is useful to split the excitonic part into the first

(1s) and all the other (ms) Gaussian peaks.

fex (hν) = f1s (hν) + fms (hν) (3.3)

The advantage of this approach is that special attention can be given to the 1s excitonic peak. For

confined systems, like the layered perovskites, the 1s excitonic peak has been observed to show an

asymmetric peak shape.191 Hence, two distinct broadening terms, σex,1 and σex,2 need to be used

to characterize each side of the peak, with σex,2 ≥ σex,1 being associated with the high-energy side.

In addition to the asymmetry, a strong exciton-lattice coupling of the 1s excitonic peak needs

to be taken into account. It can be quantified by an additional dielectric confinement factor,

denoted as bD. More details on these corrections can be found in a recent study.191,192 In the case

of three-dimensional perovskites, the asymmetry of the 1s excitonic peak and its enhancement

due to dielectric confinement didn’t need to be taken into account.

f1s (hν) = 4π · (EB)3/2 · 1√
2π · σ2

ex

· e
− 1

2 ·
(

hν−(Eg−EB)
σex

)2

, where


hν ≤ Eg − EB, σ = σex,1

hν > Eg − EB, σ = σex,2

(3.4)
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All other excitonic peaks can then be described as a sum of Gaussian peaks with broadening σex,

where σex = σex,1 in the case of an asymmetric 1s excitonic peak.

fms (hν) =
11∑

m=2
bD · 4π · (EB)3/2

m3 · 1√
2π · σ2

ex

· e− 1
2 ·(hν−Exm

σex )2

, where Exm = Eg − EB

m2 (3.5)

The continuum of states fc can be modelled using a square-root function, which equals zero below

the bandgap. To take the strong coulombic interactions of free charge carriers in a solid state

lattice into account, one can use the Sommerfeld factor (SF = 2π·x
1−e−2π·x ).193 Hence

fc,0 (hν) = 2π · x

1 − e(−2π·x) ·
√

hν − Eg, where hν > Eg, x =
√

EB

hν − Eg
(3.6)

is a good estimation for the continuum of states. To include additional effects, like the influence

of energetic disorder in the vicinity of the bandgap, it is necessary to introduce an additional

broadening factor. In this case, the square-root function is augmented by a normalised Gaussian

with a broadening parameter σc

b =
1√

2π·σ2
c

· e− 1
2 ·(hν

σc )2

∫∞
0

1√
2π·σ2

c
· e− 1

2 ·(hν
σc )2

d(hν)
(3.7)

so that the continuum of states can then be modelled as

fc (hν) = (b ∗ fc,0) (hν) (3.8)

Computationally, Equations 3.6 to 3.8 are challenging, because they need to be modelled

via convolution of the square-root function and broadening factor taking energetic disorder into

account. The fitting therefore depends strongly on both σc and the fitting window in eV. To

overcome this issue, both can be fixed and then changed manually to assess their impact on the

overall fitting and the extracted parameters. For the data shown in Chapter 5, both both σc

and the fitting window were manually changed by ± 1 meV for the FA0.9Cs0.1PbI3 samples and

± 10 meV for the PEA2PbI4 samples. A better estimate for the exciton binding energy was then

obtained by averaging four fits of the same dataset. The results are presented in Chapter 5.

The fitting algorithm was implemented in python (see Appendix C for details). The original

code was written by Dr. Bernard Wenger (University of Oxford), but adapted for the work
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presented in this thesis. Especially, the asymmetric excitonic 1s peak and the additional dielectric

confinement factor needed to be implemented.

Estimation of Long-Range Mobility from Photo-Conductivity

A detailed description of the methodology and optimization is given in Chapter 4. The code

was written in python and is shown in Appendix C.

PLQE

Under continuous illumination, the PLQE of a material can be estimated via Equation 2.32.

It was calculated by solving the general recombination equation for the steady-state condition
dn
dt

= 0

0 = G − k1 · nss − k2 · n2
ss − k3 · n3

ss, (3.9)

where G is the generation rate of the laser used and k2 can be exchanged for k2 + kx
nss

to in-

clude excitonic behaviour. The equation was solved in python using the root-function from the

scipy.optimize package. Then, the estimated steady-state carrier density nss could be used

in Equation 2.32 to calculate the PLQE. This approach was mainly used for the intensity-

dependent PLQE. The code is shown in Appendix C.

Time-Resolved PL

General Considerations

The behaviour after pulsed excitation can be described using the continuity equation (Equation

2.13). There exists no analytical solution to the differential equation without several assumptions

and approximations.

Analytical Solution to the Simplified Continuity Equation

Assuming fast charge carrier redistribution, J(t, z) describing drift and diffusion of photo-excited

charge carriers can be neglected. Additionally, the charge carrier generation rate G(t, z) can be

assumed to be a constant value at t = 0 ns for excitation pulses that are much shorter than the
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charge carrier lifetime. Again, this assumption is valid for many metal halide perovskite materials.

Equation 2.13 then simplifies to

d∆n(t)
dt

= R(t) = −k1∆n(t) − k2∆n(t)2 − k3∆n(t)3 (3.10)

where k1, k2 and k3 are the to mono-, bi- and tri-molecular recombination processes, respectively

and ∆n(t) is the photo-generated charge carrier density. Since negligible charge carrier redistri-

bution is assumed, this equation is independent of z. For three-dimensional MHPs the k3 rate is

related to Auger recombination and has reported values between 10−27 and 10−29 cm6s−1. Under

typical excitation densities reached during TRPL experiments (1013 to 1018 cm−3) the impact of

Auger recombination is therefore also negligible. Equation 3.10 can then be solved analytically.

Multiple equivalent solutions have been reported, but in this thesis the one derived by Ohnesorge

et.al. as been used194

PLnorm(t) = B · k1 · e−k1t

1 +
(

k2,eff
k1

)
· ∆n0 · (1 − e−k1t)

, (3.11)

where B is a scaling parameter, ∆n0 is the excitation density and k2,eff is an effective, bi-molecular

recombination rate. The latter is impacted by recombination and hence the escape probability

of photons generated, as well as exciton formation. k1 can be estimated with high accuracy by

fitting the TRPL transients globally for different ∆n0 and sharing the parameters between them.

The implementation of this model in python is summarized in Appendix C. It is worth noting

that the parameter B is absolutely crucial for this model to fit typical TRPL data and that it

cannot be shared between data sets for the global fitting. The reason for this is that this simple

model assumes negligible early-time processes such as charge carrier redistribution and the impact

of the excitation pulse width.

Numerical Simulation of the Simplified Continuity Equation

The fitting problems of the analytical model can be reduced, by directly modelling Equation

2.13, while assuming charge carrier redistribution to be negligible (J(t, z) ≈ 0). The resulting

differential equation is then again independent of z. In this approach, the generation rate G(t, z)

needs to be included to allow charge carrier generation during the numerical simulation of the
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differential equation. It can be approximated as a Gaussian profile centered around t = 0. The

resulting differential equation reads

d∆n(t)
dt

= 1
σir ·

√
2π

· e
− 1

2 ·
(

t
σir

)2

− k1∆n(t) − k2∆n(t)2 (3.12)

where σir is the width of the instrument response in time and Auger recombination is assumed to

be negligible. σir is related to the full-width at half-maximum broadening (σFWHM) via

σir = σFWHM

2 ·
√

2 · ln(2)
(3.13)

In the case of the TRPL setup (see Section ) used in throughout this work the σFWHM of the

instrument response is approx. 400 ps (the laser excitation peak width is < 100 ps). To solve

Equation 3.12 it was set to the time resolution of the data set. Using this model to globally fit

a set of intensity-dependent TRPL transients is only possible, if the first 10 to 20 ns of the decay

are neglected. This indicates that there are still some early-time effects apart from the impact of

the excitation pulse width that are not described by this model. In a first instance these missing

effects can be approximated by adding another exponential decay, here called ’additional early-

time decay’ (etd). It is added to the normalized solution of Equation 3.12 in order to simulate

the measured TRPL intensity as

PLnorm(t) = (1 − Aetd) · ∆nnorm(t)2 + Aetd · e
− t

τetd (3.14)

where Aetd is a scaling factor for the additional early-time decay and τetd is the corresponding

lifetime. It should be noted that this corresponds to Equation 3.11 in the limit of t
τetd

= 0,

where (1 − Aetd) becomes then equivalent to the scaling factor B in the analytical solution. Even

though the physical nature of τetd is unknown here, it can be useful to extract the characteristic

lifetime τetd for the underlying early-time processes. In the case of excitonic materials, such as two-

dimensional systems, the early-time annihilation of excitons will dominate the TRPL transients as

shown in more detail in Chapter 5. It should be re-emphasized here that underlying early-time

processes leading to this additional decay are not defined for this model and strongly depend on the

material composition and thin film morphology. Processes such as early-time trap filling, charge

carrier redistribution, exciton annihilation, charge transfer processes, sample inhomogeneity or
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the effects of reabsorption may all lead to similar results. The implementation of this model

algorithm in python is shown in Appendix C.

Bayesian Inference

The limitations mentioned so far, including the problem of over-fitting and non-identifiability of

the models, can be overcome by using Bayesian inference. This is the scope of Chapter 6, so

it won’t be detailed here. In short, Bayesian inference can be used to estimate a probability

distribution for each parameter that best describes the experimental data set. The pymc (PyMC

version 5.0) package was used in python (the code is shown in Appendix C) to do the inference

part and the parameter space was explored using a Markov-Chain Monte-Carlo (MCMC) algo-

rithm from the same package.195 The MCMC algorithm used was Metropolis-Hastings running 10

chains in parallel with 10000 samples. The algorithm was run on a ThinkStation P620 (to allow

parallel sampling of 10 chains) with a AMD RyzenTM ThreadripperTM PRO 5975WX Processor

(3.60 GHz up to 4.50 GHz). A typical run with the optimized conditions shown in Chapter 6

took < 2 hours.



CHAPTER

LONG RANGE MOBILITY OF

THREE-DIMENSIONAL METAL

HALIDE PEROVSKITES 4
The mobility of charge carriers is a fundamental property of semiconductor materials. Many
different methods have reported widely varying charge carrier mobilities for metal halide per-
ovskites, such as MAPbI3. After pulsed photo-excitation and measurement of photo-conductivity
using non-contact or contact techniques, mobilities are often estimated using transient methods
that assume an initial charge carrier population. Early-time recombination and the exciton-
to-free-carrier ratio make it difficult to precisely determine the free-carrier population follow-
ing photo-excitation using transient methods that operate on timescales of nanoseconds to mil-
liseconds. By taking into account both effects, transient photo-conductivity measurements can
be used to estimate lateral, long-range charge carrier mobilities across a wide range of photo-
excitation densities. Long-range mobilities between 0.3 and 6.7 cm2 V−1 s−1 are calculated for
FA0.83Cs0.17Pb(I0.9Br0.1)3, (FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1), and MAPbI3 polycrystalline thin
films. The findings highlight the critical role that processing plays in determining the long-range
mobility of polycrystalline thin films.

Some parts of the work presented in this chapter are adapted with permission from:

Jongchul Lim & Manuel Kober-Czerny, Yen-Hung Lin, James M. Ball, Nobuya Sakai, Elisabeth
A. Duijnstee, Min Ji Hong, John G. Labram, Bernard Wenger and Henry J. Snaith, Long-range
charge carrier mobility in metal halide perovskite thin-films and single crystals via transient
photo-conductivity,
Nature Communications 2022, 13, 4201.
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4.1 INTRODUCTION

In order to further improve the performance of metal halide perovskite-based optoelectronic

devices, such as light emitting diodes (LED), photovoltaic devices (PV), transistors or photo-

detectors, it is crucial to understand their long range optoelectronic properties and how these

change in different carrier density regimes.10,196–198 As introduced in Chapter 2, the mobility is

determined by the interaction of charge carriers with the solid state lattice. Alongside other pa-

rameters, like light absorption, charge carrier lifetime, and photo-luminescence quantum efficiency

it is an important material property and needed to understand the charge transport behaviour

at different internal charge carrier densities.95,138,197,199–203 It must be acquired carefully. For in-

stance, for MAPbI3, the archetypical metal halide perovskite composition, the reported mobility

values span three orders of magnitude (see Figure 4.1).17,40,95,199,204–210

Figure 4.1: Overview of sum-mobility (Σµ) values reported in literature for common per-
ovskite single crystal or thin film materials. For single crystals, the methods to obtain the
mobility include OPTP or Hall measurement for short-range mobility and TPC, TRMC,
SCLC or ToF for long-range mobility. For thin film samples the short-range mobility
was measured only via OPTP and the long-range mobility via TPC, TRMC, SCLC or
ToF. If only one of the two mobilities was reported (electrons or holes), its value was
doubled for the plot. The perovskite materials include: MAPbI3 (17, 40, 95, 204–210),
MAPbBr3 (95, 207, 211, 212), MAPbCl3 (213), FAPbI3 (214, 215), FAPbBr3 (214, 215),
FA1–xCsxPb(I1–yBry)3 (36, 216, 217), MASnI3 (218), FASnI3 (219), CsSnI3 (220, 221),
and FA1–xCsxPb1–ySnyI3 (222).
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Some of these discrepancies are caused by real differences in the morphology of the material, for

instance highly defective polycrystalline films versus improved-crystallinity thin-films or single

crystals.17,39,204,205 Other variations arise from the length scales probed (i.e. few nm versus many

microns or mm), and from inappropriate application of measurement techniques based on false

assumptions.199,223

There are a variety of techniques that can be used to determine the mobility of a material.

They can generally be separated into transient, steady-state, contact, and non-contact meth-

ods.39,95,122,201,202 Common approaches include, field effect transistors (FETs), space-charge-limited-

current (SCLC), Hall-effect or time-of-flight (ToF) measurements, the charge extraction by lin-

early increasing voltage (CELIV) method, optical-pump terahertz-probe spectroscopy (OPTP),

and time-resolved microwave conductivity (TRMC). In 2.2 metal halide perovskites were intro-

duced as semiconductors with a soft, ionic lattice with mobile ionic species. Hence, not all of the

above mentioned methods can be used with perovskites.

It is difficult to estimate bulk mobilities using FETs, due to the mobile ion displacement in the

channel and the semiconductor-dielectric interface affecting electronic charge transport. Further,

FETs can only operate in higher charge carrier density regimes, which exceed the operating con-

ditions for most semiconductor devices.148,202 The SCLC method assumes that there is an electric

field across the semiconductor that is only influenced by the electronic space charge. However,

in metal halide perovskites the ionic charge may also contribute. In recent years, pulsed SCLC

measurements have been developed to decouple the ionic contribution to the electric field from the

electronic one and allow extraction of bulk mobilities.211,223,224 Both FETs and SCLC determine

electronic transport via charge injection, which are dark methods and cannot determine photo-

excited charge carrier transport properties. This is also true for Hall effect measurements and

especially detrimental there, as the perovskite material is too resistive in the dark.31 Additionally,

the Hall effect measurements are steady-state measurements, so the redistribution of ionic species

under the influence of an external magnetic field can also have an impact. Recent advances using

a photo-Hall effect method with a pulsed AC magnetic field makes this approach more feasible.225

Similarly, there are different CELIV methods, like dark-, photo- and injection-CELIV.52,226,227
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In all cases, the charge transport is assessed via transient charge extraction. As such, the method

can be influenced by interfacial effects. There are some methods, that can only determine the

mobility of photo-excited species, such as the ToF measurement. There, photo-excited charge

carriers move through an electric field that is assumed to be constant across the semiconductor

layer, which is not true, when mobile ions are present.95 All of the methods mentioned so far

require the sample to be electronically contacted.

OPTP is a purely optical method and can determine bulk mobility values under high excita-

tion density regimes.39,200,228 The mobility is thereby estimated from the photo-conductivity peak

within the first few tens of ps after excitation. Even though it is not straightforward to estimate

the diffusion length at these time scales and carrier densities, a “short range” of 10s on nanome-

ters is assumed.138,186 In contrast, TRMC typically pulsed excitation with pulse widths in the

nanosecond range.229–231 As such, the photo-excited charge carriers can drift in the electric field

generated via the microwaves for 100s or even 1000s of nanometers, making this a “long-range”

method. The method only works reliable at lower internal charge carrier density regimes, because

early-time recombination can occur during the long excitation pulses and skew the results.172,231

Both OPTP and TRMC are non-contact methods.

In this project, transient photo-conductivity (TPC) was used to determine the long range bulk

mobility of different metal halide perovskite compositions (see Chapter 3 for details). The method

is most similar to TRMC, but the electric field is generated using electronic contacts and a

battery. In addition, a post-treatment of the data is introduced that corrects for the early-time

recombination during the long excitation pulses as also observed in TRMC. This allows for a

more accurate estimation of the long range mobility. This parameter can then be linked to

other material properties, such as the thin film morphology and quality, by comparing different

fabrication routes for similar metal halide perovskite compositions.
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4.2 PART I - METHOD DEVELOPMENT

The methodology presented here was co-developed by Dr. Bernard Wenger (University of Oxford)

and Dr. Jongchul Lim (Chungnam National University).

Measuring the Sample Photo-Conductivity

To estimate the mobility of photo-excited charge carriers for a particular pump modulation fre-

quency and laser fluence, the transient photo-conductivity can be measured using a pulsed laser,

a voltage source, and a digital oscilloscope.149,197,232,233 In this work, transient photo-conductivity

(TPC) was measured using the home-built setup as described in Chapter 3 in more detail. In

short, the sample on a glass or quartz substrate was photo-excited with a 10 Hz, pulsed laser

with a pulse full-width-half-maximum (FWHM) of 3.74 ns. The pulsed excitation was used as a

trigger for a digital oscilloscope and was attenuated in order to illuminate the sample at different

laser fluences. The illumination was uniform over the entire area of the sample (0.25 cm2) lead-

ing to a homogeneous charge carrier density in between the two in-plane, gold electrodes. The

photo-excited charge carriers were probed via a weak electric field (< 0.01 V µm−1) induced by a

DC voltage (Vapp), which led to a displacement current within the electric circuit. This current

could be measured as a voltage change across a terminal resistor (RT, typically 1 kΩ), which was

in parallel with a digital oscilloscope. A simplified schematic of the setup is shown in Figure

4.2(a). Using the measured voltages at the oscilloscope (Vosc), the photo-conductivity σphoto can

be calculated as

σphoto(t) = Vosc

RT · (Vapp − Vosc)
· s

d · l
(4.1)

where s is the spacing between electrodes, l is the electrode length and d is the sample thick-

ness.13,197,234 The measures s and l for the different electrode designs used in this work are

summarized in Table 3.2. A typical set of acquired photo-conductivity transients is shown for

an FA0.9Cs0.1PbI3 (here FACsPbI) thin film in Figure 4.2(b).



68 Chapter 4

The film was photo-excited with a 510 nm (2.4 eV) laser to generate charge carrier densities

(excitation densities) of 9 × 1014 cm−3 to 3 × 1017 cm−3.

Figure 4.2: Measurement of transient photo-conductivity (TPC). (a) The simplified ex-
perimental setup is shown schematically. A 10 Hz pulsed laser with a 3.74 ns pulse width
illuminates the sample through the substrate. Two in-plane, gold electrodes are connected
to a battery (Vapp) to generate a small electric bias of < 0.01 V µm−1. It is important
to note that the voltage per distance during typical solar cell characterization is on the
order of 2 V µm−1, which is roughly three orders of magnitude larger than the TPC bias
voltage. The circuit is closed via a 1 kΩ resistor (RT). The displacement current in-
duced by the photo-excited charge carriers is measured as a voltage change across RT
with an oscilloscope. (b) The obtained transient photo-conductivity decays are shown
for a FA0.9Cs0.1PbI3 poly-crystalline perovskite thin film. The excitation densities are
9.2 × 1014 to 2.9 × 1017 cm−3 from dark to light color.

Even though photo-excited charge carriers can diffuse in z-direction (towards opposite side of

illumination), the applied electric field between the electrodes results in charge carrier drift in the

plane of the film. Due to the high aspect ratio between the in-plane electrode spacing (300 µm)

and film thickness (approx. 500 nm), a negligible impact of the z-direction diffusion was assumed.

In order to test this assumption, a sample of FA0.83Cs0.17Pb(I0.9Br0.1)3 (here: FACsPbIBr) was

illuminated from both sides and the change in voltage across the terminal resistor was recorded

with the oscilloscope (Vosc). The resulting voltage transients are shown in Figure 4.3(a). It can

be observed that both illumination directions yield the same Vosc signal. A small, but negligible

difference in peak voltage shortly after the excitation pulse could be accounted for by a differ-

ence in reflectance from the two surfaces. Hence, the effect of charge carrier re-distribution was

assumed to be negligible here.
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Next, the electric field between the in-plane electrodes was investigated, as it is assumed to be

uniform in Equation 4.1. This assumption needed to be verified, since metal halide perovskites

contain mobile ionic species, which can screen the electric field, as was introduced in Chapter

2.2. To quantify the surface potential between the in-plane electrodes while subjecting them to

an externally applied DC bias voltage, Dr. Jongchul Lim (Chungnam National University) used

a Kelvin probe. The magnitude of the bias voltage used in this experiment was comparable to

that in the TPC measurements (< 0.01 V µm−1). The surface potential was measured as a func-

tion of the distance between the electrodes, both in the presence and absence of continuous-wave

illumination. As seen in Figure 4.3(b) the potential exhibited a nearly linear decrease between

the electrodes, suggesting a relatively homogeneous electric field throughout the entire channel

spacing. It should be acknowledged that the presence of light did result in a slight decrease in

potential in the vicinity of the electrodes. However, this reduction accounted for less than 10% of

the overall potential drop across the channel. Consequently, its impact on the estimated photo-

conductivities was expected to be minimal. Thereby the use of Equation 4.1 was validated for

the TPC method presented in this chapter.

Figure 4.3: (a) Vosc is shown for a FACsPbIBr thin film illuminated from the perovskite
side and glass side. (b) The surface potential differences of an FACsPbIBr thin between
the in-plane electrodes under the externally applied bias voltage (< 0.01 V µm−1) with and
without light are shown. The Kelvin probe measurement was performed by Dr. Jongchul
Lim (Chungnam National University).



70 Chapter 4

The calculated photo-conductivity shows three distinct, transient features after pulsed photo-

excitation: (1) an increase at t = 0; (2) a maximum value at t = tR; followed by (3) a long decay.

It can be observed that the increase is not step-like, but rather a slow rise of photo-conductivity.

This behaviour has been described before as being linked to the RC-time of the circuit, where R is

RT - the terminal resistor at the oscilloscope - and Cgeo is the geometric capacitance of the sample

architecture.232,233 The impact of RT was investigated first to make sure the TPC methods probes

the changes in charge carrier density over time and not just a slow discharging of the capacitance.

An FACsPbIBr sample was therefore illuminated with a 470 nm (2.64 eV) excitation wavelength

and Vosc was measured for different RT of 50 Ω, 1 kΩ, 10 kΩ, 50 kΩ, 100 kΩ and 250 kΩ. The

results are shown in Figure 4.4(a). The initial voltage increase after photo-excitation changed

drastically with RT: as RT increased, the initial voltage change slowed down and the maximum

reached voltage increased. The latter is expected from Vosc = RT · Idispl.. As aforementioned, the

rise-time scales with the RC-time, where Cgeo is related to the capacitor formed by the perovskite

(as a dielectric material) and the in-plane electrodes. A circuit schematic is shown in Figure

4.4(b) to illustrate this effect. Immediately after photo-excitation, a net current generated by

the charge carriers can be measured as Vosc across RT. The initial current is high and used to

charge the capacitor, which is the sample in contact with the electrodes. Since this initial current

is regulated by RT, the charging time will also change with RT. This effect is observed as the rise

time. After the capacitor has charged, the charge carriers will still move inside the electric field,

but the resulting current will be lower now and is known as the displacement current Idispl..
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Figure 4.4: (a) Vosc is shown for different RT between 50 Ω and 250 kΩ. (b) A sim-
ple circuit diagram, which can illustrate the RC behaviour observed in the TPC exper-
iment. The coloured rectangle indicates properties of the sample. (c) The measured
photo-conductivity of a FACsPbI sample is compared to a scaled TRPL decay trace of the
same sample for an excitation density of approx.1×1016 cm−3. (d) The photo-conductivity
of a FACsPbI sample is shown for different excitation wavelengths of 470 nm (2.64 eV),
550 nm (2.25 eV) and 650 nm (1.91 eV), which resulted in excitation densities of 2.3×1016,
2.5 × 1016 and 1.4 × 1016 cm−3, respectively. (b) was adapted from 232.

It is interesting to observe that only the 50 Ω and 1 kΩ measurements show a reduction in Vapp at

the timescales probed here, even though the capacitor has been charged and the resulting current

should be stabilized. The decay is most likely related to charge carrier recombination within the

perovskite material, but before that can be investigated it first needs to be understood which RT

can be used for the TPC experiment.
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For this, a TPC decay trace of a FACsPbI sample is compared to a TRPL decay trace of the

same sample. Here, two things need to be kept in mind: 1) the fluences used during the TPC ex-

periment are typically much higher than the ones used for the TRPL, so only the highest fluences

used during the TRPL measurement overlap with the lowest fluences used during the TPC mea-

surements. 2) The TRPL probes the photo-luminescence of the material, which scales with n2 for

a three-dimensional perovskite, as described in Chapter 2. The photo-conductivity in contrast

scales with n. Thus, the square-root of the TRPL decay needed to be used to compare both data

sets. The TPC decay measured through the 1 kΩ resistor is shown alongside a measured and

then scaled TRPL decay in Figure 4.4(c). A good agreement between the two could be seen,

especially for times later than approx. 150 ns. It is worth acknowledging that an RT of 50 Ω

agreed even better with the TRPL decay, but the resulting Vosc is too low for most samples to al-

low for reproducible measurements. This is especially true, when low excitation fluences are used.

Lastly, the impact of the excitation wavelength on the resulting photo-conductivity was investi-

gated by illuminating the FACsPbI sample with 470 nm (2.64 eV), 550 nm (2.25 eV), and 650 nm

(1.91 eV) excitations. The resulting photo-conductivity transients are shown in Figure 4.4(d).

To make a comparison between the different excitations possible, it is important to accurately

determine the excitation carrier density from the absorption properties of the film and the laser

fluence (see Equation 2.11). Interestingly, the trace measured at 470 nm decays significantly

faster than the ones at 550 and 650 nm, which could be due to the shorter penetration depth

of the illumination making the technique more surface sensitive. It can also be noted that the

photo-conductivity at t = 0 ns is more similar between the different excitation wavelengths.

It should be re-emphasized here that the decay of the photo-conductivity can stem from three

mechanisms: 1) the discharging of the geometric capacitor, 2) charge extraction at the electrodes,

and 3) the recombination of charge carriers. 1) was shown to be negligible, when a smaller RT

of ≤ 1 kΩ was used. 2) The distance travelled by photo-generated charge carriers during the

measurement period can be estimated from the drift current equation (Equation 2.15. For a

mobility of 10 cm2 V−1 s−1 and an electric field of 0.01 V µm−1 a drift velocity of 10 µm µs−1 can

be estimated. Due to the relatively large width of the channel (300 µm), a minimal amount of

charge carrier sweep-out was expected during the decay period of a few hundred nanoseconds.
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Thus, the primary source of the decaying photo-conductivity signal could be attributed to the

recombination of charge carriers within the perovskite material. It is noted that the dropping

mobility with increasing carrier density was previously attributed to higher order recombination

processes, such as bi-molecular and Auger recombination, during the ns laser excitation.230,235

However, no corrective measures were undertaken.

Accounting for early-time recombination and free-carrier fraction

The mobility can be estimated from σphoto via Equation 2.21, which allows the extraction of

Σµ, the sum-mobility of electrons and holes (assuming that n = p). It is important to note that

Equation 2.21 needs to be expanded here as:

σphoto(t) = e · n(t) · ϕΣµ (4.2)

where ϕ is the fraction of absorbed photons which generate mobile, free charge carriers. The

reason for this is that excitonic species will be unaffected by the electric field and hence do not

contribute to the measured displacement current. Here, ϕ will also be used to account for recom-

bination during the duration of the excitation pulse.

A common assumption made during pulsed excitation is that all absorbed photons result in the

generation of a free electron-hole pair at t = 0 ns. While this may be true, it can only be corre-

lated to the photo-luminescence response (as seen in Figure 4.4(c)), where the laser pulse width

is < 1 ns, but not for the TPC experiment, where a pulse width of approx. 4 ns is used and the

RC-time of the sample further induces an initial build-up of photo-conductivity. To overcome

this discrepancy and make the estimations of Σµ more accurate, it was necessary to simulate the

transient behaviour of ϕ during the initial 100 to 200 ns of the TPC experiment. In order to

achieve this, the recombination properties of the perovskite material needed to be understood in

detail first.

Early-time recombination can be accounted for by considering the radiative band-to-band and

Auger recombination rates for the perovskite absorber layer, assuming a simple continuity equa-

tion without diffusion as:

dn(t)
dt

= G(t) − k1,nr · ∆n − k2,rad · ∆n2 − kaug · ∆n3 (4.3)



74 Chapter 4

similar to Equation 2.13 shown before. Both the bi-molecular and Auger rate constants are

intrinsic material properties and can often be obtained from other studies. Trap-assisted re-

combination, via the Shockley-Read-Hall mechanism, exhibits a strong dependence on the film

fabrication process. Hence, the estimation of the recombination rate for the films employed in the

photo-conductivity measurements holds considerable importance. All recombination parameters

could be estimated by combining the time-resolved photo-luminescence (TRPL) of the sample

with an intensity-dependent photo luminescence quantum efficiency (intensity-dependent PLQE)

measurement. In Figure 4.5(a) a set of TRPL traces measured at different excitation fluences

are shown alongside a global fit to the analytical model to Equation 4.3 (see Chapter 3), in

which k1,nr and k2,rad were shared parameters and the impact of kaug was assumed to be negligible.

It was important to ignore the first 25 ns during the fitting, which can be ascribed to early-time

effects such as carrier redistribution. For the FACsPbIBr films employed here, the resulting k1,nr

was (1.51 ± 0.03) × 106 s−1 from the analytical model. While there is a high confidence in the

accuracy of k1,nr due to its impact on the tail of the TRPL decay, k2,nr needed to be further refined

using the intensity-dependent PLQE data shown in Figure 4.5(b), where Equation 2.32 was

used. k1,nr was fixed to the value obtained from the global fit to the TRPL traces and no non-

radiative, bi-molecular recombination term was used. The parameters extracted were 3.4 × 10−11

cm3 s−1 and 9.2 × 10−28 cm6s−1 for k2,rad and kaug, respectively.
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Figure 4.5: (a) TRPL transients are shown for fluences of 9.5 × 109, 5.4 × 1010 and
1.3 × 1011 cm−2. The data normalized to the number of PL counts at t = 0 ns and was
fitted globally with the analytical model described in Chapter 3. (b) The result of an
intensity-dependent PLQE measurement is shown alongside a fit to Equation 3.9. (c) A
schematic illustrating the effect of the charge carrier density for early-time recombination
and exciton formation. An excitation density of 1.4 × 1019 cm−3 was used. A peak
free carrier density can be obtained shortly after the photo-excitation pulse. (d) Photo-
conductivity transients as obtained from the TPC measurement for a FACsPbIBr sample.
The excitation fluences range from 7.4 × 1010 to 2.4 × 1013 cm−2. The decays were fitted
individually to a mono-exponential decay function.

Now, Equation 4.3 could be used to simulate the transient charge carrier density with G(t)

now being a Gaussian peak pulse with a σFWHM of 3.74 ns. The resulting build-up of charge

carrier density is shown in Figure 4.5(c) as a dark blue line. In addition to the early-time

recombination, exciton formation can become important at higher charge carrier densities, even

for low exciton binding energies of 10 meV (see Figure 2.6. It is important to mention here again

that the Saha equation (Equation 2.8) is an equilibrium equation. It was used in this work to
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simulate transient behaviour, which is valid under the assumption that the thermal equilibrium

between free charge carriers and excitons is reached faster than recombination. The exciton bind-

ing energy (EB) for the studied FACsPbIBr thin-film was estimated to be approx. 11 meV by

fitting the absorption profile to the Elliot model (see Chapter 3). The obtained ϕ(t) was then

be multiplied with n(t) to acquire the transient free charge carrier density. In Figure 4.5(c) the

simulated free carrier density for 1). Only early-time recombination (EB = 0) and 2) early-time

plus exciton formation (EB > 0) are shown alongside the initial, simulated n(t). It can be seen

that in both cases, the free charge carrier density has a maximum value shortly after t = 0.

This is the result of two competing mechanisms: As the charge carrier density is initially low,

the exciton fraction and recombination are also low. As the charge carrier density increases, the

exciton fraction and recombination increase, resulting in a lower ϕ. Hence, there is a maximum

ϕ, at which most charge carriers have not recombined yet and the specific charge carrier density

results in a low, relative exciton population.

It was now possible to estimate a more accurate ϕΣµ with the knowledge of ϕ. The simplest

approach to obtain ϕΣµ is to estimate σphoto(t = 0), as the charge carrier density at this point

is known to be n(t = 0), the excitation density. As the radiative efficiency of perovskites is

generally high for excitation energies above the bandgap (see Chapter 2.4), it can be assumed

that each absorbed photon initially results in the creation of an electron-hole pair, denoted as ϕn.

Then, the maximum ϕ extracted from the simulations described above is used to estimate Σµ. In

Figure 4.5(d) the TPC decays for the FACsPbIBr sample are shown together with individual,

mono-exponential fits that are used to extrapolate σphoto(t = 0).

Calculating Mobility from Photo-Conductivity Transients

In order to showcase the TPC technique, polycrystalline FACsPbI thin films were fabricated. The

measurement of σphoto was conducted using several excitation fluences on a single device. For each

excitation fluence, a σphoto(t = 0) was extracted, as well as a σphoto(t = ϕmax) and σdark(t < 0). It

should be noted that measurements were started after the sample had been illuminated for a full

minute. This time frame was chosen so that a steady state could be reached, which is required

if photo doping or light soaking effects are present.197,236 The resulting data was then used to



4.2. PART I - METHOD DEVELOPMENT 77

create a plot of σphoto as a function of charge carrier density. This is shown in Figure 4.6(a).

It shall be emphasized that for σphoto(t = 0) and σdark(t < 0) the carrier density is n(t = 0), the

excitation density, but for σphoto(t = ϕmax), it is ϕmaxn(t = 0), the maximum free carrier density.

It can be observed that σphoto(t = 0) increased monotonically with charge carrier density, but the

increase is sub-linear at higher carrier densities. This was corrected for σphoto(t = ϕmax), which

now showed a linear dependence on the carrier density, as expected from Equations 4.2 and

2.21. The dark conductivity σdark(t < 0) also increased, but its impact on the total conductivity

was negligible here. The small increase of σdark(t < 0) with increasing charge carrier density

could be ascribed to a build-up of charge carriers, due to a slow discharging of the electrodes.237

This effect becomes more pronounced at higher charge carrier densities. It is noted that, over the

range of excitation densities studied here, a super-linear increase in peak photo-conductivity with

increasing excitation density was not observed at any point. This implied that the low charge

density regime where trap filling may play a role was already surpassed.

Figure 4.6: (a) All conductivities extracted from the TPC experiment are shown for a
FACsPbI sample: σphoto(t = 0) was obtained from extrapolating the photo-conductivity
decays to t=0, σphoto(t = ϕmax) was obtained at the time point where the maximum free
carrier fraction was reached, and σdark(t < 0) is the median conductivity signal before the
photo-excitation at t=0. (b) The mobility values estimated from the TPC experiment are
shown for the FACsPbI sample: ϕΣµ is the uncorrected mobility, by assuming ϕ = 1, and
Σµ is the mobility after correcting for early-time recombination and exciton formation.

In Figure 4.6(b) the corresponding ϕΣµ from σphoto(t = 0) and Σµ, where ϕ was taken into

account are shown as a function of carrier density. Again, the carrier density ϕΣµ is the excitation
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density, while for Σµ, it is the free charge carrier density. It can be seen that the estimated ϕΣµ

values ranged from 3 × 10−3 to 0.2 cm2 V−1 s−1, spanning several orders of magnitude. Clearly,

the estimated ϕΣµ for the FACsPbI films is dependent on the excitation density, exhibiting a

monotonous decrease as the excitation density increases. This behaviour is a result of the decrease

in ϕ, due to recombination and exciton formation, rather than a decrease in long-range mobility.

As a result, the corrected Σµ was invariant across a wider range of charge carrier densities.

The fact that the method presented here could sufficiently correct for the decrease in ϕΣµ with

increasing charge carrier density supported the notion that early-time recombination and exciton

formation are the most relevant mechanisms limiting the free carrier density. It is important

to note that the exciton to free-carrier branching ratio must be included in the corrections in

order to observe a sum-mobility that is completely invariant with charge carrier density. It is also

worth noting that recombination and exciton formation have not been accounted for in previous

measurements of electronically contacted, transient mobility measurements. This indicates that

the previously found apparent correlation between carrier mobility and charge density may be a

methodological problem.149

Improving the Mobility Analysis

Having established that recombination and exciton formation are the dominating mechanisms that

reduce ϕ, it was now possible to investigate the effect of over- or under-estimating parameters.

In this case, specifically k2,rad is full of uncertainties, which stem from the fact that intensity-

dependent PLQE requires the use of a k2,nr and that the escape probability Pesc can further the

observed k2,rad. Hence, k2,rad was modulated for the same FACsPbI thin film as shown in Figure

4.6(a) and (b) between 10−13 and 10−6 cm3 s−1. Then, the above protocol was used to estimate

Σµ over a range of free carrier densities. The results are presented in Figure 4.7(a), where the

round data points show the uncorrected ϕΣµ. Clearly, k2,rad has a significant impact on the shape

of the charge carrier density-dependent Σµ: as k2,rad increases, the change in Σµ with increasing

charge carrier densities is reduced. For an under-estimated k2,rad, Σµ is also “under-corrected”,

while for an over-estimated k2,rad, the resulting Σµ is over-estimated significantly. In the latter

case, Σµ is once again dependent on the charge carrier density.
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Figure 4.7: (a) The impact of changing k2,rad on the resulting Σµ is shown. The cir-
cles indicate the uncorrected mobility data, whereas the square data points indicate the
correction where a lighter color corresponds to a higher k2,rad value. (b) The standard
deviation of the extracted mobility values is plotted as a function of k2,rad values to reveal
a minimum around 10−9 cm3 s−1.

The standard deviation of all estimated Σµ was used to quantify the accuracy of ϕ. In other

words, if the standard deviation is smallest, the recombination should be fully taken into account

and the resulting Σµ should be independent of the charge carrier density. Thus, in Figure

4.7(b) the standard deviation of Σµ is shown as a function of k2,rad. It becomes apparent that

a minimum standard deviation is achieved for a k2,rad of approx. 10−9 cm3 s−1. This value is

comparable to the intrinsic k2,rad reported for metal halide perovskites.81 In addition to k2,rad,

k1,nr can be estimated from the lowest-fluence measurement, which was shown to overlap with the

TRPL decays in Figure 4.4(c). As such, ϕ as well as Σµ can be accurately determined without

prior knowledge of k1,nr or k2,rad for materials which can be described by similar recombination

dynamics as the three-dimensional perovskites shown here. Then, the TPC measurement can be

used to also estimate the intrinsic k2,rad. Only the exciton binding energy is needed as an input

as it significantly influences the outcome and is discussed in more detail in Chapter 5.
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4.3 PART II - RESULTS AND DISCUSSION

Estimation of Σµ from Wavelength-Dependent

Transient Photo-Conductivity

Using the TPC measurements together with the established estimation of ϕ, the long-range mo-

bility for the mixed cation mixed halide FACsPbIBr thin films could be assessed for different

excitation wavelengths of 470 nm (2.64 eV), 550 nm (2.25 eV), and 650 nm (1.91 eV). The re-

sulting ϕΣµ as well as Σµ are shown side-by-side in Figure 4.8(a) to (c). Despite the fact

that the photo-conductivity decays for this sample under these three excitation wavelengths was

different in Figure 4.4(d), the resulting Σµ were in good agreement with one another. This

coincidence of Σµ for all three wavelengths encourages the claim that the diffusion of charge

carriers in z-direction (throughout the film thickness) was negligible during the TPC experiment,

as only charge carriers drifting parallel to the substrate will significantly contribute to Idispl.. The

long-range, in-plane mobility for FACsPbIBr was found to be in the range of 1.5 cm2 V−1 s−1 over

a wide range of carrier densities and across all excitation wavelengths.

Figure 4.8: The extracted ϕΣµ and Σµ are shown for a FACsPbI sample under different
excitation wavelengths of (a) 470 nm (2.64 eV), (b) 550 nm (2.25 eV), and (c) 650 nm
(1.91 eV). All show a Σµ value of approx. 1.5 cm2 V−1 s−1.
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Influence of composition and processing upon charge carrier mobility

In addition to the FACsPbIBr composition, the impact of sample processing and other perovskite

compositions was investigated.

Perovskite films of MAPbI3 were fabricated using three different fabrication processes. Addition-

ally, mixed cation, mixed halide perovskite films, commonly employed in the perovskite research

field, were prepared. The first set of samples consisted of single cation films based on MA,

where MAPbI3–xClx was coated using dimethylformamide (DMF) as the solvent (referred to as

the DMF route).38 The second set of samples involved MAPbI3 thin films prepared from the

acetonitrile solvent with the addition of methylamine (referred to as the ACN/MA route).32

The third set of samples were MAPbI3 films prepared from DMF as the solvent, using lead-

acetate as the lead source precursor with the addition of hypophosphorous acid (referred to as

the DMF/HPA route).34 All MAPbI3 samples were prepared by Dr. Nobya Sakai (University of

Oxford). Two additional types of samples are included in the study: the previously measured

FA0.83Cs0.17Pb(I0.9Br0.1)3 (referred to as FACsPbIBr) and (FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3

(referred to as FAMACs). These samples were prepared using a mixed solvent of DMF and

dimethylsulfoxide (DMSO) through the “anti-solvent quenching” technique. All mixed-cation

samples were prepared by Dr. Yen-Hung Lin (University of Oxford). The specific deposition

procedures for each sample can be found in Chapter 3. The resulting long-range mobilities Σµ

are shown in Figure 4.9(a).

Compared to the DMF route film (MAPbI3–xClx), all other films showed lower long-range mobil-

ities. The DMF/HPA route film, which has smaller crystalline grains, has the lowest mobilities

of all the MA-based single cation samples fabricated by different methods.34 The mixed cation

samples demonstrated greater Σµ for the FACs samples compared to the FAMACs film. The Σµ

of all perovskite films was nearly invariant with free charge carrier density, with average values of

6.7±0.5, 1.1±0.1, 0.3±0.1, 0.60±0.04, and 1.2±0.1 cm2 V−1 s−1 for DMF, ACN/MA, DMF/HPA

routes, FAMACs, and FACs films, respectively. Notably, it was observed that the long-range mo-

bility of MA-single cation samples via different processing techniques, varied by approx. an order

of magnitude. These variations may stem from trapping/detrapping processes, grain-boundary

scattering, and charge at grain borders, along with other factors such as perovskite composition,

grain sizes, crystallinity, and crystal orientation.32,34,149,238,239 Ongoing research is targeted to-
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wards determining which material qualities are most significantly affecting the long-range charge

carrier transport properties.

Figure 4.9: Mobility of metal halide perovskite thin-films prepared via different
methodologies as a function of free-carrier density. For comparison, the mobilities of
CH3NH3PbI3–xClx (evaporation route) determined via non-contact OPTP are reproduced
from 240. (b) Mobility of MAPbI3 thin single crystals as a function of excitation fluence.
All errors shown are statistical errors from three different devices.

These results represented the most accurate estimate of lateral, long-range charge carrier mobility

within these perovskite thin films. It is a useful parameter to further the understanding of

optoelectronic applications that rely on long-range charge transport.

The question of whether poly-crystalline thin films of metal halide perovskites exhibit proper-

ties similar to macroscopic single crystals, or if single crystals indeed possess superior attributes

such as increased charge carrier mobility and diminished defect densities, was still unclear. One

issue was that it was usually not possible to compare these different types of material using

the same approach. As discussed in the introduction of this chapter, this can significantly im-

pact the results obtained from such comparison. The effects of ionic diffusion and redistribution

also introduce uncertainties into electronic measurements of single crystals, such as space-charge-

limited-current.211,223 The lateral mobility of a prepared MAPbI3 single crystal was estimated

using the TPC measurement technique in order to compare the long-range charge carrier mobil-

ity of single crystals and polycrystalline thin films.183,184 The single crystal samples were produced

by Elisabeth Duijnstee (University of Oxford). In-plane electrodes with roughly 3 mm channel

lengths were deposited onto large area MAPbI3 single crystals that were multiple millimetres in
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thickness. The excitation fluence was varied over four orders of magnitude using TPC measure-

ments, and the uncorrected plot of ϕΣµ versus excitation fluence is shown in Figure 4.9(b).

Due to the large difference in distance between the in-plane electrodes and the thickness of the

thin film, it was safe to assume a uniform out-of-plane charge density while ignoring the effect

of carrier diffusion in the vertical (z) direction when dealing with thin films. On the other hand,

it was necessary to account for charge carrier diffusion in the z-direction in order to correct the

free-carrier population subsequent to photo-excitation in thick single crystals. This is particularly

relevant in cases where photo-excitation predominantly takes place near a single surface, as it may

reduce the observed bi-molecular recombination rate.56,175 This was however outside the scope of

this work. It was shown in Figures 4.6 and 4.7 that bi-molecular recombination and the exciton

fraction could be neglected at sufficiently low excitation fluence. Hence, below a certain fluence

of 1011 cm−2, the free carrier fraction ϕ was assumed to be close to 1, indicating that all charge

carriers existed as free carriers. This allowed the estimation of the Σµ of a MAPbI3 single crystal

as 45 ± 3 cm2 V−1 s−1. This average is based on the TPC readings of three separate crystals (see

Table 3.1). The results showed that further improvements were needed for polycrystalline thin

films to match the long-range charge carrier mobility of single crystals.

As a further indication of the potential improvement in charge carrier mobility achievable for

polycrystalline films, OPTP mobility values, which probe the short-range mobility within MAPbI3

thin films, were found to be in the range of 10 to 30 cm2 V−1 s−1, a full 2 orders of magnitude

higher than the long-range mobility determined for state-of-the-art FACsPbIBr and FAMACs

films.17,39,240 One representative measurement of an evaporated MAPbI3–xClx sample assessed

via OPTP is shown in Figure 4.9(a) alongside the results from the TPC analysis.
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4.4 SUMMARY AND OUTLOOK

In this chapter, the coupling of TPC measurements with post-measurement corrections has been

presented as a powerful technique to assess lateral, long-range mobility. For this, a simulation

of the transient free carrier density was performed, taking into account early-time recombination

and the free-carrier versus exciton population. With the increased understanding gained in this

chapter, only the exciton binding energy is needed as an input parameter in order to apply this

method to any conventional semiconductor. The obtained mobility values in metal halide per-

ovskite films were shown to be insensitive to changes in carrier density within the range relevant

to most optoelectronic devices. The long-range mobility in MAPbI3, FA0.83Cs0.17Pb(I0.9Br0.1)3,

and (FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3 thin films was evaluated with the presented methodol-

ogy. Based on the composition and method of thin-film preparation, the calculated mobilities

ranged from 0.3 to 6.7 cm2 V−1 s−1, which was significantly lower than the estimated long-range

sum-of-mobilities for MAPbI3 single crystals, which was 45 ± 3 cm2 V−1 s−1.

The crystal measurements, as well as comparisons to OPTP measurements, suggested that cur-

rent “state-of-the-art” polycrystalline perovskite absorber materials still have significant room

for improvement in terms of their long-range charge carrier transport properties. Notably, the

importance of long-range charge carrier mobility, which has not been clearly derived until now,

is most pronounced in optoelectronic device structures that require carrier transport over longer

distances. Understanding the impact of long-range charge carrier mobility on the electronic prop-

erties of different devices and device configurations, as well as the parameters that can be tuned

to increase this mobility, will need to be investigated in the future. Long-range mobilities in metal

halide perovskites are postulated to approach the values of single crystals once the key limiting

factors, such as charge trapping and scattering at grain boundaries, have been understood and

can be controlled. The approach presented here is expected to be of particular interest for esti-

mating the long-range charge carrier mobility in semiconductor materials where the long-range

mobility is expected to vary considerably in comparison to the short-range mobility, as observed
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in quantum dots, carbon materials, semiconducting organic molecules, and metal oxides, among

others.

It is important to highlight that the long-range mobility obtained via this method is measured in

the lateral direction (parallel to the substrate), which is not the direction of charge transport in

a photovoltaic device. There is thus far no conclusive evidence showing if the vertical mobility in

a perovskite thin film is closer to the short-range mobility as obtained from OPTP, or the longer-

range mobility measured via the methodology presented here. This will be part of Chapter 6,

where diffusion simulations indicate the importance of the long-range mobility on the vertical

transport properties as well.
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CHAPTER

CHARGE TRANSPORT

PROPERTIES IN

TWO-DIMENSIONAL METAL

HALIDE PEROVSKITES 5
Layered, two-dimensional perovskites hold promise for enhancing the stability of metal halide per-
ovskite thin film devices, yet their charge transport characteristics still remain largely unexplored.
In this chapter, the sum of electron and hole mobilities (Σµ) in PEA2PbI4, a two-dimensional
perovskite, is examined using two different photo-conductivity measurements, which are sensitive
to short-distance and long-distance transport processes, respectively. A remarkable long-range
mobility of 8.0 ± 0.6 cm2 V−1 s−1 is determined. This mobility is found to be tenfold higher than
that of a stereotypical three-dimensional perovskite, FA0.9Cs0.1PbI3. These results are compared
to optical-pump terahertz probe conductivity measurements to reveal that the two-dimensional,
polycrystalline thin films exhibit single-crystal-like charge transport properties. It is then revealed
in follow-up work that the long-range order of the two-dimensional materials strongly impacts
their properties. Simultaneously, more and more evidence is shown, which supports the claim
that the two-dimensional perovskite materials are not solely excitonic materials, but rather that
their optoelectronic properties are governed by the interplay of free charge carriers and excitonic
species. The results shown here offer fundamental insights into the class of two-dimensional,
layered perovskites that will ultimately help to improve optoelectronic device performance.

The work presented in this chapter has in parts been adapted with permission from:
Manuel Kober-Czerny, Silvia G. Motti, Philippe Holzhey, Bernard Wenger, Jongchul Lim, Laura
M. Herz, Henry J. Snaith, Excellent Long-Range charge carrier Mobility in 2D Perovskites,
Advanced Functional Materials 2022, 32, 2203064.

87
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5.1 INTRODUCTION

Despite the rapid improvement of the PCE, industrial application of metal halide perovskite solar

cells is still inhibited by their inherent instability under various environmental factors. Partic-

ularly, under operating conditions (heat and light), significant losses in PCE can be observed

over time.44,241,242 The soft lattice of the perovskite material leads to a multitude of degradation

pathways via intrinsic defects, photo- and heat-induced ion migration, and surface reconstruction.

Therefore, it has become the focus of the perovskite research field to understand and mitigate

these degradation pathways and hence improve the overall long-term stability of the resulting

photovoltaic devices.

One common approach to enhance the stability of metal halide perovskite-based photovoltaic de-

vices is the use of bulky, organic cations. They can be added to the perovskite precursor solution

during fabrication to improve material quality via controlling the crystallization and film forma-

tion. This has been shown to improve the PCE as well as long-term stability.243–245 In this case,

the inverted, p-type-intrinsic-n-type (p-i-n) device architecture is often used. There light travels

through the hole-transport layer first, before being absorbed by the perovskite material. The

main stability improvement is thought to come from the enhanced crystallinity and perovskite

material quality.118,245 Another approach is to use the organic cations as a post-treatment to pas-

sivate the top-surface of the perovskite films. In that case, two-dimensional perovskite phases, as

introduced in Chapter 2, can form. As a surface passivation, this layer not only protects against

environmental influences by the steric nature of the cations, but may also induce the formation of

a heterojunction between the three-dimensional perovskite and a wider bandgap, two-dimensional

perovskite.118 Most studies using this approach report devices in a regular, n-type-intrinsic-p-type

(n-i-p) architecture.118,246–250 In this structure, the wide bandgap, two-dimensional perovskite may

act as an electron-blocking layer if it becomes too thick. Hence, passivating the hole-transporting

side of an n-i-p device can both passivate that surface and reduce interfacial recombination with

electrons leading to near-zero losses in open-circuit voltage.166,247,251,252 The reduction of interfa-
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cial electron trapping may aid long-term stability via the suppression of interface reactions with

mobile ions.248 The exact role of the two-dimensional phase in the improvement of the long-term

stability is still debated, as it can also be explained by simply reducing the direct contact be-

tween the perovskite material and the contact layer, as has been observed in other passivation

strategies.253,254 Nevertheless, some of the highest reported PCEs in perovskite-based solar cells

have used a two-dimensional perovskite passivation layer.246,249

Significant research effort is directed towards the use of p-i-n devices as well,. They still report the

best long-term stability values for perovskite-based solar cells, due to the use of organic transport

materials, which avoid redox reactions at typically employed TiO2/SnO2 bottom transport layer

materials and mobile dopants in the HTM , such as Li+.255,256 In this architecture, significant

effort is needed to achieve improved device efficiencies via use of chloride-based additives or con-

trolled two-dimensional perovskite layer formation.251,252,257

If the two-dimensional perovskite layer does completely cover the surface, the charges in both

architectures will have to travel through it to get to the electronic contacts. This interaction

will be governed by the inherent characteristics of the two-dimensional perovskite layer and the

properties of the bulky, organic cation. Due to the anisotropy of the two-dimensional system,

it is generally accepted that the out-of-plane (here out-/in-plane correspond to the crystallo-

graphic planes) charge carrier transport and mobility of two-dimensional perovskites is much

lower than the in-plane mobility.116,258 When charge carriers in two-dimensional perovskites have

to move between different crystallographic planes, the performance of photovoltaic devices can

be reduced.250 Indeed, it is commonly believed that the two-dimensional perovskite phases‘ abil-

ity to increase the stability of a three-dimensional perovskite comes at the expense of both the

conductivity and mobility of carriers.6,116,245 In contrast, an increase in mobility, in this case the

mobility of free charge carriers in the two-dimensional plane, was predicted by early studies of

layered tin-halide perovskites, despite their reduced conductivity.259 New developments in film

fabrication have allowed for more precise control over layer orientation, and in some cases, com-

plete conversion into vertically oriented two-dimensional layers, which makes transport along the

two-dimensional perovskite sheets possible in a direction normal to the substrate, opening up

the possibility of vertical device architectures.110,119,260,261 Since PEA2PbI4 (n = 1) is one of the

most studied layered perovskites and thus allows for best comparison of the results, it was first
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studied as a model system to better understand the charge carrier transport in two-dimensional

perovskites. Solution-processed n = 1 thin-films are typically more oriented with their planes

parallel to the substrate and are not subjected to the same phase impurity challenges as seen

for n > 1 two-dimensional perovskites.123,201,262–267 In early work, PEA2PbI4 is described as a

dielectrically confined system with exciton binding energies of 230 meV.130 In a recent diffusivity

study of PEA2PbI4, highly mobile excitonic species were observed.134 Concurrently, free-carrier

behaviour has been observed and is under investigation: in a recent report, a polaron model is

proposed to account for free carrier transport in PEA2PbI4.136

In this work, the in-plane mobility and photo-physical properties of some two-dimensional per-

ovskites were investigated by measuring the lateral long-range and short-range photo-conductivity

of highly oriented thin films. A better understanding of the generation and transport properties

of free charge carriers in PEA2PbI4 over both length-scales was gained. The initial findings al-

lowed consideration of possible ways to make two-dimensional perovskites in general more useful

in optoelectronic device applications. One possibility is to change the electronic nature of the

bulky spacer cation, which was investigated at the end of this work.

For this work, a simple fabrication method (see Chapter 3) was developed to produce phase-pure,

highly oriented PEA2PbI4 thin films of high quality.
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5.2 PART I - MOBILITY OF “FREE” CHARGE CARRIERS

Understanding Transient Exciton and Free Charge Carrier Behaviour

To begin the investigation, the optoelectronic properties of PEA2PbI4 were assessed first. This

was necessary in order to accurately describe the behaviour of both excitonic and free-carrier-

like species. The absorption properties were probed using absolute transmittance and reflectance

measurements, as well as an estimate for the thin film thickness using a profilometer (see Chap-

ter 3 for details). The absorption coefficient α(hν) could then be calculated using Equation

2.10 and the results are shown in Figure 5.1 for FA0.9Cs0.1PbI3 and PEA2PbI4. As introduced

in Chapter 2, the absorption of the two-dimensional material is shifted towards higher energies

and exhibits a strong characteristic peak near the absorption onset associated with exciton for-

mation.123,131,134 It is important to note again that thinner films of approx. 160 nm were needed

to resolve the excitonic absorption peak.

Both absorption spectra could be fitted individually with the “Elliott model” (as described in

Chapter 3) to estimate the exciton binding energy (EB), as well as the electronic bandgap

of the continuum of states for each material (distinct from optical or Tauc estimates of the

absorption onset energy).83 From this exciton binding energies of approx. 7 meV (lit.: 5.3 meV)

for FA0.9Cs0.1PbI3 (bandgap of 1.55 eV, lit.: 1.51-1.57 eV) and approx. 230 meV (lit: 193-230

meV) for PEA2PbI4(bandgap of 2.63 eV, lit.: 2.36-2.63 eV) could be estimated.268–273 Figure 5.1

shows the excitonic and continuum components of the Elliott fit alongside the measured data.

It can be noticed that the fit diverges from the data a few hundred meV above the absorption

onset. As mentioned in Chapter 3 this is expected due to strong Coulomb interactions within

the materials, which are not part of the Elliott model.
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Figure 5.1: The absorption coefficients as obtained from total transmittance and re-
flectance measurements are shown for (a) FA0.9Cs0.1PbI3 and (b) PEA2PbI4. For both,
the Elliott model was used to fit the absorption onset and extract the exciton binding
energy. The combined fit as well as the separated excitonic and continuum part are shown
alongside the data.

Next, the recombination of photo-generated charge carriers was assessed via time-resolved photo-

luminescence (TRPL) and intensity-dependent photo-luminescence quantum efficiency (intensity-

dependent, external PLQE) measurements. In both experiments, the photo-luminescence (PL)

was measured and physical models were used to extract information about the parameters related

to recombination (k∗
rad, knr, and kx, as introduced in Chapters 2 and 3). Therefore, it was

important to first understand how the PL signal related to the charge carrier density. For this

purpose, both materials were measured using a the TRPL setup. The maximum signal intensity

scales linearly with the PL and is plotted as a function of excitation fluence in Figure 5.2

(a). Since the photo-generated charge carrier density ∆n also scaled linearly with the excitation

fluence F (assuming negligible effects at the pico-second timescale), it allowed the extraction of

factor b in the proportionality law

PLt=0 ∝ F b ∝ ∆nb (5.1)

According to Equation 2.22, free-carrier recombination from intrinsic semiconductors with neg-

ligible equilibrium carrier concentration leads to b = 2, while pure excitonic recombination (as per

Equation 2.25) results in b = 1. In Figure 5.2 (a) it can be observed that indeed PEA2PbI4

showed b = 1 behaviour indicative of the excitonic nature of the layered material. In contrast to
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that, FA0.9Cs0.1PbI3 showed a b = 1.5 behaviour. This behaviour had been previously observed in

other three-dimensional perovskite thin films.136,274 The explanation brought forward was polaron

formation, as well as fast initial annihilation of a minority of excitons. For the work presented

here, the exact mechanism of this was less important, since b = 1 behaviour was observed for

PEA2PbI4 and the transient photo-conductivity (TPC) as well as terahertz spectroscopy (OPTP)

could only probe the free-carrier mobility.

In Figure 5.2 (b), the TRPL decays for both, FA0.9Cs0.1PbI3 and the layered PEA2PbI4 are

shown for a range of pulsed excitation fluences (notably the TCSPC pulse width is tens of ps,

rather than ns for the TPC measurement). A stark difference in lifetimes between the two- and

three-dimensional perovskites could be observed immediately: the three-dimensional material

showed a long PL decay of a few hundred nanoseconds, which is indicative of mono-molecular,

trap-assisted recombination dominating the PL dynamics. In contrast, the PL intensity of the

two-dimensional material dropped by an order of magnitude within a few tens of nanoseconds.

However, it still showed a significant PL signal after more than 200 ns, indicating the presence of

longer-lived species. As mentioned in Chapter 3, during a TRPL experiment the generation rate

G can be reduced to a constant generation of charge carriers at t = 0 ns and Auger recombination

can generally be neglected at the fluences probed. The analytical model was used to fit TRPL

data (see Chapter 3). A trap-assisted recombination constant k1,nr as well as k∗
rad could be

extracted. The resulting fits overlaid with the data are shown in Figure 5.2 (b) for all fluences.

For FA0.9Cs0.1PbI3, k1,nr was determined to be 7.5 × 105 s−1, while it increased to 6.3 × 106 s−1

for PEA2PbI4. As mentioned in Chapter 2, the mono-molecular exciton decay rate kex has a

strong influence on k∗
rad, but cannot be disentangled from it through TRPL measurements.

To disentangle the two, intensity-dependent, external PLQE was measured for thin films of both

materials. For FA0.9Cs0.1PbI3 a monotonically increasing external PLQE up to a carrier density

of 2 × 1016 cm−3 could be observed, while for PEA2PbI4, the thin films have an almost constant

external PLQE of approx. 1%. This is a result of the excitonic nature of the PL emission as

described previously, where the mono-molecular radiative recombination of excitons is insensitive

to excitation fluence.136,263 The data was fitted to Equation 3.9 using a root-finding algorithm

(see Chapter 3 for details). To reduce the number of free parameters, knr was fixed to the
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value obtained from the global TRPL fits and kx = 0 s−1 for the three-dimensional perovskite

FA0.9Cs0.1PbI3. The resulting fits are shown alongside the data in Figure 5.2 (c).

Figure 5.2: (a) The initial PL intensity after photo-excitation is shown as a function of
excitation carrier density for both materials studied here. The dotted lines indicate the
PL ∝ n and PL ∝ n2 behaviour. (b) TRPL transients of both materials are shown for
three different fluences (light: 4.4 × 109cm−2 (2.2 nJ cm−2), medium: 4.4 × 1010cm−2 (22
nJ cm−2), dark: 4.4 × 1011cm−2 (220 nJ cm−2)). The data was normalized to the number
of PL counts at t = 0 ns.(c) The intensity-dependent, external PLQE (ηQE,ext) for both
materials is shown alongside a fit (dotted line) to extract the recombination parameters.
(d) A representative, simulated evolution of n(t), the Saha fraction and ϕ during and after
the 3.7 ns long pulse used during the TPC experiment. A maximum in ϕ is achieved after
approx. 5 ns.

For FA0.9Cs0.1PbI3 a k2,rad of 8.79 × 10−11 cm3 s−1 and negligible kaug of 7.22 × 10−28 cm6s−1 were

extracted. In contrast, for the PEA2PbI4 thin films k2,rad was determined as 3.3 × 10−10 cm3 s−1,

kaug as 10−32 cm6s−1, k2,nr as 2.5 × 10−8 cm3 s−1, and kx as 7.4 × 105 s−1. It is worth noting

that the accuracy of kx is relatively high, assuming that k1,nr as determined from the TRPL
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decays is accurate. The accuracy of k2,rad is also relatively high, since there is a small, but highly

relevant increase in PLQE over the excitation range studied, due to the increasing competitive-

ness of the radiative k2,rad process over the non-radiative k1,nr process over the intensity range of

measurement. The accuracy of kaug is low, but its low value also makes its impact negligible.121,263

The same recombination constants were estimated by Dr. Silvia G. Motti (University of Oxford)

using optical-pump terahertz probe (OPTP) spectroscopy. The OPTP experiment can record the

photo-conductivity transients at higher charge carrier densities and with femtosecond resolution,

thus allowing for more accurate determination of the higher-order decay rates, k2,rad and kaug. In

Table 5.1, the values obtained by both methods are shown to be in good agreement with one

another and with previously reported values. In Appendix A.1, the impact of an error in the

recombination constants on the resulting mobility of PEA2PbI4 is shown. It was concluded that

the recombination constants were determined with enough accuracy so that the resulting error

was lower than the batch-to-batch variation of the TPC data and hence to allow for conclusive

results.

Table 5.1: Recombination constants ofPEA2PbI4and FA0.9Cs0.1PbI3 as obtained from
TRPL/intensity-dependent, external PLQE and OPTP measurements. They are com-
pared to literature values.

Material Method k1,nr kx k2,rad kaug
[x 106 s−1] [x 106 s−1] [x 10−10 cm3s−1] [x 10−28 cm6s−1]

FA0.9Cs0.1PbI3

TRPL, PLQE 1.1 NA 0.9 7.2
OPTP - NA 3.1 0.7

197, 215 0.5-7 NA 1.1 0.2

PEA2PbI4

TRPL, PLQE 6.3 0.7 3.3 -
OPTP 5.0 - 900 3.1

116, 263 0.9 50 20 10-200

Now, the Saha equation (Equation 2.8) could be used to estimate the fraction of free carriers (ϕ)

with respect to the total density of photo-excited species. This was done by solving Equation

2.8 at each time point as detailed in Chapter 3 for the excitation pulse length of 3.74 ns used

during the TPC experiment. The resulting transient free-carrier fraction is plotted in Figure 5.2

(d) for both sets of extracted parameters. It becomes apparent that the higher EB of the layered

material results in an overall lower free-carrier fraction as expected for excitonic materials.
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Long-Range Mobility

To estimate the long-range, in-plane mobility, the TPC method was used. As two-dimensional

perovskites are anisotropic materials, their orientation with respect to the substrate strongly im-

pacts the TPC measurement, which is an in-plane method. It was hence important to have a

pure two-dimensional perovskite phase with nearly perfectly oriented layers, in order to reduce

the effects of both multiple phases and anisotropy on the measured conductivity. In order to

assess the orientation of the thin films studied, in particular the PEA2PbI4, 2D XRD scans were

taken by Philippe J. Holzhey (University of Oxford). In Figure 5.3 (a) and (b), the 2D XRD

scans for both materials are shown: for the three-dimensional perovskite films, the XRD peaks

appear as semicircles in the qy vs. qz plot, indicative of a low degree of texturing and a random

distribution of crystalline orientations. In contrast, the majority of the scattering intensity was

along the qz-direction for the two-dimensional perovskite film, consistent with highly textured

films, with the perovskite two-dimensional planes lying parallel to the substrate.123,268 Alongside

the 2D XRD scans, a set of 1D XRD diffractograms is shown in Figure 5.3 (c) and (d) as well.

In the case of thePEA2PbI4, a highly oriented film was obtained with a d-spacing of approx. 1.6

nm.

From these findings, it was expected that the TPC mostly probed the conductivity and mobility

in the plane of the two-dimensional perovskite sheets, hence “in-plane” in this case did not only

refer to the lateral arrangement of the electrodes, but also to the direction of the measurement

within the layers of the two-dimensional perovskite. It is important to re-emphasize here that

excitons, as pseudo particles with a net charge of zero, do not drift in an electric field and so do

not contribute to the conductivity. The assumption of ϕ = 1 was thus no longer true for excitonic

materials such as two dimensional perovskites. This behaviour was shown in Figure 5.2 (d)

as well. Without accurately determining the free-carrier fraction, there is a risk of presenting

confusing, even contradictory results when studying excitons and mobile carriers, using long-

range and short-range measurement techniques.
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Figure 5.3: (a) and (b) show the 1D-XRD diffractograms for the two materials studied
here. (c) and (d) show the 2D-XRD diffractograms for both materials and were measured
by Philippe J. Holzhey (University of Oxford).

The obtained conductivity decays from the TPC measurements are shown in Figure 5.4 (a) for

both PEA2PbI4 and FA0.9Cs0.1PbI3. For both materials, the photo-conductivity traces again in-

dicated the presence of long-lived species, with mono-exponential decay lifetimes of a few hundred

nanoseconds, and peak conductivities between 10−4 to 10−2 S cm−1. Using an approach similar

to the one in Chapter 4, where early-time recombination during the photo-excitation pulse was

neglected and ϕ = 1 was assumed, the uncorrected sum-mobility ϕΣµ could be extracted from

the extrapolated σt=0 using Equation 4.1. The resulting ϕΣµ values determined in this manner

were 0.1 to 0.7 cm2 V−1 s−1 in the case of PEA2PbI4 and 0.2 to 0.7 cm2 V−1 s−1 for FA0.9Cs0.1PbI3.

It shall be noted that the uncorrected long-range mobility values were very similar for both mate-

rials. The drop off observed for ϕΣµ determined in this manner with increasing excitation density

was consistent with a reduction in ϕ due to early-time recombination and exciton formation with

increasing intensity, as was already observed in Chapter 4. The transient free carrier fraction

shown in Figure 5.2 (d) could now be used to obtain a corrected Σµ.

The uncorrected ϕΣµ values are presented side by side with the corrected Σµ values in Figure 5.4
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and plotted against the fluence of the laser. The fully-corrected estimations of the mobilities are

significantly different: in the case of the three-dimensional perovskite, the corrections affected the

higher excitation densities more strongly with estimated free-carrier fractions at peak conductivity

(with respect to the initial excitation density) of 0.84, 0.68, 0.49 and 0.33, for excitation fluences of

0.08, 0.25, 0.80, and 2.54 nJ cm−2, respectively, with an average mobility of 0.8 ± 0.1 cm2 V−1 s−1

(average of 3 samples from one batch, and across all excitation fluences). As shown in Chapter 4

the long-range mobility of three-dimensional perovskites can be estimated as 0.2-6.7 cm2 V−1 s−1,

similar to the values obtained in Chapter 4. For PEA2PbI4, the free-carrier fractions near peak

conductivity were reduced to 0.11, 0.07, 0.04, and 0.03 for the same range of excitation energies,

resulting in Σµ of 8.0 ± 0.6 cm2 V−1 s−1 (average of 18 samples from 6 batches and across all

probed excitation energies). In both cases, the smaller relative errors of the estimated mobilities

were consistent with the expectation that the mobility is widely independent of charge carrier

densities in the regime measured in this work. It is worth emphasizing here that the low values

of ϕ in the case of the layered perovskite could mainly be accounted for by the Saha equilibrium

at the high exciton binding energy of 230 meV.
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Figure 5.4: (a) TPC decay traces are shown for different laser fluences (1.9×1011cm−2 (0.08
µJ cm−2), 6.0 × 1011cm−2 (0.25 µJ cm−2), 1.9 × 1012cm−2 (0.8 µJ cm−2), 6.0 × 1012cm−2

(2.5 µJ cm−2)) (b) The extracted ϕΣµ and Σµ are shown side-by-side for both materials
studied here. In the case of ϕΣµ, the charge carrier density is the excitation density, while
for Σµ it is the simulated free charge carrier density.

Short-Range Mobility

To further investigate both the early-time recombination processes and to probe the early time

“short-range” charge carrier mobility, optical-pump terahertz-probe (OPTP) spectroscopy was

performed by Dr. Silvia G. Motti (University of Oxford). The time-scale probed is typical <

1 ns, which is short enough, so that no equilibrium of free-carriers and excitons has formed yet and

ϕ can be approximated as 1. The transient OPTP photo-conductivity decays are shown in Figure

5.5 (a) again for both the two- and three-dimensional perovskite thin films. The OPTP transients

of PEA2PbI4 excited with 400 nm (3.10 eV) photo-excitation showed a very fast decay component

(within the first few picoseconds), which was not present in the three-dimensional material. This

early time decay was independent of excitation fluence for the transient OPTP signal in the

PEA2PbI4 samples. It hence could not be ascribed to bi-molecular or Auger recombination.

Similar to earlier studies, this behaviour was interpreted as due to the rapid exciton formation

from an initial free-carrier population.275,276
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Figure 5.5: (a) The OPTP decays as measured with a 400 nm (3.1 eV) pulsed laser with
different fluences (4.2 µJ cm−2, 9.9 µJ cm−2, 23.7 µJ cm−2, 41.3 µJ cm−2). (b) The OPTP
decays are shown side-by-side for PEA2PbI4 excited at 400 nm (3.1 eV) and 520 nm (2.38
eV). All measurements presented here were done by Dr. Silvia G. Motti, University of
Oxford.

In short, the initially formed free-carrier population, which is generated by photo-excitation en-

ergies significantly above the band gap, will relax to the conduction band edge and then into

excitonic states, which are no longer sensed by the THz probe beam. This interpretation was

further confirmed by photo-exciting the same sample with a photon energy chosen to be resonant

with the excitonic states (520 nm, 2.38 eV). The results for both excitation energies are presented

side-by-side in Figure 5.5 (b). Consistently, when the excitonic states were excited directly, the

early time drop in photo-conductivity could no longer be observed. It seemed that the enhanced

temporal resolution of the OPTP experiment allowed for the probing of the free-carrier popula-

tion before exciton formation took place, hence ϕ could again be assumed to be close to 1 for the

peak of the conductivity.

The THz charge carrier mobility Σµ from the peak photo-conductivity signals were determined

to be 40 cm2 V−1 s−1 for FA0.9Cs0.1PbI3 and 8 cm2 V−1 s−1 for PEA2PbI4. It is worth highlighting

again that the mobility estimated from OPTP is a relatively short-range mobility, owing to the

high frequency of the THz probe (see Chapter 2 for details).199,277 Notably, the THz mobility

determined for the case for which the excitonic bandgap was excited directly (ϕΣµ at 2.38 eV)

was reduced by a factor of approximately 5.5, resulting in a ϕΣµ of 1.5 cm2 V−1 s−1. This is much

closer to the TPC mobility determined when the exciton fraction has not been accounted for.
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High Quality Thin-Films

Comparing the longer-range mobility that was determined from the TPC measurements to the

short-range mobility determined from the OPTP spectroscopy can yield valuable insights into

the thin-film quality and device relevance of the different materials where longer range transport

is required. Both data sets are summarized in Figure 5.6 (a), including ϕΣµ from the OPTP

spectroscopy at 400 nm (3.10 eV) and 510 nm (2.38 eV). For the three-dimensional perovskite

FA0.9Cs0.1PbI3, the short-range and long-range mobility differed by a factor of 50, which had

previously been reported in similar materials.197,199 A detailed understanding of the mechanisms

behind this observation is part of ongoing research, but it indicates that longer-range defects

responsible for charge carrier scattering are present in these polycrystalline thin films.40–42 En-

couragingly, for the two-dimensional PEA2PbI4, the long range and short-range mobility (at 3.1

eV) were almost identical, indicating close to “single-crystal-like” charge transport in these poly-

crystalline thin-films. This agreement between the short-range THz and long-range TPC mobility

was a first for metal halide perovskites. Interestingly, the short-range mobility estimated at 2.38

eV was much closer to the uncorrected long-range mobility. This is not a coincidence since a

larger density of excitons are initially formed when the sample is photo-excited in resonance with

the excitonic bandgap. According to Equation 2.8, the initial fraction of free carriers would be

significantly closer to the equilibrium value of phi. The fact that the data were self-consistent

and agreed with the existing literature, strongly supported the validity of the approach and in-

terpretations here.

To tie together structure and morphology with the results obtained from long-and short-range

photo-conductivity measurements, top view SEM images were taken for both materials Figure

5.6 (b) and (c). Strikingly large grain sizes (as resolved in the top view SEM images) were

observed for the layered perovskite thin films. Although the three-dimensional perovskite films

appeared much rougher on the 100s nm length scale in the top view SEM image, with much smaller

polycrystalline grain size than the layered perovskite thin films, both types of films appeared

extremely smooth and specular (shiny) on the optical length-scale. Grain sizes in the tens to

hundreds of nm length-scales are also typical for three-dimensional perovskite thin films processed

from mixed solvent systems via the anti-solvent quenching method was used for the fabrication
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here.278 Even after careful optimization it was not possible to significantly enhance the grain size

in the three-dimensional perovskite films without changing the stoichiometry significantly.

Figure 5.6: (a) All estimated mobilities are shown together for the different techniques
(OPTP, TPC) and excitation wavelengths (400 nm, 510 nm). Only the PEA2PbI4 sam-
ple was excited with the 510 nm (2.64 eV) laser. (b) and (c) Top-view SEM images of
FA0.9Cs0.1PbI3 (b) and PEA2PbI4 (c) are shown to compare the material morphologies.
The white scale bar is 1 µm in both cases.

The often-reported “underperformance” of two-dimensional perovskite photovoltaic devices, as

compared to their three-dimensional counterparts could hence be ascribed to two main factors:

1) the increased exciton binding energy which leads to a low free carrier fraction of ≤ 10% at

room temperature under AM1.5 illumination (100 mW cm−2), and 2) a lack of understanding of

the impact of anisotropic charge carrier transport properties on the performance of the result-

ing photovoltaic devices. It became the focus of this project to explore ways to overcome the
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limitations of the high exciton binding energy.
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5.3 PART II - TOWARDS IMPROVED PROPERTIES

Functionalizing the Organic Moeity

A method to increase the free charge carrier fraction is to functionalize the organic spacer cation.

Here a range of functionalized phenylethylethylammonium derivatives (4-fluorophenethylammonium

iodide, 4-methoxyphenethylammonium iodide and 4-methylphenethylammonium iodide) were

tested (see Figure 5.7(a) for chemical structures). To understand the impact of each molecule on

the optoelectronic properties of the resulting two-dimensional perovskites, thin films of MeO–PEA2PbI4

(here: MeO-PEA), F–PEA2PbI4 (here: F-PEA) and Me–PEA2PbI4 (here: Me-PEA), were pro-

duced with the same, previously established recipe. First, the absorption properties were studied

by measuring total transmittance and reflectance of the thin films on glass and calculating the

absorption coefficient via Equation 2.10. As for PEA2PbI4, thinner films were needed in or-

der to resolve the excitonic peak feature (see Figure 5.7(b). The Elliott model was used to

obtain exciton binding energies of 170, 190, and 200 eV for MeO-PEA, F-PEA, and Me-PEA,

respectively.83 It needs to be pointed out that the absorption coefficients α(hν) shown in Figure

5.7(b) are reduced with respect to the one for PEA2PbI4 shown in Figure 5.1(b). This can

be an artefact of the measurement and the fact that the estimation of α(hν) is highly dependent

on an accurate estimate of the thickness. In fact, a new PEA2PbI4 reference sample measured

alongside MeO-PEA, F-PEA and Me-PEA showed a similar peak absorption coefficient of approx.

2.5 × 105 cm−1.

Next, the photo-luminescence properties of the two-dimensional perovskite thin films were inves-

tigated TRPL by exciting each sample with a 1 MHz pulsed laser at 3.12 eV (398 nm) from the

substrate side. The resulting TRPL decay traces are shown in Figure 5.7(c). Each showed a

fast drop in the normalized PL intensity within the first 50 ns, indicative of an excitonic recom-

bination behaviour. Then, a longer “tail“ following a near-mono-exponential decay was observed.

The TRPL traces were fitted with the “simplified continuity equation“-model as described in

Section 3. The mono-molecular recombination rate k1 was shared between two different fluences

at 2.2 and 22 nJ cm−2. To further understand the recombination behaviour, intensity-dependent,
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external PLQE was measured using a 3.12 eV (398 nm) continuous-wave laser. The resulting

external PLQE as a function of absorbed photon flux is shown in Figure 5.7(d).

Figure 5.7: (a) Chemical structures of the organic spacer cations studied here: 4-
methoxyphenethylammonium (MeO-PEA), 4-fluorophenethylammonium (F-PEA), and 4-
methylphenethylammonium (Me-PEA). (b) Absorption coefficient of two-dimensional per-
ovskite thin films made of the three organic spacer cations. The absorption coefficient was
calculated from total reflectance and transmittance measurements. (c) TRPL decay traces
of all two-dimensional perovskite thin films studied here. Only the traces for an excitation
fluence of approx. 24 nJ cm−2 are shown here for clarity. The data was fitted with the
“simplified continuity equation”-model, by using two fluences. (d) Intensity-dependent,
external PLQE measurements of the three two-dimensional perovskites studied here are
shown together with a global fit to extract the recombination parameters.

For all samples the external PLQE at lower excitation power densities converged towards a stable

value, whereas a small increase could be observed at higher excitation power densities. Only

MeO-PEA showed an overall higher PLQE when compared to PEA2PbI4. The data was fitted to

Equation 3.9 to estimate kx, k2,rad, k2,nr and kaug. For the intensity-dependent, external PLQE
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fitting, k1,nr was fixed to the value obtained from the TRPL fits, k2,nr, kaug, as well as Pesc were

shared between all materials, which helped to make this model more identifiable. All results

are summarized in Table 5.2. The extracted, shared parameters were kaug: 10−32 cm6s−1, k2,nr:

2.5 × 10−8 cm3 s−1 and Pesc: 97.3%. All materials showed comparable k1,nr, but differed slightly

in the extracted k2,rad and kx rates.

Table 5.2: Recombination constants obtained for MeO–PEA2PbI4, F–PEA2PbI4 and
Me–PEA2PbI4 as obtained from TRPL/intensity-dependent, external PLQE measure-
ments. k1,nr is obtained solely from TRPL, k2,rad and kx are obtained from intensity-
dependent, external PLQE.

Material k1,nr k2,rad kx
[x 106 s−1] [x 10−10 cm3s−1] [x 105 s−1]

MeO–PEA2PbI4 7.7 6.5 1.0
F–PEA2PbI4 8.9 2.1 0.6

Me–PEA2PbI4 8.5 1.5 0.6

These results indicated that the Auger recombination was negligible under these conditions and

instead k2,nr of unkown origin fitted the data better. It is also important to keep in mind that

either process only affects the two data points measured at the highest fluences, for each material.

Both the increase in k2,rad and kx could explain the increase in the PLQE of the MeOPEA sample

at all fluences. An increase in kx would indicate faster exciton annihilation, while an increase

in k2,rad might indicate enhanced carrier-carrier recombination. Looking at the initial PL drop

observed during TRPL could give more insights: this drop had been previously assigned to fast

exciton annihilation. In the case of the MeOPEA sample a less severe initial PL drop pointed

towards an improvement in carrier-carrier recombination, rather than exciton annihilation. This

would also be in agreement with a lower exciton binding energy as observed for the MeOPEA

sample from the Elliott fit. Additionally the intensity-dependent, external PLQE shape itself

could be used to indicate which process was the dominating one. As exciton annihilation is in-

dependent of the charge carrier density, the resulting intensity-dependent, external PLQE should

be constant over a wide range of excitation fluences as previously mentioned. On the contrary,

carrier-carrier recombination results in a monotonic increase of PLQE with excitation fluence

until higher-order, non-radiative effects come into play. Only the MeOPEA sample showed an

increasing PLQE with increasing excitation fluence, further indicating an increase in free charge

carrier density.
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To understand how this affected the photo-conductivity of the materials, TPC was measured

with lateral electrodes as previously described. Again, a 470 nm (2.63 eV) pulsed excitation

laser was used with a maximum fluence of 2.54 µJ cm−2. At the highest fluence, the photo-

conductivities were measured as 4.4 × 10−3, 3.6 × 10−3, and 0.8 × 10−3 S cm−1 for the MeO-PEA,

F-PEA, and Me-PEA samples, respectively. In comparison, for PEA2PbI4 a photo-conductivity

of 3.2 × 10−3 S cm−1 was measured at the same fluence. As with the PEA2PbI4, both the short-

range and long-range mobility were extracted from OPTP and TPC measurements, respectively.

The OPTP measurements were performed by Dr. Silvia G. Motti (University of Oxford). They

are shown side-by-side in Figure 5.8(a) and compared to the PEA2PbI4 from Part I of this chap-

ter. The short-range mobility from OPTP did not differ, while the long-range mobility changes

over an order of magnitude between the different materials. The extracted short-range mobili-

ties were 6.7, 7.1, and 6.1 cm2 V−1 s−1, while the long-range mobilities were 2.1 ± 0.4, 1.7 ± 0.6,

and 0.6 ± 0.3 cm2 V−1 s−1, for MeO-PEA, F-PEA, and Me-PEA, respectively. In contrast to the

PEA2PbI4 reference sample, all studied two-dimensional materials showed a discrepancy between

the long- and short-range mobility, indicative of reduced material quality. To test whether this

was the case, 1D-XRD diffractograms were measured and are shown in Figure 5.8(b). All or-

ganic spacers form highly oriented two-dimensional perovskite films along the (0 0 2) plane, which

meant the inorganic planes were again oriented parallel to the underlying substrate. Despite all

of them being phase-pure, oriented materials they showed different intensities of the initial XRD

peaks. This can be indicative of structural disorder.279

The (0 0 2) peak was integrated for each material and used as a measure of structural disorder.

Then, the difference in short- and long-range mobility were calculated as ∆µ = µOPTP − ΣµTPC

and plotted against the (0 0 2) peak area in Figure 5.8(c). Surprisingly, the data showed a

near-perfect linear trend. While this was just a crude approximation, it indicated that the long-

range transport properties of the layered perovskites studied here were greatly impacted by the

morphology and disorder within the thin films. The impact was even more pronounced than for

three-dimensional perovskites, which have an already lower long-range mobility to begin with.
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Figure 5.8: (a) Extracted long- and short-range mobilities from TPC/OPTP for all PEA-
derivatives. The OPTP measurements were performed by Silvia G. Motti (University
of Oxford). (b) 1D-XRD diffractograms of the three derivatives studied here. (c) A
comparison of the difference in short- and long-range mobility to the (0 0 2) peak area is
shown to illustrate the impact of structural changes on the discrepancy in mobility.

All results pointed towards MeO–PEA2PbI4 having improved optoelectronic properties. These

were most likely achieved due to an increased free-carrier fraction. Even though the long-range

mobility was lower than that of PEA2PbI4, the measured photo-conductivity was still higher. In

contrast to that the structural disorder as approximated from the (0 0 2) peak area was reduced

for MeO–PEA2PbI4. These results indicated that MeO–PEA2PbI4 could be more suitable for

use in photovoltaic applications or even as a two-dimenional perovskite passivation layer, if the

fabrication of the thin films was optimized for this specific material.280,281 In fact, it had been used

as a surface passivation in one recent report of a perovskite-based PV device with outstanding

efficiency.246
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5.4 SUMMARY AND OUTLOOK

It is worth mentioning that all results presented in this work may be impacted by the reduced

number of grain boundaries, an increased crystallinity, as well as a combination of both and it is

part of ongoing research to disentangle these effects.40–42

In conclusion, it was first shown that PEA2PbI4, as an excitonic, two-dimensional perovskite, also

has a substantial free charge carrier density that affects its optoelectronic properties. At the same

time, a considerably higher long-range mobility was measured than for a typical three-dimensional

perovskite. Critically, in PEA2PbI4 thin-films, the sum of mobilities was the same as determined

by measurements sensitive to both short-range and long-range transport. In contrast, the differ-

ence between short- and long-range mobility for three-dimensional perovskites was greater than

a factor of ten, and in the example here, a factor of 50. This indicates that, for two-dimensional

perovskite thin films, no extrinsic defects are responsible for charge carrier scattering, beyond

those inducing short-range scattering events in the crystalline structure. Thus, the PEA2PbI4

thin-films studied here can be considered to have charge transport properties similar to those

typically observed in single crystals.

These results indicate that employing two-dimensional perovskites, or using two-dimensional per-

ovskites to direct the crystallisation of three-dimensional perovskites, may be a viable method to

enhance the charge transport in optoelectronic devices. This is in contrast to their use as surface

passivation for three-dimensional phases to induce stability enhancements. These passivations of-

ten lead to performance drops in certain architectures, which could now be ascribed to two main

factors: 1) the higher exciton binding energy, which for a material such as PEA2PbI4 resulted in

90% exciton formation at room temperature under solar irradiance and 2) the anisotropic charge

carrier transport and limited understanding of its impact on the resulting device performance.

The first point was then addressed in further work trying to enhance the density of free charge

carriers within the material by introducing functional groups at the organic spacer cation. The
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organic spacer cation phenylethylammonium was functionalized with three different groups on

the aromatic ring. From this, it could be understood that the optoelectronic properties of the

two-dimensional materials are greatly dependent on the interplay of excitons and free charge

carriers. Thus, the intensity-dependent PLQE and TRPL measurements could only be understood

conclusively, if both were taken into account. From this, an increased free carrier fraction could

be postulated for the MeO–PEA2PbI4 two-dimensional perovskite. In agreement with this, an

increased photo-conductivity and PLQE were measured. Despite these promising results for

MeO–PEA2PbI4, its long-range mobility differed from the short-range mobility as obtained from

OPTP. This effect could be connected to some structural disorder within the thin film. Most

likely, this is a result of the fact that the original fabrication route was optimized for PEA2PbI4

and would need to be revised for MeO–PEA2PbI4 to make use of its potentially much improved

properties.

Despite these promising findings, more work is needed - specifically in understanding how to

control the orientation of the two-dimensional planes in perovskite thin films. Further research

should prioritise improving the understanding of the interplay of excitons and free charge carriers

in these materials. Being able to control exciton populations in two-dimensional perovskites, such

as PEA2PbI4 or MeO–PEA2PbI4, will help to determine the optimal methods for integrating them

into devices and establishing effective interfaces with charge extraction/injection materials.



CHAPTER

USING BAYES’ THEOREM TO

EVALUATE TIME-RESOLVED

PHOTO-LUMINESCENCE DATA 6
In this chapter it is demonstrated that time-resolved PL data of metal halide perovskites can be
effectively evaluated by combining Bayesian inference with a Markov-Chain Monte-Carlo algo-
rithm. A thin film of FAPbI3 is used to showcase the advantages of the approach, namely a high
number of inferable parameters alongside their probability distributions as well as correlations
among parameters. A set of half-stacks with SnO2 and Spiro-OMeTAD is used to validate the
inference of surface recombination velocities with high precision. From the probability distribu-
tions of all inferred parameters, an intensity-dependent PLQE measurement can be simulated
and compared to the experimental data. A good agreement between the two can be found for
all samples studied here. Finally, a mobility value obtained from the methodology presented
here is compared to values obtained from transient photo-conductivity (TPC) measured on the
same sample and optical-pump terahertz-probe spectroscopy from literature. The mobility values
inferred from TRPL decays are close to those measured using the TPC method. It is postulated
that the charge transport in thin-film-based photovoltaic devices is defined by the long-range mo-
bility. Overall, this chapter demonstrates the effectiveness of coupling Bayesian inference with a
Markov-Chain Monte-Carlo algorithm, an approach which can be expanded to a variety of other
analysis techniques in the future.

111
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6.1 INTRODUCTION

Time-resolved photo-luminescence (TRPL) is a powerful technique in which the sample is illumi-

nated by a short laser pulse and the photo-luminescence is measured in a time-correlated fashion.

The photo-luminescence intensity will quickly decay after the pulse, due to diffusion, recombi-

nation and trapping of charger carriers within the material.204,282,283 As such, the shape of the

decay can give insights into material properties to varying complexity. In the simplest case of

a mono-exponential decay, the time at which the photo-luminescence intensity has reached 1/e

(approx. 37%) of its initial value can be determined. This is a straight-forward method to com-

pare different fabrication routes of similar semiconductor materials. Even this simple approach

has the underlying “model” that the PL decay follows a mono-molecular rate equation. In reality

the TRPL decay rarely follows a mono-molecular rate law, but rather a multiexponential decay.

The most common approach is the use of a bi-exponential decay from which two lifetimes can be

extracted.282,284–286 This approach is only viable to determine an average decay time, however in

literature physical meaning is often given to both extracted lifetimes, which can lead to confusing

and even contradictory interpretations of results. Things become even more complicated, when a

tri-exponential decay is used and physical meaning is imposed onto all three lifetimes.287,288 None

of the approaches presented thus far can accurately describe the observed change in TRPL decay

kinetics with changing laser fluence.

The simplest physical model is the continuity equation without drift or diffusion (Equation

2.13). Analytical solutions have been described, however it can also be solved numerically and

fitted to data using a least-squares approach (see Chapter 3). With this model, a change in decay

kinetics with changing laser fluences can be accurately described and used to extract physically

meaningful parameters. Still, the model is a simplification, as diffusion effects are completely

neglected and there is no distinction made between non-radiative recombination occurring in the

bulk or the surface of the material. The latter point is especially important when trying to assess

the effectiveness of solar cell stacks, as surface recombination is a key limiting factor and engi-
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neering the surface has been the topic of the most recent works which claim the highest efficiency.

Measurements done on photovoltaic absorber materials interfaced with a charge transport layer

(half-stack) may be used investigate the induced surface recombination at the interface, but the

models in Chapter 3 ignore this.

To overcome this issue, a full physical model needs to be used including diffusion, surface recom-

bination at both interfaces as well as radiative and non-radiative recombination in the bulk of

the sample. As mentioned in Chapter 3 having many a large number of parameters can lead to

non-identifiable models, meaning there are multiple, degenerate solutions which may describe the

observations well. One common approach to overcome this limitation is to reduce the number of

free parameters by fixing some of them to known values from literature or other experiments. For

instance, a common approach is to use bare perovskite on glass to determine the bulk recombina-

tion parameters (assuming that the surface recombination is negligible) and then fix these when

measuring a half-stack in order to estimate the surface recombination velocity (SRV) at the newly

introduced interface.47,143,181,289 This is a viable approach to get a good estimate for the SRV,

however it has some limitations in the case of perovskite materials, as the underlying layer can

affect the crystallization and final film morphology, which in turn will affect the recombination

parameters and surface properties as well.142,290

To surpass these limitations, Bayesian inference implemented through a Markov-Chain Monte-

Carlo algorithm is utilized in this chapter. Bayesian inference is a method in which Bayes’

theorem is applied to compare a set of measured data to a modelled set, to infer knowledge about

model parameters.291 In the Bayesian approach, each parameter is described by a probability

distribution. In the beginning, the initial belief about a parameter is encoded into an initial

probability distribution, called the prior. Samples drawn from the prior will then be compared

to some observed data with the help of a likelihood function, which determines, how well the

parameters describe the data following some physical model. In this chapter, a Markov-Chain

Monte-Carlo (MCMC) algorithm is used to select random samples from the prior distribution

of the parameters. The MCMC algorithm takes an iterative approach: after an initial draw of

samples from the parameter distributions a new set of samples is drawn where the parameters
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are in close proximity to the previous ones. Only if some specific condition is met will the new

set of samples be accepted as the next step by the MCMC algorithm.292 To define this condition,

the likelihood function and Bayes’ theorem can be used, which states:

P (A|B) = P (B|A)P (A)
P (B) (6.1)

where A can be the next sample and B the observed data.291 The theorem then states that the

probability that parameter A can describe a set of observations are correct is the probability of

the observed data B being described by the parameter A (the likelihood function) multiplied by

the prior of A (P (A)) and normalized by the probability of the observed being correct (P (B)).

Thus, the posterior belief of a parameter depends on the likelihood that the observed data can

be described by it. As the MCMC algorithm propagates, the sampled set will converge towards a

state of high posterior probability or high likelihood of the parameters agreeing with the observed

data. After many cycles the distribution of the sampled data will be identical to the true posterior

probability distributions for each parameter.

This approach has been demonstrated to be effective, however the set of measurements was limited

and the total time of calculation was quite long (multiple 10s of hours).152,293 Here, an updated

approach is shown in which a full physical model is used to describe the transient charge carrier

density after pulsed photo-excitation, including diffusion, surface- and bulk-recombination as well

as reabsorption effects and the impact of shallow traps. By improving the likelihood function and

testing which parts of the model need to be included, the time of a typical calculation is cut down

to two hours on a computer cluster or 8-10 hours on a regular, four-core computer. The new and

versatile approach is then tested on a set of FAPbI3 samples on glass or interfaced with SnO2 or

Spiro. The results give insights into the underlying, optoelectronic mechanisms that govern the

transient charge carrier behaviour in this material.
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6.2 PART I - METHOD DEVELOPMENT

The aim of the methodology used here was to be able to accurately infer a set of parameters

from four measurements: two fluences from the substrate- and two from the material-side. As

metal halide perovskites of varying quality might be encountered in a research situation, it was

important to define such as minimal set of measurements. However, as will be seen in Part II of

this chapter, this set already needed to be reduced when the perovskite material was interfaced

with transport layers and significant quenching was induced.

The Physical Model

In order to estimate the time-resolved PL behaviour in a semiconductor, the radiative recombi-

nation rate needs to be calculated. Then the time-resolved PL response is

PL(t) ∝
∫ d

0
(1 − Preab(z)) · Rrad(t, z) dz + ϵPL (6.2)

where Rrad is the total, radiative recombination rate, as introduced in Chapter 2 and ϵPL is the

noise floor of the measurement. Since the radiative recombination is dependent on the charge

carrier density (see Equation 2.22), the transient charge carrier density needs to be calculated as

a function of t and z. This includes both band-to-band, radiative and trap-assisted, non-radiative

recombination, as well as diffusion. The latter was included here by using the eigenvalue solution

to the diffusion equation with the surface recombination velocities (SRV) as boundary conditions

(see Equations 2.16 and 2.19).150,151
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Assuming that both SRVs are different and non-zero, the solution is

n0(t, z) =
∞∑

k=1
AkUk(z) · e−Dβ2

k·t (6.3)

where Ak are matrix elements of the eigenvalue solutions and are proportional to the G(t, z) as

Ak = α(hν) · F (hν) ·
∫ d

0 e−α(hν)z · Uk(z)dz∫ d
0 Uk(z)2dz

(6.4)

with Uk(z) being time-independent and describing the spatial evolution of carrier densities for

the different eigenvalues βk, which can be estimated from

Uk (z) = cos (βk · z) + Sf

D · βk

· sin (βk · z) (6.5)

where Sf is the SRV at the illuminated (front) surface of the sample. The eigenvalues βk can be

found by solving

tan (βk · d) + D·βk · Ssum(
Ssum

2

)2
· b − D2 · β2

k

= 0 (6.6)

The solutions βk for k ≥ 1 are used. D is the diffusion coefficient and is related to the mobility

µ of the material via Equation 2.17. Typically, Equation 6.6 is defined via the two surface

recombination velocities S1 and S2.150–152 However, this leads to degenerate solutions, simply

by swapping the labels on S1 and S2. Degenerate solutions make it difficult for the MCMC to

traverse the parameter space and thus should be avoided, if possible.294. To avoid this issue, the

surface recombination was re-parameterized, by defining the sum and the product of S1 and S2:

Ssum and Sprod. There existed now only one solution for Ssum = S1 + S2 = S2 + S1. If the sum of

two numbers is known, then the product of the two is constrained to be

Sprod = b ·
(

Ssum

2

)2
; b ∈ [0, 1] (6.7)

Hence, using Ssum and b made the solutions of Equation 6.6 to be non-degenerate. It is important

to note that re-parameterization here did not introduce more parameters, but re-defined them

to break the degeneracy. F (hν), the fluence at the excitation wavelength, needed to be allowed

to vary in a small error window ϵF of ± 10% in order to improve the overall likelihood of the
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methodology. It is implemented as

F (hν) = Fm(hν) ·
(

0.9 + ϵF

5

)
(6.8)

where ϵF can vary between 0 and 1. The reason for this is that the measured PL response is highly

dependent on the charge carrier generation and thus a slight change in alignment can change the

measured response. A ± 10% error in excitation fluence can be accounted for by a < 5% error

in the diameter of the excitation spot (assuming a circular spot). This error is reasonable since

the laser spot size varies slightly, if different spots on the sample are measured and if the sample

is illuminated from the material- or the substrate-side.

After having estimated the diffusion, the recombination could now be calculated as being depen-

dent on t and z as well. This was done by a set of coupled rate equations, one for the electrons

and one for the holes:

∂n(t, z)
∂t

= − k2,rad

Preab(z) · (n(t, z) · p(n, t) + n(t, z) · neq)

− knr · (n(t, z) · (1 − ft) − ft · ne,n)
∂p(t, z)

∂t
= − k2,rad

Preab(z) · (n(t, z) · p(n, t) + p(t, z) · peq) − knr · p(t, z) · ft

(6.9)

where

ft(t, z) = n(t, z)
n(t, z) + ne,n + p(t, z) (6.10)

is the relative trap occupancy in thermal equilibrium (pseudo steady-state).164,165 A density of

states in the conduction band of 1018 cm−3 was assumed. The set of equations was defined here

for an electron trap, but is also true, if electrons and holes are swapped. Equations 6.9 and

6.10 could be derived from Equations 2.26(a)-(d) by assuming: 1) a similar trap cross section

for electrons and holes (yielding a single knr), 2) a trap between the middle of the bandgap and

the edge of the conduction band (thus ne,p ≈ 0), and 3) the trapping- and de-trapping processes

being faster than the recombination, so that a pseudo-steady state, relative trap occupancy can

be formulated. It is important to emphasize that ft describes the fraction of filled traps relative

to the empty traps at the beginning of the excitation pulse and can depend on previous pulses and

the repetition rate.295 The TRPL measurements typically took between one and three minutes,
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so if charge carriers accumulated in shallow traps, they would continue to affect the recombina-

tion dynamics during the measurement. The definition of ft tried to take that into account. In

addition neq was used to estimate this “equilibrium” concentration of charge carriers that accu-

mulated during the measurement. It is the sum of the background charge carrier density and the

accumulated charge carrier density.

Equations 6.9 and 6.10 were solved iteratively using a Runge-Kutta algorithm. The solutions

n(t, z) and p(t, z) then needed to be modulated to take the calculated diffusion into account. This

was done via

n(ti, z) = n(ti+1, z) · n0(ti+1, z)
n0(ti, z) (6.11)

using n(t0, z) = n0(t0, z). An equivalent equation was used for the holes assuming the same

diffusion as for the electrons (n0(t, z) = p0(t, z)).

The Eigenvalue Function

The eigenvalue function (Equation 6.6) is at the center of the model, thus a few difficulties that

had to be overcome will be summarized here. The solution is dependent on D, Ssum, b and d.

In Figure 6.1(a) and (b) the left hand side of Equation 6.6 is shown as a function of different

values of β · d, showcasing the dynamic nature of the equation. βk are the roots of the equation

and can be found numerically. However, common root-finding algorithms, like the ones from the

scipy.optimize library struggled to find all roots. Especially, the fourth root in Figure 6.1(b)

would be most likely missed, due to the high gradient at that point. The issue that arose from

this is that the MCMC algorithm could not traverse this point, because the solution would change

abruptly from close neighbouring ones. This effectively biased the MCMC walkers to avoid this

area. To overcome this issue, the square of Equation 6.6 was calculated instead, which turned

all roots into local minima. Then, common algorithms could find all roots with much higher

reproducibility and accuracy.
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Figure 6.1: (a) and (b): The shape of the eigenvalue function is shown for different β · d
values for the parameters (a) D = 3 × 10−2 cm2 s−1, Ssum = 10 cm s−1, and b = 0.95; and
(b) D = 3 × 10−3 cm2 s−1, Ssum = 400 cm s−1, and b = 0.95. (c) and (d): The impact of
D and Ssum on the solutions βk · d are shown for a range of values where (c) Ssum = 10
cm s−1 and (d) D = 3 × 10−2 cm2 s−1.

To further emphasize the dynamic nature of the equation the first three non-zero roots were

estimated for 1) a range of D with Ssum = 10 cm s−1 and b = 0.95, and 2) a range of Ssum with

D = 10−2 cm2 s−1 and b = 0.95. The roots were multiplied by d for comparability and are shown

in Figure 6.1(c) and (d), respectively. It could be observed that there exist two limiting cases,

one for small D or large Ssum, where βk · d = k · π, and another for large D or small Ssum, where

βk · d = (k − 1) · π.150,152 The change from one limiting case to the other is highly dependent on

D, Ssum, b and d and cannot be solved analytically. In the future, solving the eigenvalue solution

could be replaced by a look-up table approach or an empirical correlation in the four-dimensional

parameter space of D, Ssum, b and d, but this is beyond the scope of this chapter.
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Taking Reabsorption into Account

Reabsorption of emitted photons can change the observed PL decay, as it delays the emission at

later times, then the charge carrier density homogeneous across the sample thickness.56,173–175 As

mentioned in Chapter 2, its impact can be simulated by a full ray-tracing model.173,175 This was

however computationally too expensive for the approach presented here, were many thousands

of calculations needed to be run for a representative Bayesian inference. Hence, several models

to calculate Preab of increasing complexity are compared here. As a reference, the calculation

is also run without including any reabsorption. The simplest approach (“simple”) assumed an

exponentially decaying escape probability Pesc = 1 − Preab in z direction, thus:

Pesc(z) = e−αreab,i ·z (6.12)

where αreab,i is the reabsorption factor of the two different surfaces (i = 1, 2) and is a product

of the absorption coefficient at the emission wavelength and the number of internal reflections

or scattering.296 In this model the escape probability was assumed to be 100% at both surfaces.

A higher order correction to this model (“separate”) then took into account that the escape

probability might not be the same for both surfaces. Thereby

Pesc,1(z) =e−αreab,1·z

Pesc,2(z) =A2 · e−αreab,2·z
(6.13)

Lastly, the most complete model (“combined”) included here considered that the escape probabil-

ity relevant for Equations 6.2 and 6.9 would not be the same, due to the fact that for the latter

the generated photons could escape through the front and back surface, while for the estimation

of PL(t) only the surface directed at the detector would be important. The combined model is

Pesc,rec(z) =e−αreab,1·z + A2 · eαreab,2·(z−d)

Pesc,PL(z) =e−αreab,1·z
(6.14)

In Figure 6.2 the Pesc is shown for each model as a function of z coordinate. In order to

understand, which model describes the data the best the Akaike information criterion (AIC) was
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calculated. It is defined as

AIC = Σn=N
1 LLn

N
+ 2 · kp

2 · σ2
L (6.15)

for a gaussian distribution, where LL is the log-likelihood (defined below), N is the number of

points and kp the number of parameters.297 In general, the smaller the AIC, the more appropriate

the model. In Figure 6.2(d) the different AICs are shown for all three models. It can be seen

that there is a significant difference between the models, which included reabsorption and the

one without. Thus it was concluded that reabsorption had to be part of the model to improve

the overall likelihood of the inference and hence the significance of its results. Among the three

reabsorption models no significant difference could be determined. As such, the “simple” model

with the lowest number of parameters was used for this chapter.
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Figure 6.2: The different reabsorption models are illustrated as Pesc as a function of the
z-coordinate up to a thickness of 500 nm, where (a) simple model, (b) separate model, and
(c) combined model. (d): For a test data set of 4 TRPL decays measured at two excitation
fluences and two illumination sides, the AIC is shown for all reabsorption models.

The Impact of the Parameters on the Final PL decay

Before using the algorithm on real data it was necessary to understand the impact of each pa-

rameter on the calculated photo-luminescence decay. For this, the PL model was run with all

parameters fixed except one and the resulting, calculated PL is plotted in Figures 6.3 and 6.4.

The parameters were fixed to values where their impact could be neglected: d: 500 nm, F (hν):

5 × 1010 cm−2, α(hν): 105 cm−1, µ: 0.1 cm2 V−1 s−1, Si: 0.1 cm s−1, k2,rad: 10−10 cm3 s−1, knr:

105 s−1, ∆Et: 0.6 eV, neq: 1013 cm−3 and αreab: 1 cm−1. At this point it shall be noted that the

parameters showed an effect on the PL decay in two time-frames: early- and later times.
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First, k2,rad was changed from 10−8 to 10−11 cm3 s−1. The resulting, simulated PL decays are

shown in Figure 6.3(a). It could be seen that changing k2,rad affected both, the early- and later

times of the PL decay as well as the curvature of the decay. In contrast, a change in knr from 105

to 108 s−1 only affected the later time decay, also often referred to as the “tail” of the decay (see

Figure 6.3(b)). Thus in earlier chapters in this thesis, knr could be estimated with high accuracy

by fitting the analytical model (see Chapter 3) to the later times of the PL decay. A change in

µ between 0.01 and 10 cm2 V−1 s−1 affected only the very early decay times and controlled the

time it took for the photo-generated charge carriers to redistribute across the film thickness (see

Figure 6.3(c)). It is pointed out that a constant charge carrier density was reached around 40%

of the initial value. Here, the inference algorithm could be unintentionally biased towards lower

mobility values, if the initial drop of the PL is faster than the resolution between time points.

To remove this bias, the observed and calculated PL was normalized to the second data point.

To be able to see an effect of the trap-depth ∆Et, knr had to be changed to 107 s−1. Then, the

trap-depth changed from 0.8 to 0.1 eV affected the late times, by making the decay more shallow,

the closer the trap was to the band edge (see Figure 6.3(d)).
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Figure 6.3: The PL decay is calculated for a fixed set of parameters (d: 500 nm, F (hν):
5×1010 cm−2, α(hν): 105 cm−1, µ: 0.1 cm2 V−1 s−1, Si: 0.1 cm s−1, k2,rad: 10−10 cm3 s−1,
knr: 105 s−1, ∆Et: 0.6 eV, neq: 1013 cm−3 and αreab: 1 cm−1), where one parameter is
changed: (a) k2,rad, (b) knr, (c) µ, and (d) the trap-depth ∆Et. For the latter, knr had
to be changed to 107 s−1 to see the impact of the parameter ∆Et. The calculated PL is
normalized to the value at t = 0 ns.

Very little effect could be observed when neq was changed from 1013 to 1016 cm−3 (see Figure

6.4(a)). It is known to affect the change between “high-injection” and “low-injection” recombi-

nation regimes, which may not have been reached at the excitation fluence of 5×1010 cm−2.151,152

Reabsorption is known to affect the earlier PL decay times without affecting the shape of the

later time decay.56,173–175 This effect can also be observed in Figure 6.4(b)), where αreab has

been changed from 103 to 107 cm−1.
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Figure 6.4: The PL decay is simulated for a fixed set of parameters (d: 500 nm, F (hν):
5×1010 cm−2, α(hν): 105 cm−1, µ: 0.1 cm2 V−1 s−1, Si: 0.1 cm s−1, k2,rad: 10−10 cm3 s−1,
knr: 105 s−1, ∆Et: 0.6 eV, neq: 1013 cm−3 and αreab: 1 cm−1), where one parameter is
changed: (a) neq, (b) αreab, (c) Sfront, and (d) Sback. The calculated PL is normalized to
the value at t = 0 ns.

The effect of changing either of the Si between 1 and 1000 cm s−1 is shown in Figure 6.4(c))

and (d) for the illuminated and opposite surface, respectively. While both affected the later time

decay equally, only the illuminated surface had an impact on the early times of the PL decay. The

effects of each parameter on the PL decay are summarized in Table 6.1. Running the inference

algorithm on the early- and later time data simultaneously over a range of fluences allowed the

inference of all parameters.
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Table 6.1: The effect of each parameter on the shape of the final PL decay.

Parameter
Effect on the PL Decay Shape

early time late time curvature

D or µ x

Sfront x x

Sback x

k2,rad x x x

neq x x

knr x

∆Et x x

αreab, i x x

Priors and their Impact on the Sampling Efficiency

The prior distribution of a parameter is the initial sampling probability distribution to start off

the MCMC chains. A good prior includes all prior knowledge that is present about a parameter

before any of the data is observed. It is not straightforward to construct good priors. A naïve

choice for an uninformative prior, where nothing is known about the parameter, is a uniform

distribution between two boundary values. This can however lead to issues at the boundaries of

the distribution, where the probability drops to zero, which may result in biased posterior dis-

tributions.294 Instead, weakly informative priors, like a wide normal distribution should be used.

Imposing some weak prior knowledge is not a problem, because the impact of observing data

on the likelihood and posterior distribution will always outweigh the prior.294 In reality, some

knowledge about a parameter is always present and an unbiased prior can be constructed.

In this work most parameters needed to be able to vary over multiple orders of magnitude and

mainly three types of priors were constructed: 1) positive-free, 2) positive with an upper or lower

boundary and 3) with two boundaries. Since most parameters in the physical model relate to

densities or rates, they needed to be limited to positive values. The free prior used in this work
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is a lognormal distribution with a σLN of 2.

pLN(x|µ, σLN) = 1
x · σLN

√
2π

· e
− (ln(x)−µ)2

2σ2
LN (6.16)

The center value, µ was set to a realistic value for the parameter, for example in the case of the

equilibrium carrier concentration (neq) µ = 25, which corresponds to a value of 7.2 × 1010 cm−3

(see Table 6.2).

For some parameters a one-side-bounded-prior was needed to improve the efficiency of the sam-

pling. The reason for this is that the time resolution of the data limits the the resolution of the

sampling as well and for example recombination rates above a certain value all have a similar like-

lihood and posterior. This makes it difficult for the MCMC algorithm to traverse these regions,

where the gradient in the posterior is low. The result is that chains with starting values in these

regions often do not move at all for the first few 1000s of samples. To avoid this from happening,

a realistic “upper bound”-prior can be defined as

pub(x|µ, σLN, ub) = ub

1 + pLN(x|µ, σLN) (6.17)

where ub is the upper bound value. Similarly a “lower bound”-prior can be defined as

plb(x|µ, σLN, lb) = lb · (1 + pLN(x|µ, σLN)) (6.18)

Some parameters needed to be restrained to real physical limits and were described by a beta

distribution prior with α = β = 2, which puts the highest probability of the distribution in the

center.

pb(x|α, β) = xα−1(1 − x)β−1

B(α, β) (6.19)

Here, B is the beta-function. Parameters that were describes as this included the trap depth,

which is physically limited to be within 1 eV from the conduction or valence band (see Table

6.2). Alternatively, the same effect could also be achieved by an “upper-bound”-prior with ub = 1.

Lastly, the parameters related to the noise floor had a half-normal distribution prior. Again, this
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parameter needed to have only positive values, but now zero had to be part of the value space:

pHN(x|σHN) = 1
σHN

√
2π

· e
− x2

2σ2
HN (6.20)

A summary of all the parameters used is shown in Table 6.2.

The Likelihood Function

The statistics underlying the Bayesian inference algorithm are important to understand as well in

order to maximize its efficiency during sampling. The likelihood function quantifies the probability

of observing a given set of data under a set of parameters and is the way that data has an impact

on the posterior distribution.294 The choice of the likelihood function can greatly influence the

outcome of the inference. Special care needs to be taken when dealing with data that spread over

multiple orders of magnitude, as in the case of TRPL. The likelihood function used here was a

normal distribution of the logarithm of the data and the calculation, so that both, early-time and

late-time effects could contribute significantly to the posterior distribution.

log(L(xs, σL|xd)) = − log
(

1
σL

√
2π

)
· (log(xd) − log(xs))2

2σ2
L

(6.21)

where xs and xd are the simulated and observed data points, respectively and σL is the standard

deviation. In other words, L(xs, σL|xd) is the likelihood that a simulated point xs with standard

deviation σ agrees with an observed data point xd. In nuance, this is different from the probability

of observing the data point xd with a specific value xs and standard deviation σL (which would

be P (xd|xs, σL))). In reality, both of them result in the same distribution hence in the rest of the

chapter, “likelihood” is used when talking about the relation of the model calculation and data,

while “probability” is used when parameters are assessed.

It has been described in previous work that the standard deviation σL affects the spread of the

likelihood function and hence the efficiency of the sampling.152,293 For a σL that is too large a

lot of samples need to be taken to infer accurate parameters, while for a σL that is too small the

MCMC algorithm will be unable to effectively explore the full parameter space. To overcome this

issue, σL was also set a free parameter in this work (see Table 6.2).
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The log-likelihood of a data set of simulated points is obtained by summing the log-likelihoods

of the individual, simulated points. The log-likelihoods of the individual points needed to be

weighed by the observed data (see Equation 6.22). This was necessary for good inference when

using multiple data sets, where at least one decays faster than the other.

log(L(S, σL|D)) =
∑

xd · log(L(xs, σL|xd)) (6.22)

where S and D are the simulated and observed data set, respectively.

The number of datapoints used in Equation 6.22 as well as their spacing of points where the

likelihood is evaluated greatly affect the outcome of the Bayesian Inference. Thus, the impact of

different spacings was tested here. First, a “linear” spacing was used, in which all time points

were used for the calculation of the PL and evaluation of log(L(S, σL|D)). This was compared

to four different spacings of evaluated data points: 1) “squared” spacing, where the next time

point is ti+1 = t2
i , 2) “golden ratio” spacing, where the next time point is ti+1 = ti + ti−1 and 3)

“log-spaced” time points. In the latter case the number of time points were chosen to match either

the “squared” (“log-85”) or “golden ratio” (“log-20”) spacing. Then, 10 MCMC chains were run

in parallel with 10k samples each. The median calculated PL of the last 1000 samples of each

chain is shown in Figure 6.2(a) alongside a set of measured TRPL data from the material- and

substrate-side. It can be observed that both the “linear” and “squared” spacing over-estimate

the initial drop in PL intensity, while “log-85”, “log-20” and “golden ratio” spacing capture this

much better.
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Figure 6.5: (a) The first 500 ns of a set of test data measured at one fluence from both sides of the
sample is shown alongside the obtained median of the model assessments for each data point spacing.
The data has been normalized to the number of PL counts at the second data point (t = 4 ns).(b) The
corresponding AIC for each data point spacing is shown. The lower the AIC, the better suited the model
to describe this set of data.

In order to quantify, how “well” the model calculations describe the data, the log-likelihood

log(L(S, σL|D)) can be used. It is important to understand that log(L(S, σL|D)) will be highly

dependent on the number of time points, as it is defined by the sum of all points. So, in order to

be able to compare the different spacings, again, the AIC (Equation 6.15) was used. In Figure

6.2(b) the different AICs are shown for all the spacings tested here. It becomes apparent that

the “log-20” spacing shows the lowest AIC, despite the fact that it has the lowest number of data

points, due to the much improved agreement of the PL calculation and the data. In addition to

this, the “log-20” is also nearly 20 times faster, due to the fact that only 20 time points need to be

simulated instead of the full 9000. A typical run of 10 parallel MCMC chains with 10k samples,

each would thus run in less than 2 hours. For the rest of this chapter “log-20” was used.
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Table 6.2: The priors of parameters used in the final model are described here.

Parameter Prior

Diffusion

D lower bound: µ = 2; σLN = 2; lb = 10−4

Ssum lower bound: µ = 0; σLN = 2; lb = 1

b beta: α = 2; β = 2

Recombination

k2,rad upper bound: µ = 1; σLN = 3; ub = 10−8

neq lognormal: µ = 25; σLN=2

knr lognormal: µ = 11; σLN=2

∆Et beta: α = 2; β = 2

Reabsorption

αreab,i lognormal: µ = 4; σLN = 2

Errors

ϵPL halfnormal: σHN=10−3

ϵF beta: α = 2; β = 2

Hyper-Parameters

σL upper bound: µ = 1; σLN = 2; ub = 0.05
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6.3 PART II - RESULTS AND DISCUSSION

FAPbI3 Thin Films

After establishing the functionality of the method of combining Bayesian inference with a Markov-

Chain Monte-Carlo algorithm (Bayes-MCMC), FAPbI3 thin films were used as a model system

to demonstrate the approach and understand the limitations of it. The FAPbI3 thin films were

optimized and fabricated by Dr. Seonrok Seo (University of Oxford). The recipe was optimized

for the n-type-intrinsic-p-type (n-i-p) architecture, but the films were fabricated on glass for this

chapter. The sample was measured from the substrate- and material-side (S1 and S2, respec-

tively) with a 398 nm (3.12 eV) excitation laser at a repetition rate of 50 kHz at two fluences

(1.5 × 1011 and 4.8 × 1011 cm−2). The high energy excitation was used in order to obtain charge

generation predominantly near the illuminated surface. Then, the assessment of a full set of

front- and back-illuminated samples should allow for the inference of all parameters of the phys-

ical model. The film thickness was measured to be approx. 600 nm and α(3.12eV ) = 3 × 105

cm−1 using spectroscopic ellipsometry. The ellipsometry measurement and analysis of the data

was performed by Akash Dasgupta (University of Oxford).

The Bayes-MCMC algorithm was run with the “simple” reabsorption model. 10 MCMC chains

were run in parallel for 10k samples. First, it needed to be established, if the MCMC algorithm

had converged onto a region of high likelihood. For each sample taken, the log-likelihood was

hence estimated following Equation 6.22 and using the “log-20”- spacing. The maximized

likelihood corresponds to the minimized, negative log-likelihood. In Figure 6.6(a) the negative

log-likelihood is plotted as a function of sample number. Within the first 100 samples, the log-

likelihood decreased by a factor of approx. 104. Over the rest of the samples it stabilized around

a value of 1200 ± 220 (average over the last 1000 values of each chain). To reduce the number

of results used for further investigations, only the last 1000 samples of each chain were saved.

In order to assess the “fit” of the Bayes-MCMC approach to the data, the median TRPL decay

(‘median line‘) of these samples was calculated and plotted alongside the measured TRPL decay
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traces in Figure 6.6(b). A good agreement between the data and the median line can be observed

across all timescales. It is worth mentioning, that this is the first time in this thesis, that a single,

physical model could simultaneously “fit” to the early- and later times of a set of TRPL decay

traces. For each parameter a probability distribution is obtained (the collection of all parameters

is shown in Appendix B). The inferred parameters are summarized in Table 6.3.

Figure 6.6: (a) Negative log-likelihood for the FAPbI3 sample assessed here as a function
of the sample number along 10 individual Markov chains (shown as individual lines). The
lower the negative log-likelihood, the better the agreement between data and model. (b)
The set of TRPL data measured from the substrate (S1) and perovskite (S2) side for two
fluences (1.5 × 1011 and 4.8 × 1011 cm−2), each. The data has been normalized to the
number of PL counts at the second data point (t = 4 ns). The pink lines indicate the
median TRPL calculated from the last 1000 samples of the 10 Markov chains (‘median
line‘). (c) The normalized probability distributions of the surface- and bulk non-radiative
recombination rate are shown side-by-side. (d) The two surface recombination velocities
(S1 and S2) are shown in a 2D cornerplot. The darker the color, the higher the likelihood
of this region. Faint, grey spots indicate the underlying, samples values. The dotted, pink
line follows the relation Ssum = S1 + S2.
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An initial drop in the PL intensity can be observed for the illumination from S1. A high SRV

at the perovskite-glass interface has been observed in a previous study.298 There, recombination

at the illuminated surface, together with charge carrier diffusion was postulated to be the main

reason for the observed early-time drop in PL intensity. Here, the same behaviour in PL was

observed, so this was investigated in more detail as well.

First, the surface non-radiative recombination rate was calculated via151

knr,S = Ssum

d
(6.23)

where knr,S is typically associated with the long-term surface recombination rate after charge car-

rier homogenization. Hence, it impacts the later times of the decay, which are also influenced

by knr. In Figure 6.6(c) the normalized probability density of the inferred knr,S (surface) is

compared to that of knr (bulk). The recombination rate associated with the bulk of the material

had a peak at (2.0 ± 0.2) × 106 s−1 and the one associated with the surface (3.0 ± 1.8) × 104 s−1.

This result indicated that the bulk recombination dominated the TRPL decay at the longer times.

While this in itself was a useful result, it could also help to guide optimization process of a partic-

ular perovskite composition, for instance whether or not a surface passivation would improve the

material properties. In the case presented here, an improvement of the bulk of the material might

be the better strategy to reduce the non-radiative recombination. Overall, it is worth to mention

that in this particular case, a Ssum of 1.8 ± 1.1 cm s−1 was inferred, which was already among

the lowest reported values in the literature and is associated with high device performance.47,254,299

Despite this outstanding result, it does not further the understanding of how the surface recom-

bination impacts the early-time decay. Thus, first the parameter b was assessed, which controls

the difference of S1 and S2 (the smaller b, the larger the difference of the two SRVs). Here, a

b- parameter of 0.09 ± 0.14 was inferred, indicating that the two surfaces are different. The two

individual surface recombination rates Shigh and Slow could then be calculated from the knowledge

of Ssum and b via

Slow/high =
Ssum +/−

√
S2

sum · (1 − b)
2 (6.24)

The Markov chain chooses, if S1 = Slow and S2 = Shigh or vice versa in accordance with Bayes‘
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Theorem to maximize the likelihood. As the Markov-chain sampling had converged onto a high-

likelihood region, a two-dimensional corner plot of S1 and S2 could reveal, which one was the

surface with the higher SRV. The resulting 2D corner plot is shown in Figure 6.6(d), where

the darker color indicates higher probability. It can be seen that the plot is symmetric about a

diagonal line. This behaviour had been previously reported for the case of one-sided illumination

where S1 and S2 could not be differentiated.152 The same effect was observed here, where the 2D

cornerplot shows the limiting cases for S1 = Ssum or S2 = Ssum. The pink, dotted line represents

Ssum = S1 +S2. It became apparent that the set of data used here was not sufficient to resolve the

individual SRVs. It should be noted that this statement is extremely impactful as it means that

one could not determine which surface has which recombination velocity - it is non-identifiable.

As mentioned in Chapter 3 this can have implications when a frequentist approach, like a least-

squares fit, is used instead. In that case, the initially guessed values of S1 and S2 will determine

the outcome of the fitting algorithm. The Bayes-MCMC approach makes it possible to instead

report the non-identifiability as a feature of this dataset.190

Still, the drop in PL intensity was observed, when the sample is illuminated from S1, but it would

be naïve to therefore ascribe the higher SRV to S1 as was just shown. Instead, other parameters

might be different for the two surfaces. The errors on the fluence ϵF were estimated to be 1.9%

for the S1-side and 3.1% for the S2-side. These values could hence not explain the observed PL

behaviour. Instead, the reabsorption constants were compared, which were (5.9±0.7)×105 cm−1

and (3.7±2.6)×104 cm−1 for αreab,1 and αreab,2, respectively. As was shown in Figure 6.4(b) an

increased αreab could result in a more pronounced drop of the PL intensity at early times, while

not affecting the decay at later times significantly. Therefore, the results of the Bayes-MCMC

method indicated that it was reabsorption rather than surface recombination, which determined

the early-time decay in this particular example. While both effects could result in an early-time

drop of the PL intensity, taking the entire decay into account made the reabsorption the more

likely mechanism.

Now it could be speculated, why the reabsorption would be different from the two surfaces. It

could simply be due to a difference in internal reflectance at the two interfaces, but a detailed

investigation was not part of this study. Instead this example was used to showcase the amount
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of information that can be inferred from a simple, optical measurement and how the results of

the Bayes-MCMC method may be used to inform further experiments.

Half-Stacks of FAPbI3 Thin Films

The low surface recombination of < 2 cm s−1 inferred in the previous section made this material

an ideal model system to investigate the impact of charge transport layers (TL), like SnO2 and

Spiro-OMeTAD (here: Spiro), which are common materials used in photovoltaic devices with the

n-i-p architecture. The samples were made by Dr. Seongrok Seo (University of Oxford) after

careful optimization for the n-i-p architecture. Each sample was illuminated from the substrate

side with two fluences of 1.5×1011 and 4.8×1011cm−2, but for the illumination from the material

side only the higher fluence could be measured sufficiently. The resulting data and calculated

median TRPL decay of the last 1000 samples are shown in Figure 6.7(a) and (b) for SnO2 and

Spiro, respectively.

The SnO2 sample showed long PL decays, while for the Spiro sample, the PL intensity was quickly

reduced over the first few hundred nanoseconds for all fluences. The latter had been previously

ascribed to PL quenching due to a high interfacial recombination rate at the perovskite-Spiro

interface.47 Again, the median of the calculated TRPL decay from the last 1000 samples of each

chain is shown as a pink line alongside the data. All inferred parameters are summarized in

Table 6.3. The non-radiative surface- and bulk recombination rates (knr,S and knr) of the two

TL samples as well as the neat perovskite on glass are compared in Figure 6.7(c). The inferred

non-radiative bulk rates were (2.0 ± 3.1) × 106 and (2.3 ± 1.2) × 107 s−1, for SnO2 and Spiro,

respectively. This time, the two surfaces (S1 and S2) could be differentiated by the Bayes-MCMC

algorithm and are 4 ± 4 and 0.5 ± 0.8 cm s−1 for S1 and S2, respectively in the case of SnO2

and 29 ± 52 and 328 ± 460 cm s−1 for S1 and S2, respectively in the case of Spiro. It is worth

mentioning, that SnO2 was indeed interfaced with the S1 surface and Spiro with the S2 surface.

The Bayes-MCMC algorithm could correctly locate them from this set of measurements.

While these results are promising, they again required further investigation. For instance, the SRV

at the perovskite-Spiro interface of a few hundred cm s−1 was significantly lower than previously
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reported.47 At the same time, an increase in the non-radiative bulk recombination knr for the Spiro

sample seemed counter-intuitive for the fact that the Spiro was processed on top of the perovskite

on glass. Hence, the validity of the model and the Bayes-MCMC approach had to be tested

with another method at this point. intensity-dependent PLQE measurements were performed

for each sample (glass, SnO2 and Spiro) inside an integrating sphere as described in Chapter 3.

The samples were illuminated with a 450 nm (2.76 eV) continuous-wave laser from the substrate

side. The data is shown in Figure 6.7(d) as empty circles and triangles. All samples showed a

monotonically increasing PLQE with increasing absorbed photon flux, as described by Equation

3.9 for materials with a majority of free charge carriers. The “one-sun”-condition for this material

can be found at an absorbed photon flux of around 1017 cm−2 s−1. There, a reduced PLQE for

both the SnO2 and Spiro sample with respect to the sample on glass could be observed. In

addition, half-stack samples are often assessed via the slope of the intensity-dependent PLQE

data (ideality factor), which was also linked to an enhanced interfacial recombination.300

From the inferred parameters from the Bayes-MCMC approach the expected PLQE response could

be simulated. Under the continuous-wave illumination, recombination and charge generation lead

to a steady-state (dn
dt

= 0) charge carrier density nss, which can be estimated by solving:

dn(t)
dt

= 0 = G − k2,rad ·
(
n2

ss + nss · neq
)

− knr · (nss · (1 − ft) + ft · ne,n) − Ssum

d
· nss (6.25)

where G is the absorbed photon flux leading to charge carrier generation and ft = nss
nss+ne,n

. The

steady-state carrier density then needs to include the density of de-trapped charge carriers ne,n

as well. Thus, nss,eff = nss + ft · ne,n. Then, the internal PLQE can be calculated via

ηQE,calc =
k2,rad ·

(
n2

ss,eff + nss,eff · neq
)

k2,rad ·
(
n2

ss,eff + nss,eff · neq
)

+
(
knr + Ssum

d

)
· nss,eff

(6.26)

In total, 500 random combinations of parameters were chosen from all tested parameter com-

binations during the Bayes-MCMC run. This allowed for the simulation of the internal PLQE

including a statistical error. Since the observed escape probability Pesc is different in an inte-

grating sphere and thus the reabsorption properties inferred from the TRPL data could not be

used here, the simulated, internal PLQE was normalized to the measured, external PLQE at the

“one-sun”-condition. The result is presented alongside the measured data in Figure 6.7(d) as
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full circles and triangles where the errorbars correspond to the standard deviation of the PLQE

simulated with 500 independent parameter combinations.

Figure 6.7: TRPL decays of a half-stacks of (a) SnO2|FAPbI3 and (b) FAPbI3|Spiro-
OMeTAD measured from the substrate (S1) and perovskite (S2) side with two excitation
fluences (1.5 × 1011 and 4.8 × 1011 cm−2). The data has been normalized to the number of
PL counts at the second data point (t = 4 ns). (c): The surface (top) and bulk (bottom)
non-radiative recombination rates are compared in the same plot for all samples. (d):
The measured (empty) and simulated (full) intensity-dependent PLQE for all samples is
shown. For the simulated PLQE, 500 random samples were drawn from the posterior
distributions of the parameters. The PLQE was then normalized to the measured PLQE
at 1017 cm−2 s−1

A surprisingly good agreement between the simulated and measured PLQE could be observed for

absorbed photon fluxes below the “one-sun”-condition. At higher fluences the simulation overes-

timated the PLQE, which indicated that there was an additional non-radiative decay mechanism,

which was not included in the current physical model. Auger recombination could be one mecha-
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nism, however the measured, external PLQE drop-off occurs at relatively low photon fluxes.170,171

The good agreement for the lower photon fluxes indicated that a coupled methodology, in which

the TRPL and intensity-dependent PLQE are used simultaneously to infer parameter values,

could be a valuable tool to develop new physical models to understand the origin of this observed

PLQE drop-off. This was however far beyond the scope of this work.

The comparison to the intensity-dependent PLQE data had increased the statistical significance

of the parameter values inferred from the Bayes-MCMC methodology. Thus, the obtained pa-

rameters and their correlations were studied in more detail to help understand the discrepancy

between them and the reported literature values. Upon close inspection it could be seen in Fig-

ure 6.7(c) that for the Spiro sample some probability density of the knr,S was at the same value

of the knr and vice versa. This could be an indication for a mixture of both parameters within

the frame of the physical model. To understand this, first a 2D corner plot of the surface knr,S

and the bulk knr for the perovskite on glass was analyzed. It is shown in Figure 6.8(a) where

a darker color indicates a higher probability. It can be seen that a region of high probability is

very localized in both parameters.

Figure 6.8: The non-radiative surface (knr,S) and bulk (knr) recombination are shown in a
2D cornerplot. The darker the color, the higher the likelihood of this region. Faint, grey
spots indicate the underlying, samples values. The plots are shown for the (a) perovskite
sample on glass and (b) the perovskite-Spiro sample. The dotted, pink line follows the
relation knr,tot = knr + knr,S.

In contrast, the same 2D cornerplot is shown for the Spiro sample in Figure 6.8(b). The proba-
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bility distribution shows a similar shape to the one previously seen in Figure 5.6(d), where two

limiting cases exist that are linked by the sum of the individual parameters. Hence, the condition

knr,tot = knr + knr,S is shown as a pink, dotted line Figure 6.8(b) as well. This correlation has

been known to exist, as both non-radiative surface- and bulk recombination determine the longer

time PL decay.150,151,301 Thus, in the the two limiting cases the PL decay is either determined

by the surface or the bulk. In this particular example a higher probability was found for the

bulk-limiting case. Interestingly, if on the other hand the surface recombination would be the

determining mechanism, then it would correspond to an SRV of 1503 ± 347 cm s−1, which is

much closer to the reported literature values.47 This coincidence and the results presented here

pointed towards a more general issue, where the assumptions made in the beginning overpower

the observations and hence led to over-interpretation of the data.

In short, the model assumed a continuous block of material throughout the thickness of the

sample with two distinct surfaces as boundary conditions. This is clearly no longer the case,

when polycrystalline thin films are considered. The “surface” is then less clearly defined and

grain boundaries are not part of the model. In such a case it could be possible that a top-surface

layer, such as the Spiro-OMeTAD layer not only coats the “surface”, but also penetrates into the

“bulk” (as assumed by the model) via grain boundaries. In such a case the strict differentiation

between surface and bulk might get more blurry and could lead to the correlation between the

parameters that is observed in Figure 6.8(b). It is however the part of future research to

investigate this further and help understand the impact of other top-surface transport layers on

the inferred correlation between “surface” and “bulk”.
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Table 6.3: All inferred parameter values are summarized here. The values are either
presented as X (A,B), where X is the median of the posterior distribution and A and B
are the 25% and 75% quantile, respectively or as ≤ X, when only an pper limit could be
determined.

Parameter Sample

Glass SnO2 Spiro

µ (cm2 V−1 s−1) 0.75 (0.69, 0.86) ≤ 0.2 0.16 (0.13, 0.20)

S1 (cm s−1) low: ≤ 0.03 ≤ 8.2 ≤ 16.0

S2 (cm s−1) high: 1.38 (1.12, 2.04) ≤ 1.4 150 (114, 190)

Recombination

k2,rad (cm3 s−1) 7 (3, 12) x 10−13 7 (6, 10) x 10−11 ≤ 9 × 10−10

neq (cm s−1) 2.4 (1.9, 3.3) x 1016 ≤ 1 × 1012 ≤ 9 × 1011

knr (s−1) 2.0 (1.9, 2.1) x 106 1.1 (0.6, 1.5) x 106 2.6 (2.1, 3.2) x 107

∆Et (eV) 160 (160, 170) 190 (180, 210) 140 (140, 160)

Reabsorption

αreab,1 (cm−1) 6 (6, 6) x 104 ≤ 3 × 103 ≤ 7 × 102

αreab,2 (cm−1) 4 (3, 6) x 103 ≤ 8 × 103 ≤ 5 × 103
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About the Mobility Relevant for Photovoltaic Devices

Another property, which could be inferred from the Bayes-MCMC methodology is the mobility,

which was also measured with other methods presented in this thesis, namely TPC and OPTP.

Hence, the same perovskite sample on glass that was used for the TRPL measurement was also

used for a set of TPC measurements, by evaporating 80 nm gold electrodes on the top. Two

additional samples of the same batch were added, in order to improve the statistical significance

of the results. The sample was illuminated with a 550 nm (2.25 eV), pulsed laser from the

substrate side to induce homogeneous charge carrier generation throughout the sample thickness.

Both interdigitated mask layouts were used (see Chapter 3 for details). The post-processing of

the data developed in Chapter 4 and refined in Chapter 2.3 was used here as well and allowed

the extraction of Σµ, k1,nr and k2,rad.

Figure 6.9: (a) Extracted mobility from the TPC method is shown as a dark-blue point
and dotted line with the standard deviation shown as shaded area (the error is calculated
for 9 fluences and 6 samples). The inferred values from the Bayes-MCMC algortihm is
shown in red (the error is calculated from the last 1000 samples of 10 independent Markov-
chains). The pink, dotted line represents the short-range mobility for FAPbI3 as measured
from OPTP and is taken from 215. (b) Cross-sectional SEM image of the FAPbI3 thin
film on a glass substrate is shown to illustrate the high quality of the sample. The white
bar corresponds to 1 µm. The cross-sectional SEM was obtained by Heon Jin (University
of Oxford).

The extracted parameters from TPC and TRPL are compared in Table 6.4 and show good

agreement between the two techniques. In Figure 6.9(a) the resulting mobility from the TPC

is shown and compared to the values obtained from the inference of the TRPL data of all three
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samples (glass, SnO2, and Spiro). The results show a good overlap considering that the mobility

can span multiple orders of magnitude. This indicated that the Bayes-MCMC method could be

used to infer the mobility of the perovskite material while it is interfaced with transport layers.

This reduces the effective number of samples needed for optoelectronic investigations. In addition,

the perovskite material is believed to crystallize differently, depending on the underlying layer

and this can sometimes lead to contradictory results, when comparing half-stack structures with

the neat perovskite on glass or quartz.290,302,303

Table 6.4: Comparison of the parameters extracted from the TPC measurement with the
ones inferred from the TRPL measurement and the Bayes-MCMC method for the FAPbI3
sample on a glass substrate.

Parameter

from TRPL from TPC

(average of all (average of 54 measurements

three samples) (3 samples, 9 fluences, 2 pixels))

Σµ or µT RP L

0.52 ± 0.85 0.31 ± 0.15
(cm2 V−1 s−1)

k1,nr or knr
8.9 ± 1.2 4.8 ± 2.8

(x106 unit)

k2,rad
1 ± 2 5 ± 4

(x10−10 cm3 V−1 s−1)

In Figure 6.9a the mobilities obtained from TPC and TRPL are also compared to the one

obtained from optical-pump terahertz-probe spectroscopy (OPTP).215 Interestingly, both the

mobilities from TPC- and TRPL were much lower. It is a common practice in the field to

use the mobility from OPTP, together with a measurement of the PL decay lifetime (TRPL) to

estimate the diffusion length of charge carriers within the perovskite material.304 If the results

shown here are representative, then this approach would be false, as the mobility that is in better

agreement with the TRPL decay is the long-range mobility, as obtained from TPC. To further

confirm that this is not an issue of poor material quality, cross-sectional SEM images were taken

for the FAPbI3 thin films on glass by Heon Jin (University of Oxford). One representative image

is shown in Figure 6.9(b). Large grains spanning the entire thickness of the thin film could
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be clearly seen. Nevertheless, the inferred mobility was not the one that is expected for single

crystalline materials, which should agree more with the OPTP mobility. This initial result allows

for further research into the underlying mechanisms that govern the charge carrier transport in

the vertical direction as well.
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6.4 SUMMARY AND OUTLOOK

In this chapter the combination of Bayesian inference with a Markov-Chain Monte-Carlo algo-

rithm was shown as a powerful methodology to assess time-resolved photo-luminescence data of

metal halide perovskites. A physical model was developed, based on previously reported theory

and the hyper-parameters of the inference algorithm were optimized. This included a short study

on the complexity of reabsorption that was needed to accurately model the TRPL response. It

was shown that a simple exponential decay over the thickness of the sample was sufficient. Then,

it could be shown that not all the time points would need to be assessed, but a subset of less than

1% was enough to accurately infer all parameters and in addition increased the overall likelihood

of the model.

The newly optimized model and method were then tested on set of TRPL data for a FAPbI3 thin

film on glass. The experimental dataset consisted of two measurements at different excitation

fluences from the material- and substrate side. Assessing the entire dataset at once allowed the

in inference of up to 10 material-specific parameters that were in good agreement with already

reported literature values. The results showed some indication that this specific sample was lim-

ited in its optoelectronic properties by non-radiative recombination in the bulk of the material

rather than the surface. It could be demonstrated that the location of the surface recombination

rates were non-identifiable.

The same material was then combined in half-stack structures with SnO2 and Spiro-OMeTAD

as electron- and hole-transporting materials, respectively. The methodology presented here could

infer all parameters for these structures as well. Spiro-OMeTAD is known to induce photo-

luminescence quenching via interfacial surface recombination and the algorithm could correctly

determine which surface of the perovskite material was interfaced with the transport layer. Ad-

ditional investigations revealed a correlation between the surface and bulk recombination in the

Spiro sample, which may be more mixed than previously assumed. The impact of the transport

layers on the intensity-dependent behaviour of the PLQE was compared to the PLQE response
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simulated for a sub-set of 500 parameter combinations drawn from the final probability distri-

butions as obtained from the inference algorithm. The simulated PLQE showed a near-perfect

agreement with the measured one for excitation densities around or below the one-sun condition

for a bandgap of approx. 1.55 eV.

Lastly, a mobility value could be inferred for all samples measured here and was compared to

transient photo-conductivity measurements on the same sample as well as values from literature

obtained from optical-pump terahertz-probe spectroscopy. Surprisingly, the inferred mobility val-

ues from the TRPL decays were close to the ones measured via the TPC method, which is known

to be a longer-range method. These result strongly indicate that the long-range mobility may be

the relevant mobility to consider when assessing thin-film-based photovoltaic devices, where the

charge transport is in the vertical direction with respect to the substrate.

Overall, the power of Bayesian inference coupled with a Markov-Chain Monte-Carlo algorithm

was demonstrated here for TRPL measurements. In the future, this approach could be extended

to other measurement techniques, where a multitude of parameters and models exist, but the mea-

surement response is limited, such as for intensity-dependent PLQE or absorption measurements.

The TRPL method enhanced with the Bayesian inference algorithm is a powerful technique,

which will enable faster assessment of material parameters from a single optical measurement. It

is part of ongoing research, to extend this methodology to complete photovoltaic devices, which

are otherwise highly complex to investigate.
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Figure A.1: A: Error estimation for the TPC corrections of PEA2PbI4. Each parameter
is changed with respect to the best estimates summarized in Table 5.1. B: The data in A
are averaged over all carrier densities, and the relative error in the sum of the charge carrier
mobilities is calculated (for example k1 ± 1 OM means range of estimated mobility, using
the range of k1). The red data points with corresponding lines show the errors estimated by
a single fit, three films within one batch and all batches from this study. The dark and light
grey areas represent the 5% and 10% relative error regions respectively. C: Summarized
mobility data of all the PEA2PbI4 batches used in this study. The uncorrected as well as
corrected data are presented side-by-side.
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Figure B.1: FAPbI3 on glass from Chapter 6.
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Figure B.2: FAPbI3 on SnO2 from Chapter 6.
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Figure B.3: FAPbI3 on glass coated with Spiro from Chapter 6.



APPENDIX

PYTHON CODES C
In this appendix all python codes that were written for or adapted during this thesis are summa-
rized. It is stated, who the original author was, if they were adapted or who co-authored them
when they were newly written. In all cases only the core functionalities of the code are shown,
which correspond to the equations from Chapter 3. This excludes the import of the raw data
and the final plotting of the results, as well as exporting of extracted parameters.

VII
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ELLIOTT MODEL TO FIT ABSORPTION DATA

This python code was used to estimate the exciton binding energy of perovskite samples from the
absorption coefficient measured via UV-Vis absorption. The input is a text-document with the
photon energies and calculated absorption coefficient. Details of the equations can be found in
Chapter 3. The code was written by Dr. Bernard Wenger (University of Oxford), but adapted
during this thesis. The adapted parts are commented as such.

1 import numpy as np
2 import matplotlib.pyplot as plt
3 from scipy import signal
4 from scipy.stats import lognorm
5 from lmfit import Model
6

7 #############
8 # Functions #
9 #############

10

11 # Gauss function
12 def gauss(x, sig, mu):
13 return np.exp(-((x-mu)/sig)**2/2)
14

15

16 ## ELLIOTT MODEL
17 # Excitonic part
18 # --------------
19 def alpha_x(E, p):
20 [b0, Ex, Eg, sigma_exc, mu_lognorm, sigma_cont,Ex_split, Ex_broad,

Dielectric_Factor] = p↪→

21

22 alpha = np.zeros(len(E))
23

24 mu = Eg-Ex
25

26 # this part was adapted to account for an asymmetric peak broadening
27 mua = mu - 0.5*Ex_split
28 mub = mu + 0.5*Ex_split
29 sigma_exc2 = Ex_broad*sigma_exc



IX

30

31 bf = gauss(E, sigma_exc, mua) + np.where(E > mub, gauss(E, sigma_exc2,
mub), gauss(E, sigma_exc, mub))↪→

32

33 alpha += (4 * np.pi * Ex**(3/2)) * bf
34

35 for n in np.arange(2,11):
36 mu = Eg-Ex/n**2
37 bf = gauss(E, sigma_exc, mu)
38

39 # the Delta function is the identity in a convolution
40 alpha += (Dielectric_Factor**4 * np.pi * Ex**(3/2) / n**3) * bf
41 return alpha
42

43

44 # Continuum part
45 # # --------------
46 def alpha_c(E, p):
47 [b0, Ex, Eg, sigma_exc, mu_lognorm, sigma_cont, Ex_split, Ex_broad,

Dielectric_Factor] = p↪→

48

49 x = np.where(E > Eg, np.sqrt(Ex / (E - Eg), where=E>Eg), 0)
50 # Sommerfeld factor
51 xi = 2 * np.pi * x / (1 - np.exp(-2 * np.pi * x, where=x!=0))
52 # free continuum without exciton
53 free = np.where(E > Eg, np.sqrt(E-Eg, where = E>Eg), 0)
54 return np.where(E > Eg, xi * free, 0)
55

56 def alpha_c_conv(E, Erange, p): # Broadening of the continuum part
57 [b0, Ex, Eg, sigma_exc, mu_lognorm, sigma_cont, Ex_split, Ex_broad,

Dielectric_Factor] = p↪→

58

59 # build kernel
60 # works with evenly distributed abscissa
61 dx = E[1] - E[0]
62 kernel = np.arange(-8*sigma_exc, 8*sigma_exc, dx)
63 E_pad = np.pad(E, (E.size, E.size), 'edge')
64

65 res = np.convolve(alpha_c(E_pad, p),
66 gauss(kernel, sigma_cont, 0, 1), mode='same')/np.sum(gauss(kernel,

sigma_cont, 0))↪→
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67

68 res = res[np.max(np.where(E_pad <= Erange[0])):
69 np.min(np.where(E_pad >= Erange[1]))+1]
70

71 # division by the sum is required to keep the scale
72 return res
73

74 def alpha_sum(E, Erange, b0, Ex, Eg, sigma_exc, mu_lognorm, sigma_cont,
Ex_split, Ex_broad, Dielectric_Factor):↪→

75 p = [b0, Ex, Eg, sigma_exc, mu_lognorm, sigma_cont,Ex_split, Ex_broad,
Dielectric_Factor]↪→

76

77 Esub = E[np.max(np.where(E <= Erange[0])): np.min(np.where(E >=
Erange[1]))+1]↪→

78

79 return b0 * Ex**0.5 / Esub * (alpha_x(Esub, p) + alpha_c_conv(Esub,
Erange, p))↪→

80

81 def dofit(eV, abscoef, guess, eVrange):
82 # need to have evenly spaced data for the convolution
83 eV_interp = np.linspace(eV[0], eV[-1], 600)
84 data_interp = np.interp(eV_interp, eV, absCoef)
85

86 # Fit range
87 eVsub = eV_interp[np.max(np.where(eV_interp < eVrange[0])):

np.min(np.where(eV_interp > eVrange[1]))+1]↪→

88 data = data_interp[np.max(np.where(eV_interp < eVrange[0])):
np.min(np.where(eV_interp > eVrange[1]))+1]↪→

89

90 # Using LMfit
91 ## 'Ex_split', 'Ex_broad' as well as 'Dielectric_Factor' were added to

the original code↪→

92 myMod = Model(alpha_sum, independent_vars=['E', 'Erange'])
93 print(myMod.param_names)
94 myMod.set_param_hint('b0',value=guess[0], vary = True)
95 myMod.set_param_hint('Ex', value=guess[1], min=0., vary=True)
96 myMod.set_param_hint('Eg', value=guess[2], min=0., vary=True)
97 myMod.set_param_hint('sigma_exc', value=guess[3], vary=True)#, min=0)
98 myMod.set_param_hint('sigma_cont', value=guess[4], min=0.0001,vary=False)
99 myMod.set_param_hint('mu_lognorm', value=guess[5], vary=True)



XI

100 myMod.set_param_hint('Ex_split', value=guess[6], min = 0,max = 80,
vary=False)↪→

101 myMod.set_param_hint('Ex_broad', value=guess[7], min = 1,max = 10,
vary=True)↪→

102 myMod.set_param_hint('Dielectric_Factor', value=guess[8], min = 1, max =
10, vary=True)↪→

103

104 result = myMod.fit(data, E=eV_interp, Erange=eVrange)
105 print(result.fit_report())
106

107 best_params = result.best_values
108 bp = [best_params['b0'], best_params['Ex'], best_params['Eg'],

best_params['sigma_exc'], best_params['mu_lognorm'],
best_params['sigma_cont'],best_params['Ex_split'],
best_params['Ex_broad'], best_params['Dielectric_Factor']]

↪→

↪→

↪→

109

110 fit_exc = bp[0] * bp[1]**0.5 / eV_interp * alpha_x(eV_interp, bp)
111 fit_cont = bp[0] * bp[1]**0.5 / eV_interp * alpha_c_conv(eV_interp,

[eV_interp[0], eV_interp[-1]], bp)↪→

112 fit_y = bp[0] * bp[1]**0.5 / eV_interp * ( alpha_x(eV_interp, bp) +
alpha_c_conv(eV_interp, [eV_interp[0], eV_interp[-1]], bp)↪→

113

114

115

116 #############
117 # Main Part #
118 #############
119 # load and convert data
120 loaded = np.loadtxt('Mat1.txt', skiprows = 0, delimiter='\t', unpack=False)
121

122 absCoef = loaded[:, 1] # for scaling but needs to be appropriately
calculateds↪→

123 #absCoef -= 2100 # Remove baseline
124

125 scale = 1e4
126 absCoef /= scale # rescale
127 eV = loaded[:, 0]
128

129 # Guess parameters
130 b0 = 400000
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131 Ex = 600 # meV
132 Eg = 3.0# eV
133 sigma_exc = 20 # meV
134 sigma_cont = 115# meV
135 mu_lognorm = -0.2 # eV
136

137 fit_range = [2.3, 3.2]
138

139 #########################################################
140 # This part was adapted to account for confined systems #
141 #########################################################
142

143 Ex_split = 1#meV (only used, if > 0)
144

145 #Factor that simluates an asymmetric broadening of the 1s excitonic peak
146 Ex_broad = 2
147

148 #enhances excitonic peak (set to 1 for 3D)
149 Dielectric_Factor = 10
150

151 ###########
152 # Fitting #
153 ###########
154 guess = [b0 / scale, Ex*1e-3, Eg, sigma_exc*1e-3, sigma_cont*1e-3, mu_lognorm,

Ex_split*1e-3, Ex_broad, Dielectric_Factor]↪→

155 dofit(eV, absCoef, guess, fit_range)
156

TPC CODE 1.0

This python code was used to tuen the data measured from the oscilloscope into transient pho-
toconductivity, fit them with a monoexponential decay to be able to estimate σphoto at t = 0
ns and simulate the transient free carrier fraction. The input data is a text file containing the
measurement time in s and then all Vosc measurements for the different ND filters used. The
filter number is saved in the header. Details of the equations can be found in Chapters 3 and
4. The code was co-written by Dr. Bernard Wenger (University of Oxford) and Dr. Jongchul
Lim (Chungnam National University). In this code the inclusion of an RC-type increase of the
measured voltage or photo-conductivity was included, which was not part of the previous version.
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This improved the overall fit and reproducibility of the method.

1 import numpy as np
2 import pandas as pd
3 from lmfit import Parameters, minimize
4 from scipy.integrate import odeint
5 from scipy.optimize import root
6

7

8 ############################
9 # Some Important Constants #

10 ############################
11

12 frequency = 10.0 #Hz
13 pulse_fwhm = 3.74e-9 #s
14 T = 292 # temp in K
15 mu_ex = 0.1 * 9.10938356e-31 # kg reduced mass
16 Resistance_System = 1000 #Ohm (terminal resistance on oscilloscope)
17 Fit_range = np.array([0, 1000])
18

19 #############
20 # Functions #
21 #############
22

23 def monoexponential(params, time):
24 A1 = params['A'].value
25 tau1 = params['tau'].value
26 y0 = params['y0'].value
27 RC = params['RC'].value
28

29 biexp = (1-np.exp(-time/RC))*(A * np.exp(-(time / tau)))
30 return biexp
31

32

33 def residual(params, time, Data, args):
34 resid = residual2(params, time, Data, args)
35 return resid*time
36

37
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38 def residual2(params, time, Data, args):
39 model = monoexponential(params, time)
40 return (model - Data)
41

42

43 def Fitting_Cond(photo_cond, time, time_RC_max_old, args):
44 Data_fit = photo_cond
45 Data_fit[Data_fit <= 0] = np.nan
46 if np.isnan(np.nanmean(Data_fit[0:400])):
47 data_sort = np.sort(Data_fit[~np.isnan(Data_fit)])
48 darkc = np.nanmedian(data_sort[0:100])
49 else:
50 darkc = np.nanmean(Data_fit[0:400])
51 dark_cond_value = np.nan_to_num(darkc)
52

53 limit = np.where((time > Fit_range[0]) & (time < Fit_range[1]))
54

55 Data_fit_cut = Data_fit[limit] - dark_cond_value
56 Data_fit_cut[Data_fit_cut <= 0] = np.nan
57

58 #Data_fit = medfilt(Data_fit, 75) # Good fit results, without
changing the final estimated value↪→

59

60 time_fit = time[limit]
61

62 time_RC_max_new = time_fit[np.nanargmax(Data_fit_cut)]
63

64 if time_RC_max_new < time_RC_max_old:
65 time_RC_max_fit = time_RC_max_new
66 else:
67 time_RC_max_fit = time_RC_max_old
68

69 params = Parameters()
70 params.add('A', value=0.001, min=0, max=1)
71 params.add('tau', value=2000, min=10)
72 params.add('y0', value=dark_cond_value, vary=False )
73 params.add('RC', value=time_RC_max_fit , min=3.74, max=time_RC_max_fit,

vary=True)↪→

74

75 results_Model = minimize(residual, params, method='leastsq',
args=(time_fit, Data_fit_cut, args), nan_policy='omit')↪→
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76 photo_cond_zero_value = results_Model.params['A'].value
77

78 tau_value = results_Model.params['tau1'].value
79

80 pseudo_k1_value = 1/(tau_avg_value*1e-9)
81

82 RC_Fit = results_Model.params['RC'].value
83 sigma_fit_value = (results_Model.params['A'].value * np.exp(-(time /

results_Model.params['tau'].value))) + dark_cond_value↪→

84

85

86 return dark_cond_value, photo_cond_zero_value, tau_value,
sigma_fit_value, pseudo_k1_value, RC_Fit↪→

87

88

89 def gauss(t, mu, sig):
90 return 1/(sig*np.sqrt(2*np.pi)) * np.exp(-(1/2)*((t-mu)/sig)**2)
91

92

93 def df(c0,t,p, sigma, mu):
94 ne = c0
95

96 k1, k2, k3, ntot = p
97 G = gauss(t, mu, sigma)
98 dnedt = ntot*G -k1*ne - k2*ne**2 #- k3*ne**3
99 return dnedt

100

101

102 def a(n, E_B, mu_ex):
103 # Solve the Saha equation to find the exciton density
104 n_free = ()
105 for m in n:
106

107 k = 1.38064852e-23
108 h = 6.62607004e-34
109 e = 1.60217662e-19
110 saha_const = (2*np.pi*mu_ex*k*T / h**2)**(3 / 2) * np.exp(-(e * E_B) /

(k * T))↪→

111

112 phi_x =
2*np.sqrt(saha_const)/(np.sqrt(saha_const+4*m)+np.sqrt(saha_const))↪→
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113

114

115 n_free = np.append(n_free, phi_x)
116

117 return n_free
118

119

120

121 #####################
122 # Main Part of Code #
123 #####################
124 args = get_args()
125

126 time, Data, OD_Filter = unpack_Data(args)
127 time = time*1e9
128

129 photo_cond, width, depth, spacing = photocond_dec(args)
130 num_rows, num_cols = photo_cond.shape
131

132 dark_cond = []
133 photo_cond_zero = []
134 tau_avg = []
135 pseudo_k1 = []
136 RC_value = []
137 sigma_fit = pd.DataFrame(time, columns=['Time (ns)'])
138

139

140 ## Estimate Initial Carrier Density ##
141

142 Fluence, Exc_Density, PowerDens, Absorption = Exc_Density_Calc(OD_Filter,
args)↪→

143

144

145 ## Fitting Photoconductivity ##
146

147 for i in range(num_rows):
148

149 dark_cond_value, photo_cond_zero_value, tau_avg_value, sigma_fit_value,
pseudo_k1_value, RC_Fit = Fitting_Cond(photo_cond[i], time,
time_RC_max, args)

↪→

↪→
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150

151 dark_cond = np.append(dark_cond, dark_cond_value)
152 tau_avg = np.append(tau_avg, tau_avg_value)
153 RC_value = np.append(RC_value, RC_Fit)
154 photo_cond_zero = np.append(photo_cond_zero,photo_cond_zero_value)
155 pseudo_k1 = np.append(pseudo_k1,pseudo_k1_value)
156 sigma_fit[str('Filter_'+ str(OD_Filter[i]))] = sigma_fit_value
157

158 time_RC_max = RC_Fit
159

160

161

162 ## Estimation of Phi-Mobility ##
163 Phi_SMu = photo_cond_zero/(Exc_Density*1.602176634e-19)
164

165

166 ####################################
167 # Simulating Free Carrier Fraction #
168 ####################################
169

170 # Kinetik Equation Fitting #
171

172

173 if args.k1:
174 k1_const = args.k1 * 1e6 # in s-1
175 pseudo_k1_marker = "set"
176 else:
177 k1_const = pseudo_k1_value
178 pseudo_k1_marker = "pseudo"
179

180

181 exciton_binding = args.Exciton_Binding_Energy / 1000 # in eV
182 k2_const = args.k2 * 1e-10 # in cm3 s-1
183 k3_const = args.k3 * 1e-28 # in cm6 s-1
184

185 I0 = 0
186

187 sigma = pulse_fwhm / (2 * np.sqrt(2 * np.log(2)))
188 mu = pulse_fwhm
189 res = pd.DataFrame()
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190

191 # Kinetik Model Preparation #
192

193 kinetik_range =[-10,1000]
194 for i in range(num_rows):
195 corr_param = [k1_const, k2_const, k3_const, Exc_Density[i]]
196

197 num_pnts = 1000 # number of points in the simulation
198

199

200 t = time[np.where((time > kinetik_range[0]) & (time <
kinetik_range[1]))]*1e-9 # in ns↪→

201 sol = odeint(df, I0, t, args=(corr_param,sigma, mu))
202 sol = sol.reshape(-1)
203 res['OD-Filter'+str(OD_Filter[i])] = sol#/np.max(sol)*Exc_Density[i]
204

205

206 # Solving the Saha Equation #
207

208 t_max = []
209 Max_Carr = []
210 free_carr_dens = np.zeros(shape=num_rows)
211 SCond = np.zeros(shape=num_rows)
212

213 a1_val = pd.DataFrame()
214 sol_saha_df = pd.DataFrame()
215 # Calculate free-carrier fraction as a function of charge density
216 # and exciton binding energy
217 for i in range(num_rows):
218 sol = res['OD-Filter' + str(OD_Filter[i])]
219

220 a1 = a(sol * 1e6, exciton_binding, mu_ex) # Saha's equation is
calculated in m3 not cm3, hence 1e6↪→

221 a1_val['OD-Filter'+str(OD_Filter[i])] = a1
222 sol_saha = np.nan_to_num(sol * a1)
223 sol_saha_df['OD-Filter'+str(OD_Filter[i])] = sol_saha
224 free_carr_value = sol_saha/Exc_Density[i]
225

226 biexp_val = np.array(sigma_fit[str('Filter_'+
str(OD_Filter[i]))])[np.where((time > kinetik_range[0]) & (time <
kinetik_range[1]))]

↪→

↪→



XIX

227

228 t_max = np.append(t_max, t[np.nanargmax(sol_saha)] * 1e9)
229 free_carr_dens[i] =

np.median(sol_saha[np.where(np.isclose(t*1e9,t_max[i]))])#np.nanmax(sol_saha)↪→

230 SCond[i] =
np.median(biexp_val[np.where(np.isclose(t*1e9,t_max[i]))])#biexp_val[np.nanargmax(sol_saha)]↪→

231

232

233

234 # Calculating Corrected Mobility #
235

236 SMu = SCond/(free_carr_dens*1.602176634e-19)

TPC CODE 2.0

This code is an upgraded version of TPC Code 1.0. Hence, only the changed parts are shown:
the monoexponential fitting is the same and only the part Simulating Free Carrier Fraction
has been changed into a minimize function.

1 import ... # as before
2 from scipy.optimize import root, minimize_scalar
3

4

5 ####################################
6 # Simulating Free Carrier Fraction #
7 ####################################
8

9 def Kinetik_Fit(k2x, time,sigma_fit, pseudo_k1_value, photo_cond_zero, args):
10 if args.k1:
11 k1_const = args.k1 * 1e6 # in s-1
12 pseudo_k1_marker = "set"
13 else:
14 k1_const = pseudo_k1_value
15 pseudo_k1_marker = "pseudo"
16

17

18 exciton_binding = args.Exciton_Binding_Energy / 1000 # in eV
19 k2_const = 10**(k2x) * 1e-10 # in cm3 s-1
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20 k3_const = args.k3 * 1e-28 # in cm6 s-1
21

22 I0 = 0
23

24 sigma = pulse_fwhm / (2 * np.sqrt(2 * np.log(2)))
25 mu = pulse_fwhm
26 res = pd.DataFrame()
27

28 ## Kinetik Model Preparation
29

30 kinetik_range =[-10,1000]
31 for i in range(num_rows):
32 corr_param = [k1_const, k2_const, k3_const, Exc_Density[i]]
33

34 num_pnts = 1000 # number of points in the simulation
35

36

37 t = time[np.where((time > kinetik_range[0]) & (time <
kinetik_range[1]))]*1e-9 # in ns↪→

38 sol = odeint(df, I0, t, args=(corr_param,sigma, mu))
39 sol = sol.reshape(-1)
40 res['OD-Filter'+str(OD_Filter[i])] = sol#/np.max(sol)*Exc_Density[i]
41

42

43 # Saha Equation Fitting #
44

45 t_max = []
46 Max_Carr = []
47 free_carr_dens = np.zeros(shape=num_rows)
48 SCond = np.zeros(shape=num_rows)
49

50 a1_val = pd.DataFrame()
51 sol_saha_df = pd.DataFrame()
52 # Calculate free-carrier fraction as a function of charge density
53 # and exciton binding energy
54 for i in range(num_rows):
55 sol = res['OD-Filter' + str(OD_Filter[i])]
56

57 a1 = a(sol * 1e6, exciton_binding) # Saha's equation is calculated
in m3 not cm3, hence 1e6↪→
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58 a1_val['OD-Filter'+str(OD_Filter[i])] = a1
59 sol_saha = np.nan_to_num(sol * a1)
60 sol_saha_df['OD-Filter'+str(OD_Filter[i])] = sol_saha
61 free_carr_value = sol_saha/Exc_Density[i]
62

63 biexp_val = np.array(sigma_fit[str('Filter_'+
str(OD_Filter[i]))])[np.where((time > kinetik_range[0]) & (time <
kinetik_range[1]))]

↪→

↪→

64

65 t_max = np.append(t_max, t[np.nanargmax(sol_saha)] * 1e9)
66 free_carr_dens[i] =

np.median(sol_saha[np.where(np.isclose(t*1e9,t_max[i]))])#np.nanmax(sol_saha)↪→

67

68

69 SMu = photo_cond_zero / (free_carr_dens * 1.602176634e-19)
70 return SMu, t_max, free_carr_dens, SCond, pseudo_k1_marker
71

72

73

74 def residual_kin(k2x, time, sigma_fit,pseudo_k1_value, photo_cond_zero, args):
75

76 SMu, t_max, free_carr_dens, SCond, pseudo_k1_marker = Kinetik_Fit(k2x,
time, sigma_fit, pseudo_k1_value, photo_cond_zero, args)↪→

77 SMu_std = np.std(SMu[2:]) # The first two points are excluded due to the
noise level↪→

78

79 return SMu_std
80

81

82

83

84 results_Model_kin = minimize_scalar(residual_kin, bounds=(-3, 5),
method='bounded', args=(time, sigma_fit, pseudo_k1_value, photo_cond_zero,
args))

↪→

↪→

85

86

87

88 # Calculating Corrected Mobility/Conductivity #
89

90 SMu, t_max, free_carr_dens, SCond, pseudo_k1_marker = Kinetik_Fit(k2_val,
time, sigma_fit,pseudo_k1_value, photo_cond_zero, args)↪→
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91

INTENSITY-DEPENDENT PLQE CODE

The general approach shown here was used in Chapters 4 and 5. The input is a text file
containing the power densities (the units can vary, but typically in W cm−2) and the calculated
PLQE.

1 import numpy as np
2 import pandas as pd
3 from lmfit import Parameters, minimize
4 from scipy.integrate import odeint
5 from scipy.optimize import root
6

7 #############
8 # Functions #
9 #############

10

11 def equil_conc(G, params, i):
12 k1 = 10**params[f'k1_{i + 1}'].value
13 kex = 10**params[f'kex_{i + 1}'].value
14 k2 = 10**params[f'k2_{i + 1}'].value
15 k2_non = 10 ** params[f'k2non_{i + 1}'].value
16 k3 = 10**params[f'k3_{i + 1}'].value
17 n_dop = params[f'n_dop_{i + 1}'].value
18

19

20 def recombination_model(n_eq0, k1, kex, k2, k2_non, k3, G, n_dop):
21

22 n_eq0 += n_dop
23

24 return G - k1*n_eq0 - (k2 + k2_non + kex/n_eq0)*n_eq0**2 -
k3*n_eq0**3↪→

25

26 n_eq_sim = root(recombination_model, 1e15, method='hybr', args=(k1, kex,
k2, k2_non, k3, G, n_dop))↪→

27

28 return n_eq_sim.x[0]
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29

30

31 def plqe(params, n, i):
32 A = params[f'A_{i + 1}'].value
33 k1 = 10**params[f'k1_{i + 1}'].value
34 kex = 10**params[f'kex_{i + 1}'].value
35 k2 = 10**params[f'k2_{i + 1}'].value
36 k2_non = 10 ** params[f'k2non_{i + 1}'].value
37 k3 = 10**params[f'k3_{i + 1}'].value
38

39

40 plqe_int = (k2 * n+ kex)/(k1 + (k2 + k2_non) * n + kex+ k3 * n**2)
41

42

43 plqe_ext = (A*plqe_int)/((1-plqe_int)+(A*plqe_int))
44

45 return plqe_ext*100
46

47 def residual2(params, G, Data, i):
48 n_eq = []
49 for a in range(len(G)):
50 n_eq1 = equil_conc(G[a],params, i)
51 n_eq.append(n_eq1)
52

53 n_eq = np.array(n_eq)
54 model = plqe(params, n_eq, i)
55

56 return (model - Data)
57

58

59

60 def resid_global(params, generation_rate, Data, resid):
61

62 for i in range(num_rows):
63 k3_fact = np.abs(params[f'k3_{i + 1}'].value)
64 resid[:,i] = residual2(params, generation_rate[str(i)], Data[str(i)],

i)/k3_fact↪→

65

66

67 return resid.flatten()
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68

69

70

71 #############
72 # Main Part #
73 #############
74 args = get_args()
75

76 df = pd.read_csv(args.data_path, header=None)
77 df = df.rename(columns={0: 'Filenames', 1: 'Thicknesses', 2: 'Wavelengths',

3:'Reflectances', 4:'k1_values', 5:'k2_values', 6:'alpha'})↪→

78

79 global num_rows
80 num_rows = len(df['Filenames'])
81

82 Power_dens = pd.DataFrame()
83 G_rate = pd.DataFrame()
84 PLQY_Data = pd.DataFrame()
85

86 for i in range(num_rows):
87 powerdens, generation_rate, Data = unpack_Data(df, i)
88

89 Power_dens[str(i)] = powerdens
90 G_rate[str(i)] = generation_rate
91 PLQY_Data[str(i)] = Data
92

93

94

95 ## Fitting PLQE Data ##
96 params = Parameters()
97

98 for i in range(num_rows):
99 params.add(f'A_{i + 1}', value=args.A, min=0, max=1)

100 params.add(f'n_dop_{i + 1}', value=args.Doping_n, min=0, max=1e18)
101 params.add(f'k1_{i + 1}', value=np.log10(df['k1_values'][i]), min=0,

max=10)↪→

102 params.add(f'neq_{i + 1}', value=12, min=1, max=18)
103 params.add(f'kex_{i + 1}', value=np.log10(args.kex), min=0, max=9)
104 params.add(f'k2_{i + 1}', value=np.log10(df['k2_values'][i]), min=-11,

max=-7)↪→
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105 params.add(f'k2non_{i + 1}', value=-11, min=-14, max=-7)
106 params.add(f'k3_{i + 1}', value=np.log10(args.k3), min=-32, max=-24)
107

108 for y in range(num_rows - 1):
109 if args.share_k1 == True:
110 params[f'k1_{y + 2}'].expr = 'k1_1'
111 if args.share_k2 == True:
112 params[f'k2_{y + 2}'].expr = 'k2_1'
113

114 if args.share_k3 == True:
115 params[f'k3_{y + 2}'].expr = 'k3_1'
116 params[f'k2non_{y + 2}'].expr = 'k2non_1'
117 if args.share_kex == True:
118 params[f'kex_{y + 2}'].expr = 'kex_1'
119 if args.share_A == True:
120 params[f'A_{y + 2}'].expr = 'A_1'
121 if args.share_ndop == True:
122 params[f'n_dop_{y + 2}'].expr = 'n_dop_1'
123

124 for i in range(num_rows):
125 if args.fix_k1 == True:
126 params[f'k1_{i + 1}'].vary = False
127 if args.fix_k2 == True:
128 params[f'k2_{i + 1}'].vary = False
129 if args.fix_k3 == True:
130 params[f'k3_{i + 1}'].vary = False
131 if args.fix_kex == True:
132 params[f'kex_{i + 1}'].vary = False
133 if args.fix_A == True:
134 params[f'A_{i + 1}'].vary = False
135 if args.fix_Dn == True:
136 params[f'n_dop_{i + 1}'].vary = False
137

138 resid = np.empty(shape = PLQY_Data.shape)
139 results_Model = minimize(resid_global, params, method='least_squares',

args=(G_rate, PLQY_Data, resid), nan_policy='omit')↪→

140

141
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SIMPLIFIED CONTINUITY EQUATION FOR TRPL

This code uses the simplified differential equation and solves it numerically. Then the solution
is fitted to the observed data. The input file is the output of picoquant’s EasyTau software and
contains all the measurement settings and the measured PL counts as a function of time.

1 import os
2 import numpy as np
3 import pandas as pd
4 from lmfit import Parameters, minimize
5 from scipy.integrate import odeint
6

7

8 ##################
9 # Laser Settings #

10 ##################
11

12 Ref_Files = os.listdir(str(folder + '\TRPL_Files'))
13

14 #############
15 # Functions #
16 #############
17

18 def unpack_Info(args):
19 names, info = np.loadtxt(args, unpack=True, skiprows=1, max_rows=24,

delimiter=' : ', dtype=str)↪→

20 sample_name = str(info[np.where(names == ' Sample')])[2:-2]
21

22 wavelength = float(str(info[np.where(names == ' Exc_Wavelength')])[2:-4])
# in nm↪→

23

24 sync_frequency = float(str(info[np.where(names == '
Sync_Frequency')])[2:-4]) # in Hz↪→

25 signal_rate = float(str(info[np.where(names == ' Signal_Rate')])[2:-5])
# in cps↪→

26 pile_up = signal_rate / sync_frequency * 100 # in %
27

28 attenuation = str(info[np.where(names == ' Exc_Attenuation')])[2:-6]
29 if attenuation == 'open':
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30 attenuation = 1
31 else:
32 attenuation = float(attenuation[0:-1]) / 100
33

34 return pile_up, attenuation, wavelength, sync_frequency, sample_name
35

36

37 def Fluence_Calc(wavelength, args):
38 # Unpack Ref Data File
39 wl400, wl505, wl630 = np.loadtxt(str(folder + '\TRPL_Files\\' +

args.laser_reference_file), unpack=True, skiprows=1)↪→

40

41 intensity = args.laser_intensity
42

43 if wavelength == 397.7:
44

45 laser_fluence = wl400[0] * intensity + wl400[1]
46

47 elif wavelength == 505.5:
48

49 laser_fluence = wl505[0] * intensity + wl505[1]
50

51 elif wavelength == 633.8:
52

53 laser_fluence = wl630[0] * intensity + wl630[1]
54

55 return laser_fluence
56

57

58 def unpack_Data(FileName):
59

60 # First the data is imported, the background removed, the maximum
shifted to t=0 and everything is normalized↪→

61

62 time1, Data1 = np.loadtxt(FileName, unpack=True, skiprows=76)
63 Data1 = np.array(Data1)
64 len_Data = len(Data1)
65

66 # Cut Data into Shape
67 Data2, max_locator, time2 = cut_data(Data1, time1)
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68

69 # Remove Background from before Pulse
70

71 Data3 = remove_bckg(Data2, max_locator)
72

73 # Normalize Data
74 data_max = Data3[max_locator]
75 Data5 = Data3 / np.max(Data3)
76 Data5[Data5 < 0] = np.nan
77

78 return time2, Data5, max_locator, len_Data, data_max
79

80

81 def cut_data(Data, time):
82 max_locator = np.argmax(Data)
83 dtime = time[2] - time[1]
84 pre_zero_time = np.linspace(max_locator, 1, max_locator)
85 pre_zero_time = pre_zero_time * dtime * -1
86 time = np.append(pre_zero_time, time)
87

88 Data = np.append(Data, pre_zero_time * 0)
89

90 return Data, max_locator, time
91

92

93 def remove_bckg(Data, max_locator):
94 # To remove the background the median of the 30% of the highest values

before the pulse are substracted↪→

95 Data_mask = np.array(Data[1:max_locator - 3])
96 Bckg = np.nanmedian(Data_mask)
97 Data = Data - Bckg
98

99 return Data
100

101

102 def make_Dataframe(time, data_raw, len_Data, max_locator):
103 Data = pd.DataFrame()
104

105

106 ## The data is cut to the correct lengths and stored in a pd.Dataframe
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107 Data['Time'] = time[0]
108 Data['0'] = data_raw[0]
109

110 i = 1
111 while i < len(len_Data):
112

113 Data2 = data_raw[i]
114

115 if max_locator[i] != max_locator[0]:
116 if max_locator[i] > max_locator[0]:
117 a = max_locator[i] - max_locator[0]
118 Data2 = Data2[a:]
119

120 elif max_locator[i] < max_locator[0]:
121 Data2 = np.append(np.zeros(max_locator[0] - max_locator[i]),

Data2)↪→

122

123 if len(Data2) != len(np.array(Data['Time'])):
124 if len(Data2) > len(np.array(Data['Time'])):
125 a = np.abs(len(Data2)-len(np.array(Data['Time'])))
126 Data2 = Data2[0:-a]
127 else:
128 a = np.abs(len(Data2) - len(np.array(Data['Time'])))
129 Data2 = np.append(Data2, np.zeros(a))
130

131 Data[str(i)] = Data2
132

133 i += 1
134

135 max_locator = max_locator[0]
136

137 return Data, max_locator
138

139

140 def one_over_e_Lifetime(Data):
141 marker = np.where(Data[str(i)] < 1 / np.e)
142 marker = np.array(Data['Time'])[marker]
143 marker = marker[np.where(marker > 0)]
144 marker = marker[0:5]
145 marker1 = np.median(marker)
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146 marker_err1 = 0#abs(np.quantile(marker, 0.25) - marker1)
147 marker_err2 = 0#abs(np.quantile(marker, 0.75) - marker1)
148

149 return marker1, marker_err1, marker_err2
150

151

152 def time_range(Fit_range, Data):
153 time = np.array(Data['Time'])
154 limit = np.where((time > -10) & (time < Fit_range[1]))
155

156 time_fit = time[limit]
157

158 limit_i = Fit_range[0]
159 limit_inner = np.where((time_fit >= limit_i))[0][0]
160

161 nan_beg = np.empty(np.min(limit))
162 nan_beg[:] = np.nan
163 nan_end = np.empty(len(time) - np.amax(limit))
164 nan_end[:] = np.nan
165

166

167 return time_fit, nan_beg, nan_end, limit, limit_inner
168

169

170 def df_sigma(n0, time, params, i):
171 def gaussian(t, mu, sig):
172 return 1 / (sig * np.sqrt(2 * np.pi)) * np.exp(-(1 / 2) * ((t - mu) /

sig) ** 2)↪→

173

174 k1 = params[f'k1_{i + 1}'].value
175 k2 = params[f'k2_{i + 1}'].value
176 k3 = params[f'k3_{i + 1}'].value
177

178 sig = pulse_fwhm / (2 * np.sqrt(2 * np.log(2)))
179

180 mu = 0
181 ne = n0
182

183 gauss_dat = gaussian(time, mu, sig)
184
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185 dnedt = Exc_Density[i] * gauss_dat - k1 * ne - k2 * ne ** 2 - k3 * ne ** 3
186 return dnedt
187

188

189 def residual2(params_ode, time_fit, Counts, limit, limit2a, i):
190 I0 = 0
191

192 Data_fit = np.array(Counts[str(i)])[limit]
193 A_ct = params_ode[f'A_ct_{i + 1}'].value
194 tau_ct = params_ode[f'tau_ct_{i + 1}'].value
195

196 dnedt = odeint(df_sigma, I0, time_fit*1e-9, args=(params_ode, i,))
197 dndt = dnedt.reshape(-1)
198

199

200 CT = np.where(time_fit > 0, (np.exp(-time_fit / tau_ct)), 0)
201 dndt = ((dndt / Exc_Density[i]))**x_Parameter * (1 - A_ct) + (A_ct * CT)
202

203 dndt = dndt/np.nanmax(dndt)
204 resid = (Data_fit - dndt)
205

206 return resid[limit2a+1:]
207

208

209 def resid_global(params_ode, time_fit, photo_cond, limit, limit2a, resid, i):
210 while i < num_rows:
211 resid[i, :] = np.abs(residual2(params_ode, time_fit, photo_cond,

limit, limit2a, i)) * (time_fit[limit2a:-1]*1e9)↪→

212 i += 1
213

214 return resid.flatten()
215

216

217 def post_Fitting(results_Model2, Data, limit, limit_inner, time_fit,
empty_dat, i, nan_beg, nan_end):↪→

218 yfit = -residual2(results_Model2.params, time_fit, empty_dat, limit, 0, i)
219

220 yfit = np.append(yfit, nan_end)
221 yfit = np.append(nan_beg, yfit)
222
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223 return yfit
224

225

226

227

228

229 #####################
230 # Main Part of Code #
231 #####################
232

233 # This part of the code gets the filename(s) and makes a list out of it for
later use↪→

234

235 args = get_args()
236

237 FileName = args.data_path
238 global num_rows
239 num_rows = len(FileName)
240

241 global Exc_Density
242 Exc_Density = []
243

244 global x_Parameter
245 x_Parameter = args.x_Parameter
246

247 global pulse_fwhm # ~ 372 ps
248 pulse_fwhm = 2e-9
249

250

251 pile_up = []
252 sample_name = []
253

254 time = []
255 data = []
256 max_locator = []
257 data_max = []
258 len_Data = []
259 laser_fluence_old = []
260

261 ### Here, the additional information included in the Data header is imported
and used to calculate the first important numbers↪→



XXXIII

262

263 for i in range(num_rows):
264 pile_up_1, attenuation, wavelength, frequency, sample_name_1 =

unpack_Info(FileName[i])↪→

265 pile_up.append(pile_up_1)
266 sample_name.append(sample_name_1)
267

268 ## Steps to calculate Laser Fluence and Excitation Density
269 laser_fluence = Fluence_Calc(wavelength, args) # in cm-2
270 laser_fluence = laser_fluence * attenuation * 10 ** (- args.OD_extra) #

in cm-2↪→

271 laser_fluence_old.append(laser_fluence * (299792458 * 6.6261e-34) /
(wavelength * 1e-9) * 1e9) # in nJ cm-2↪→

272 Exc_Density.append(laser_fluence * args.sample_absorbtance /
(args.Thickness * 1e-7)) # in cm-3↪→

273

274

275

276 ### Here, the data is combined into a dataframe
277 time1, Data3, max_locator1, len_Data1, data_max1 =

unpack_Data(FileName[i])↪→

278 data.append(Data3)
279 time.append(time1)
280 data_max.append(data_max1)
281 max_locator.append(max_locator1)
282 len_Data.append(len_Data1)
283

284

285 ### Length of Data is changed so it fits into a single Dataframe
286 i = 1
287 while i < num_rows:
288 len_Data[i] = len_Data[i] + len_Data[i - 1]
289 i += 1
290

291 ### The Dataframe is created
292 Data, max_locator = make_Dataframe(time, data, len_Data, max_locator)
293

294 #######################
295 # Fitting starts here #
296 #######################
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297

298 ### Define most important Fitting Parameters
299 Fit_range = np.array([args.fit_start, args.fit_end])
300

301 time_fit, nan_beg, nan_end, limit, limit_inner = time_range(Fit_range, Data)
302

303 resid = np.empty(shape = (num_rows, len(time_fit)-limit_inner-1))
304 empty_dat = Data * 0
305 empty_dat[empty_dat == np.nan] = 0
306

307 params_ode = Parameters()
308 for i in range(num_rows):
309 params_ode.add(f'k1_{i + 1}', value=args.k1, min=1e5, max=1e10,

vary=True)↪→

310 params_ode.add(f'k2_{i + 1}', value=args.k2, min=1e-13, max=1e-3,
vary=True)↪→

311 params_ode.add(f'k3_{i + 1}', value=1e-28, max=1e-24, vary=True)
312 params_ode.add(f'A_ct_{i + 1}', value=0, min=0, max=1.000, vary=False)
313 params_ode.add(f'tau_ct_{i + 1}', value=0, min=1, max=50, vary=False)
314

315

316 if args.k1_shared == True:
317 for y in range(num_rows - 1):
318 params_ode[f'k1_{y + 2}'].expr = 'k1_1'
319

320 if args.k2_shared == True:
321 for y in range(num_rows - 1):
322 params_ode[f'k2_{y + 2}'].expr = 'k2_1'
323

324

325 if args.k1_fixed == True:
326 params_ode[f'k1_1'].vary = False
327 if args.k1 == 0:
328 params_ode[f'k1_1'].min = 0
329 params_ode[f'k1_1'].value = 0
330

331 if args.k2_fixed == True:
332 params_ode[f'k2_1'].vary = False
333 if args.k2 == 0:
334 params_ode[f'k2_1'].min = 0
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335 params_ode[f'k2_1'].value = 0
336

337 if args.additional_early_decay == True:
338 for i in range(num_rows):
339 params_ode[f'A_ct_{i+1}'].vary = True
340 params_ode[f'A_ct_{i+1}'].value = 0.2
341 params_ode[f'tau_ct_{i+1}'].vary = True
342 params_ode[f'tau_ct_{i+1}'].value = 50
343

344

345 ### Fitting the Data
346 results_Model2 = minimize(resid_global, params_ode, method='leastsq',
347 args=(time_fit, Data, limit, limit_inner, resid, 0),

nan_policy='omit')↪→

348

349

350

351 k1_val = []
352 k2_val = []
353 k3_val = []
354 A_ct = []
355 tau_ct = []
356 R2_val = []
357

358 ### Extract important Parameters from Fit
359 for i in range(num_rows):
360 yfit = post_Fitting(results_Model2, Data[str(i)], limit, limit_inner,

time_fit, empty_dat, i, nan_beg, nan_end)↪→

361 R2_val.append(R2_val_calc)
362 Data[str('Fit_' + str(i))] = yfit1
363 tau_ct.append(results_Model2.params[f'tau_ct_{i + 1}'].value)
364 A_ct.append(results_Model2.params[f'A_ct_{i + 1}'].value)
365 k1_val.append(results_Model2.params[f'k1_{i+1}'].value)
366 k2_val.append(results_Model2.params[f'k2_{i + 1}'].value)
367 k3_val.append(results_Model2.params[f'k3_{i + 1}'].value)
368

BAYESIAN INFERENCE
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The input data is the same as for the simplified continuity code. The preparation of the raw
data is the same, except that the line Data = Data - Bckg is skipped, because the measurement
background is now the parameter ϵP L. To use pymc, the entire model had to be written in
PyTensor notation, which has limited functionality when compared to the numpy library. For
instance, it cannot be easily integrated with scipy.optimize.root or scipy.integrate.odeint.
As such, these things had to be integrated manually.

1

2 import numpy as np
3 import pandas as pd
4 import pymc as pm
5 from scipy.optimize import shgo
6 import pytensor.tensor as at
7 from pytensor import *
8 from pytensor.graph.op import Op
9 from pytensor.graph.basic import Apply

10

11 #############
12 # Functions #
13 #############
14

15 def root_finder_loop_perform(D, a, b, thickness, noroots):
16 # Define an Aesara expression for the function to be rooted
17 def f(x, D, a, b, thickness):
18 #return (np.tan(x*thickness)+(D*(a)*x)/(b-D**2*x**2))**2
19 return (np.tan(x*thickness)+(D*(a)*x)/((a/2)**2*b-D**2*x**2))**2
20

21 x_sol1 = shgo(f,bounds=[(0,(noroots-0.5)*np.pi/(thickness))], args = (D,
a, b, thickness), sampling_method='sobol', n=noroots*200).xl↪→

22 x_sol = np.sort(x_sol1.flatten())
23

24

25

26 if x_sol[0] == 0:
27 return x_sol[1:noroots+1]
28 else:
29 return x_sol[0:noroots]
30
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31

32 class RootFinder(Op):
33

34 def __init__(self, thickness, noroots):
35

36 self.thickness = thickness*1e-7
37 self.noroots = noroots
38

39 def make_node(self, D, a, b):
40

41 outputs = [at.vector(dtype='float64')]
42 return Apply(self, [D, a, b], outputs)
43

44 def perform(self, node, inputs, outputs_storage):
45 D, a, b = inputs
46

47 outputs_storage[0][0] = root_finder_loop_perform(D, a, b,
self.thickness, self.noroots)↪→

48

49

50 def beta_rootfinder(thickness, a, b, Diffusion_value, no_of_roots):
51

52 rootfinder = RootFinder(thickness=thickness, noroots = no_of_roots)
53

54 beta = rootfinder(Diffusion_value, a, b)
55

56 return beta
57

58

59 """This is the Diffusion model in PyTensor
60

61 It is mainly based on: J. Appl. Phys. 116, 123711 (2014).
62 The important equations are marked.
63 In addition I took inspiration from:
64 https://www.nature.com/articles/s41598-019-41716-x#Sec16
65 https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-02670-2/MediaObjects/41467_2017_2670_MOESM1_ESM.pdf
66 and
67 https://www.sciencedirect.com/science/article/pii/S2542435122004202#sec6.2
68

69 """
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70

71 def diffusion_carrier_density_all(time, Fluence, Surface, thickness,
Absorption_coeff, PL_err_init):↪→

72

73 ### I - Diffusion Part
74 # I model the diffusion by using an approach described by R.K.

Ahrenkiehl (Solid-State Electronics Vol. 35, No. 3, pp. 239-250,
1992)

↪→

↪→

75 # as well as M Maiberg & R. Scheer (Journal of Applied Physics 116,
123711 (2014)).↪→

76 # To improve reproducability with the NUTS algorithm, I define the
surface recombination in terms of their sum (S_sum) and the factor
S_b, which

↪→

↪→

77 # relates the product as: S_prod = (S_sum/2)^2*S_b.
78 ## Define the spacial domains
79 # I use a tanh-spaced grid here, as it has more points close to the

boundaries (surfaces) and allows the use of less datapoints overall↪→

80

81 x = np.arange(0,thickness,5)
82

83 z_array_np = x*1e-7
84

85 z_array = at.as_tensor_variable(z_array_np)
86 z_array_4d = z_array.dimshuffle('x','x',0, 'x')
87 z_array_4d.broadcastable
88 (True, True, False, True)
89

90 z_array_diff = at.as_tensor_variable(np.diff(z_array_np))
91 z_array_diff_4d = z_array_diff.dimshuffle('x', 'x', 0, 'x')
92 z_array_diff_4d.broadcastable
93 (True, True, False, True)
94

95 z_array_diff_2d = z_array_diff.dimshuffle('x', 0)
96 z_array_diff_2d.broadcastable
97 (True, False)
98

99

100

101

102 ## Define Parameters
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103 # Surface recombination velocities are defined as the sum (S_sum), the
ratio of sum and product (S_sumprod_ratio) and↪→

104 #
105 S_sum_factor = pm.LogNormal('S_sum_model', 0, 2)
106 S_sum_model = 1*(1+S_sum_factor)
107

108 S_sumprod_ratio_factor = pm.Beta('S_sumprod_ratio_model', 2,2)
109 S_sumprod_ratio_model = 10**(-3*S_sumprod_ratio_factor+0.01)
110

111

112 S_mix = pm.Bernoulli('S_mix',0.5)
113

114

115 ## Calculate both surface recombination velocities from S_sum and S_b
116 S_a = (S_sum_model - at.sqrt(S_sum_model**2 *(1 -

S_sumprod_ratio_model)))/2↪→

117 S_b = (S_sum_model + at.sqrt(S_sum_model**2 *(1 -
S_sumprod_ratio_model)))/2↪→

118

119 # Effective S_front
120 S_front_value = at.switch(at.eq(Surface, 1), S_a*(1-S_mix) + S_b*S_mix,

S_a*S_mix + S_b*(1-S_mix))↪→

121

122 S_front = S_front_value.dimshuffle(0,'x','x','x')
123 S_front.broadcastable
124 (False, True, True, True)
125

126 # Reabsorption
127 alpha_N_RV_fact = pm.LogNormal('alpha_N_RV', 4, 2, shape=2)
128 alpha_N_RV_val_front =

at.switch(at.eq(Surface,1),alpha_N_RV_fact[0],alpha_N_RV_fact[1])↪→

129

130 Reabs_front = at.exp(-at.outer(alpha_N_RV_val_front,z_array))
131

132 # Diffusion Coeffient in cm2 s-1
133 Diffusion_factor = pm.LogNormal('Diffusion_coefficient', 2, 2)
134 Diffusion_coefficient = 1e-4*(1+Diffusion_factor)
135

136 ## Calculate 'beta'-values of the Eigenvalue function
137 a = S_sum_model
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138 b = S_sumprod_ratio_model
139

140 beta_model = beta_rootfinder(thickness, a, b, Diffusion_coefficient, 5)
141 beta_4d = beta_model.dimshuffle('x', 0 ,'x','x')
142 beta_4d.broadcastable
143 (True, False, True, True)
144

145

146

147 ## Here the U_z function is calculates, which will impact the actual
diffusion of the charge carriers in the model↪→

148 U_z = at.cos(beta_4d*z_array_4d) +
S_front/(Diffusion_coefficient*beta_4d)*at.sin(beta_4d*z_array_4d)↪→

149 U_z.broadcastable
150 (False, False, False, True)
151

152

153 ## This part calculates the A_param, which will take care of the ratios
of U_z functions, so the total sum ends up in cm-3↪→

154 Abs_coeff_4d = (Absorption_coeff).dimshuffle(0,'x','x','x')
155 Abs_coeff_4d.broadcastable
156 (False, True, True, True)
157

158 Fluence_error = 0.9+pm.Beta('Fluence_error', 2,2,shape=len(Surface))/5
159

160 Fluence_3d =
(Fluence_error*Fluence*Absorption_coeff*(1-Reflectance)).dimshuffle(0,'x','x')↪→

161 Fluence_3d.broadcastable
162 (False, True, True)
163

164 A_param = Fluence_3d *
at.sum((((at.exp(-Abs_coeff_4d*z_array_4d)*U_z)[:,:,1:,:]+(at.exp(-Abs_coeff_4d*z_array_4d)*U_z)[:,:,:-1,:])/2*z_array_diff_4d),axis=2)/at.sum(((at.power(U_z,2)[:,:,1:,:]+(at.power(U_z,2)[:,:,:-1,:]))/2*z_array_diff_4d),axis=2)↪→

165 A_param_4d = A_param.dimshuffle(0, 1, 2, 'x')
166 A_param_4d.broadcastable
167 (False, False, True, True)
168

169

170 ## Now the time-domain is introduced with the same resolution as the
data↪→

171 time_4d = time.dimshuffle('x', 'x', 'x', 0)
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172 time_4d.broadcastable
173 (True, True, True, False)
174

175 ## n_tz0 is the 'initial' carrier density distribution from diffusion
and surface recombination alone↪→

176 n_tz0 = (A_param_4d * U_z *
at.exp(-(Diffusion_coefficient*at.power(beta_4d,2))*time_4d)
).sum(axis=1) # sum over all beta values

↪→

↪→

177

178

179 ########################################################################
180 ########################################################################
181

182 ### II - Recombination Part
183 ## Define Parameters
184 # Radiative Recombination Rate
185 k_rad_fact = pm.LogNormal('k_rad_model',1, 3)
186 k_rad_model = 1e-8*1/(1+k_rad_fact)
187

188 n_eq_model = pm.LogNormal('n_eq_model', 25,2)
189

190 kc_n_factor = pm.LogNormal("kc_n_rates", 11, 2)
191 kc_n = kc_n_factor
192

193

194

195 trap_depth = pm.Beta('trap_depth', 2, 2) # in eV
196 Nc_power = 18
197 n_em_1 = at.power(10, Nc_power)*

at.exp(-trap_depth*1.60218e-19/(1.380649e-23 * 292))↪→

198

199

200

201 ## turn diffusion/surface recombination into a correctoin factor
202 dt = at.extra_ops.diff(time).T#at.abs(time[1]-time[0])
203 n_tz0_1 = n_tz0[:,:,:-1]
204 n_tz0_2 = n_tz0[:,:,1:]
205

206 print(dt.eval())
207
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208

209 ### Looping over time-domain
210 def total_recombination_rate(n_tz0_1, n_tz0_2, dt_cuttent, n_dens, p_dens,

PL_z, kc_n, ne_1, krad, n_eq, z_diff, PL_0, PL_err, reabs_front,
reabs_recomb):

↪→

↪→

211

212 ### First: Define Rate equations
213 def rate_equations(n_dens, p_dens, kc_n, ne_1, krad, n_eq, m_phr):
214 ### Pseudo-Equilibrium at each time-point
215 f_trap = (n_dens)/(n_dens + ne_1 + p_dens)
216

217 dn_dt = - krad*reabs_front*(n_dens*p_dens + n_dens*n_eq) -
kc_n*((n_dens)*(1-f_trap) - f_trap*ne_1)↪→

218 dp_dt = - krad*reabs_front*(p_dens*n_dens + p_dens*n_eq) -
kc_n*(p_dens)*f_trap↪→

219

220 return dn_dt, dp_dt
221

222 # Runge-Kutta Algorithm
223 n_ds = n_tz0_2/n_tz0_1
224

225 n_dens = n_dens*n_ds
226 p_dens = p_dens*n_ds
227

228 RuKu1_n, RuKu1_p = rate_equations(n_dens, p_dens, kc_n, ne_1, krad,
n_eq, reabs_recomb)↪→

229 RuKu2_n, RuKu2_p = rate_equations(n_dens + RuKu1_n*dt_cuttent/2,
p_dens + RuKu1_p*dt_cuttent/2, kc_n, ne_1, krad, n_eq,
reabs_recomb)

↪→

↪→

230 RuKu3_n, RuKu3_p = rate_equations(n_dens + RuKu2_n*dt_cuttent/2,
p_dens + RuKu2_p*dt_cuttent/2, kc_n, ne_1, krad, n_eq,
reabs_recomb)

↪→

↪→

231 RuKu4_n, RuKu4_p = rate_equations(n_dens + RuKu3_n*dt_cuttent, p_dens
+ RuKu3_p*dt_cuttent, kc_n, ne_1, krad, n_eq, reabs_recomb)↪→

232

233

234

235 n_next = (n_dens + dt_cuttent/6*(RuKu1_n + 2*RuKu2_n + 2*RuKu3_n +
RuKu4_n))↪→

236 p_next = (p_dens + dt_cuttent/6*(RuKu1_p + 2*RuKu2_p + 2*RuKu3_p +
RuKu4_p))↪→
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237

238

239 Rad_next = reabs_front*(n_next*p_next + n_next*n_eq + p_next*n_eq)
240 PL_next = (at.sum(((Rad_next[1:,:] +

Rad_next[:-1,:])/2*z_diff),axis=0)/PL_0)+PL_err↪→

241

242 return n_next, p_next, PL_next
243

244

245 n_0z = p_0z = n_tz0[:,:,0]
246

247 PL_err = pm.HalfNormal('PL_err', 1e-3, shape=len(Surface))
248 PL_err_2d = PL_err.dimshuffle('x',0)
249 PL_err_2d.broadcastable
250 (True, False)
251

252

253 PL_0_calc1 =
Reabs_front*((n_0z+n_eq_model)*(p_0z+n_eq_model)-n_eq_model**2)↪→

254 PL_0_calc2 = at.sum(((PL_0_calc1[:,1:] +
PL_0_calc1[:,:-1])/2*z_array_diff_2d),axis=1)↪→

255 PL_0_calc2_2d = PL_0_calc2.dimshuffle('x',0)
256 PL_0_calc2_2d.broadcastable
257 (True, False)
258

259 PL_0z = PL_0_calc2#*(1 - PL_err)
260

261 result, updates = pytensor.scan(fn=total_recombination_rate,
262 sequences=[n_tz0_1.T, n_tz0_2.T,

dt],↪→

263 outputs_info=[n_0z.T, p_0z.T,
PL_0z],↪→

264 non_sequences=[kc_n, n_em_1,
k_rad_model, n_eq_model,
z_array_diff_2d.T, PL_0_calc2,
PL_err, Reabs_front.T, 1])

↪→

↪→

↪→

265

266 #n_0z = n_0z.dimshuffle('x',1, 0)
267 #p_0z = p_0z.dimshuffle('x',1, 0)
268 PL_0z = (PL_0z/PL_0_calc2).dimshuffle('x', 0)
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269

270 #n_tz1 = at.concatenate([n_0z, result[0]], axis=0).T
271 #p_tz1 = at.concatenate([p_0z, result[1]], axis=0).T
272 PL_final = at.concatenate([PL_0z, result[2]], axis=0)
273 #n_tz3 = (n_tz1*p_tz1)# + n_tz1*n_eq_model + p_tz1*n_eq_model)
274

275 return PL_final
276

277

278

279

280

281 def glm_mcmc_inference_diffusion_full(Data_fit, a, a2, Fluence, Surface,
Thickness, Absorption_coeff):↪→

282

283

284

285 #### Setting up the Data and Timeframe
286 time = np.array(Data_fit['Time'])[a+2]*1e-9 #s
287

288 y_combined = np.zeros((len(time),len(Surface)))
289 PL_err_init = np.zeros(len(Surface))
290

291 for s in range(len(Surface)):
292 y_combined[:,s] = np.array(Data_fit[str(s)])[a+2]
293

294

295 with pm.Model() as model:
296

297

298

299 #### Simulation of Time-Resolved PL
300 N_calc = diffusion_carrier_density_all(shared(time), Fluence, Surface,

Thickness, shared(Absorption_coeff), PL_err_init)↪→

301

302 ## Likelihood Function Student-T Distribution)
303 sigma_width_val = pm.LogNormal('sigma_width', 1, 2,

shape=len(Surface))↪→

304 sigma_width = 0.05*1/(1+sigma_width_val)
305
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306 sigma_width = at.outer(at.ones(shape=len(time)), sigma_width)
307

308 y_combined = at.as_tensor_variable(y_combined)
309 y_combined = at.switch(at.le(y_combined,0), np.nan, y_combined)
310

311 N_calc_collect = pm.Deterministic('N_calc_collect', N_calc)
312

313

314 Logp = pm.Deterministic('Logp',
pm.logp(rv=pm.Normal.dist(mu=at.log(N_calc), sigma=sigma_width),
value=at.log(y_combined)))

↪→

↪→

315

316 Y_obs = pm.Potential('Y_obs', y_combined*Logp)
317

318

319

320 #### Draw Samples from the Posterior Distribution
321 trace = pm.sample(step=pm.Metropolis(), chains=10, draws=10000,

cores=10, tune=0)↪→

322

323 return trace
324

325

326

327

328 #############
329 # Main Part #
330 #############
331

332 if __name__ == '__main__':
333

334 tmax = 20000
335 tmin = 0
336 amax = np.where(np.array(df['Time']) <= tmax )[0][-1]
337

338 ## Choose time-point spacing
339 #a = lin_time(amax)
340 a = log_time(amax, 21)
341



342 trace = glm_mcmc_inference_diffusion_full(df, a, amax, Fluence, Surface,
Thickness, Absorption_coeff)↪→
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