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RESUME

Plusieurs études récentes prévoient une augmentation de pres de 50% de la consommation én-
ergétique mondiale avant 2050. Une chute de la production risque d’avoir des conséquences
négatives a la fois sociales et économiques. De plus, les polluants issus des combustibles
fossiles, les principales sources d’énergie a 1’échelle mondiale, sont a la source de problemes
tels que le réchauffement planétaire, le smog et les pluies acides. Toute réponse a ce défi
énergétique doit donc se faire par le moyen d’une alternative propre et renouvelable. En ce
sens, ’énergie solaire est un excellent choix. Néanmoins, les panneaux solaires conventionnels
restent dispendieux et relativement inefficaces par rapport aux combustibles fossiles. Récem-
ment, la découverte des cellules solaires a base de pérovskites hybrides organique-inorganique
a fait 'objet d’un intérét considérable a travers le monde. Ces dispositifs ont surpassé leurs
prédécesseurs organiques a base de colorants parce qu’ils sont plus efficaces, plus simples
a fabriquer et moins cotliteux. La croissance rapide de 'efficacité des cellules fabriquées a
base de ces matériaux, présentement a 25.5%, est inégalée dans I’histoire des cellules solaires.
Ceci représente une opportunité unique de créer une nouvelle génération de cellules solaires

hautement efficaces pouvant stimuler I'industrie solaire.

Un panneau solaire est composé de plusieurs cellules photovoltaiques qui sont typiquement
reliées en série. Chaque cellule, a son tour, est composée de plusieurs couches; soit une anode,
un matériau transporteur d’électrons, un absorbeur, un matériau transporteur de trous et
finalement une cathode. Le matériau absorbeur, dans notre cas la pérovskite, sert a la conver-
sion de la lumiere entrante en porteurs de charges libres, soit électrons et trous. Le transport
des porteurs de charge aux électrodes résulte en une génération d’une différence de potentiel
aux bornes de la cellule photovoltaique. Les pérovskites hybrides, grace a leur bande inter-
dite (~1.5 eV) approchant la valeur idéale (~1.34 eV) pour l'efficacité de conversion maximale,
sont d’excellents absorbeurs. Cependant, il reste beaucoup a découvrir en ce qui concerne
la physique fondamentale des porteurs de charges permettant ces valeurs d’efficacité aussi
élevées. Plus spécifiquement, comprendre 'influence des processus de recombinaison et de
diffusion de porteurs de charges sur les efficacités de conversion énergétique continue a poser
un défi a la communauté de recherche en pérovskites. La grande majorité des expériences
initiales telles que la photoluminescence résolue en temps (TRPL) ignorent les propriétés
latérales du matériau et assument des valeurs idéales pour les conditions de frontieres. De
plus, les études effectuées jusqu’a présent sur la forme/structure/frontieres des grains de-

meurent inconclusives. Plus récemment, avec 1'utilisation grandissante des techniques de
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microscopie/spectroscopie, il est évident que les propriétés morphologiques du matériau ont
un impact considérable sur D'efficacité énergétique de la cellule. Bref, notre premiere prob-
lématique de recherche peut étre formulée ainsi : «Comment pouvons-nous déterminer de
maniere précise la diffusion des porteurs de charges dans les couches minces de pérovskite et

comment ce phénomene est-il corrélé avec la morphologie?»

Notre deuxieéme problématique est la suivante : «Quel est 'ampleur de la contribution du
processus de recyclage de photons au transport de porteurs de charges au sein des pérovskites
hybrides?» Au-dela de la recombinaison et de la diffusion, certains effets tels que la réab-
sorption et le recyclage de photons ont été mesurés dans les pérovskites hybrides. Ces
phénomenes sont bien connus pour leurs contributions bénéfiques aux parametres de perfor-
mance photovoltaiques dans d’autre matériaux tel que le GaAs. Cependant, dans le contexte
des pérovskites hybrides, un grand nombre d’études sur le transport de charges sont effec-
tuées sous des conditions microscopiques ou I'excitation lumineuse pour injecter des porteurs
de charges dans le matériau est fortement focalisée. De plus, les conclusions sont généralisées
pour les dispositifs réels ou le faisceau lumineux n’est pas focussé et ou la densité de porteurs
de charges est beaucoup plus faible. Nous devons donc examiner 'interdépendance entre les
phénomenes de diffusion (latérale) et recyclage de photons dans les conditions d’excitation

lumineuse focalisée par des méthodes expérimentales et analytiques.

Concernant la premiere problématique de recherche, afin de mesurer la diffusion latérale, nous
présentons une méthode de microscopie spatio-temporelle basée sur la caméra a balayage de
fente. Les résultats expérimentaux sont complétés par une procédure statistique d’ajustement
de courbes permettant d’extraire les coefficients de recombinaison et de diffusion. La com-
binaison de méthodes expérimentales et analytiques est appliquée aux films de triiodure de
plomb au méthylammonium (MAPbDI3), obtenus par deux procédés de fabrications différentes,
de tribromure de plomb au méthylammonium (MAPDbBr3) et en dernier lieu un film composé
de mélange de cations FA-MA et d’anions Br-I avec composition FAg gsMAg 15Pb(I.s5Bro.15)s.
Nous observons que les valeurs des coefficients de diffusion dans les films produisant les dis-
positifs les plus performants, soit FAggsMAg 15Pb(Ips5Bro.15)3 et MAPDbI3 obtenu par traite-
ment acétonitrile, sont inférieures aux autres films par plusieurs ordres de grandeur. Une
étude détaillée de la dépendance temporelle démontre une présence minimale du processus
de diffusion dans le transport électrique. En particulier, dans le MAPbI; produit par acétoni-
trile, on apercoit deux régimes distincts, soit un long et ’autre court en échelles temporelles,
avec un coefficient de diffusion effectif constant et variant sur deux ordres de grandeur. Nous
résultats soulignent qu’une augmentation en temps de vie n’est pas nécessairement corrélée

avec des plus grandes longueurs de diffusion. De plus, nous constatons que 'efficacité quan-
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tique est un meilleur indicateur de qualité et de performance dans les dispositifs réels.

Pour la deuxiéme problématique, nous modifions le montage précédant afin de mesurer
I’évolution spectrale en fonction du temps et de la distance radiale partant du centre d’excitat-
ion. Il est reconnu que la présence du phénomene de recyclage de photons produit un dé-
calage dans la signature spectrale avec la distance radiale. En anticipant ce décalage, nous
présentons un modele analytique incorporant les effets de diffusion latérale, de recombi-
naisons de porteurs de charges, et de recyclage de photons afin de mesurer la contribution
exacte de chaque processus. Nos résultats démontrent que malgré certaines ressemblances
avec d’autres études sur le recyclage de photons, le décalage spectral est principalement causé
par un autre phénomene, le remplissage de bandes. Finalement, nous réalisons une étude
purement numérique sur l'interaction entre la taille du profil d’excitation, du coefficient de
diffusion et fluence sous I'influence du recyclage de photons. Nos données révelent que le
recyclage de photons élargit de maniere négligeable la diffusion des porteurs de charge sous

des conditions de faible injection dans les expériences de type micro-PL.
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ABSTRACT

Over the next few decades, global energy consumption has been predicted to increase by
nearly 50%. The possibility of a shortfall in production or availability could have severe
socioeconomic repercussions. In addition, fossil fuels are the primary source of pollutants
leading to climate change, smog, acid rain along with various health problems. Hence, any
response to this challenge must include a plan to replace fossil fuels with clean and renewable
energy sources. Solar energy, which draws upon our nearly infinite supply of solar irradiation,
is widely considered to be our most important resource for a sustainable energy future.
At present, however, conventional solar panels remain expensive and relatively inefficient,
when compared to their fossil fuel alternatives. Despite making headlines internationally,
hybrid organic-inorganic perovskite (HOIP) solar cells, are a very recent development in solar
science. These new devices largely surpass their organic and dye-sensitized predecessors in
terms of conversion efficiency, fabrication simplicity and materials cost. The rapid growth
in perovskite solar cell power conversion efficiencies, which is currently at 25.5% has been
unparalleled. Hence, this is a unique opportunity to create a new generation of highly efficient

solar cells which could reinvigorate the energy industry.

A solar panel is composed of multiple cells which are typically configured in series. Each solar
cell is composed of several layers, such as an anode, an electron transporting layer (ETL),
an absorber, a hole transporting layer (HTL), and a cathode. The absorber material, i.e.
the hybrid perovskite in our case, converts incident irradiation into free charge carriers, i.e.
electrons and holes. The transport of charge carriers to their respective electrodes results in
power across a load. Hybrid perovskites, thanks to a bandgap (~1.5 eV) approaching the ideal
value (~1.34 V) for maximum power conversion efficiency, are phenomenal absorbers. How-
ever, much remains to be discovered with respect to the underlying carrier physics producing
such high efficiencies. Specifically, understanding the influence of recombination kinetics and
diffusion on energy conversion efficiencies poses a challenge for the perovskite research com-
munity. Most of the initial measurements such as time-resolved photoluminescence (TRPL)
ignores lateral material properties and assume ideal boundary conditions when fitting coef-
ficients. Also, studies on the effect of grain shape/structure/boundaries on carrier diffusion
remain inconclusive. With the recent surge in microscopic/spectroscopic methods for carrier
transport characterization, we observe a greater emphasis on the importance of morpholog-
ical aspects in shaping device performance. Our first research question is as follows: “How

can we accurately measure carrier diffusion in perovskite thin films and how does it correlate
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with morphology?”

Our second research question is “What is the extent to which photon recycling contributes
to carrier transport within hybrid perovskites?” Besides recombination and diffusion, effects
such as photon re-absorption and photon recycling have also been reported in hybrid per-
ovskites. Both phenomena have been known to be beneficial in improving efficiencies in
high efficiency materials such as GaAs. However, in the perovskite case, transport studies
of the materials are often conducted using microscopic measurements where photogenera-
tion is induced using a tightly focussed light beam. The results and interpretations of such
measurements are also then generalized for real devices where light is not focussed and the
carrier densities are much lower. Therefore, we must also explore the interplay between lat-
eral diffusion and photon recycling under focussed conditions through both experimental and

analytical methods.

To answer the first question, we developed a streak camera-based technique to measure
lateral diffusion in halide perovskite materials and present a fitting procedure to extract
the diffusion coefficients. The technique is applied to thin films of methylammonium lead
tri-iodide (MAPbDI3) obtained with two different fabrication routes, to methylammonium
lead tribromide (MAPDbBr3), and to an alloy of formamidinium lead tri-iodide (FAPbI3) with
MAPDBr3, i.e. FAggsMAg15Pb(Ig.85Bro15)3. Average diffusion coefficients in the films leading
to the highest device efficiencies and longest lifetimes, i.e., in FAggsMAg15Pb(Ips5Bro.15)3
and acetonitrile-processed MAPbDI3, are found to be several orders of magnitude lower than
in the other films. Further examination of the time-dependence shows strong evidence for
non-diffusive transport. In particular, acetonitrile-processed MAPbI3 shows distinct diffusion
regimes on short and long timescales with an effective diffusion constant varying over 2 orders
of magnitude. Our results also highlight the fact that increases in carrier lifetime in this class
of materials are not necessarily concomitant with increased diffusion lengths and that the PL
quantum efficiency under solar cell operating conditions is a greater indication of material,

and ultimately device, quality.

As for the second question, on top of temporal and spatial, we also study the spectral
evolution of charge carriers in hybrid perovskite thin films after optical excitation with a
small laser spot to probe the dynamics between diffusion and photon recycling. These are
conditions typical of microscopy-based studies. After excitation, the spreading of charge
carriers in space occurs due to a combination of diffusion, recombination, and photon re-
cycling. To quantitatively understand their relative importance, a numerical model is used

to simulate the anticipated photoluminescence (PL), while accounting for these processes.



We also experimentally study the evolution of the PL spectrum at different radial positions
from the center of the excitation spot. This allows us to extend our previous work on car-
rier diffusion performed using time-resolved PL microscopy. Our numerical model predicts a
position-dependent spectral shift of the waveguided photon energy in agreement with previ-
ous reports. However, we show that the spectral shift under our experimental conditions is
dominated by band filling. Finally, we study the interplay between pump spot size, diffusion
constant and fluence on carrier transport in the presence of photon recycling. Our results
show that in typical micro-PL experiments and modest carrier densities, photon recycling

plays a negligible role in enhancing the lateral spreading of carriers.
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CHAPTER 1 INTRODUCTION

Despite making headlines internationally, hybrid organic-inorganic perovskite (HOIP) solar
cells are a very recent development in semiconductor research. Consequently, the rise of these
materials creates an opening for a disruption of the solar market, and potentially the overall
energy industry. Here, we detail the evolution of the solar market leading up to perovskites

and conclude with an outline of the thesis focussing on research goals and methodology.

1.1 Background on Solar Energy
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Figure 1.1 Evolution of world energy consumption by fuel source. Data Source: BP [1].

To better understand how perovskite solar cells could potentially shape our future, we first
explore the evolution of the energy market over the past two centuries. A historical snapshot

of energy consumption as a function of the energy source reveals an interesting picture from



today’s perspective in terms of sheer technological evolution. In 1850, over 90% of energy
consumption came from three sources, which are: fuelwood, human muscle, and animal
muscle. Fuelwood and coal, as newer technologies gaining ground at the time, helped to
propel humanity through the remaining half of the nineteenth century and the industrial
revolution. Subsequently, in the first half of the 20th century, the development of petroleum
technologies combined with discoveries of vast fuel reserves across the globe led to the rise
of oil as a major shareholder post world war II. This now brings us to Figure 1.1, which
shows a snapshot of how the energy industry has since evolved. A careful scan of the figure
reveals two important trends: first, the absolute values show an increase in demand across
fuel sources and second, the share of fossil fuels demand is steadily decreasing. Consequently,

we see a rapidly growing renewable energy market.

Il Biomass and waste-to-energy

5 300 I Geothermal energy

% B Liquid Biofuels

& B Small hydropower

8 250 W Solar energy

IS B Marine energy

= Emm  Wind energy

~ 200

[0}

Q@

O

g

o 150

c

[}

o

.E I

+= 100

S |

§ I

[0}

2 50 B !! !! — —

= ||
=ERNSEEEESECEEQRE

- B B EEEEEENEEBEEERE

N
o
o
S
N
o
o
a
N
o
o
(o))
N
o
o
\‘
N
o
o
oo
N
o
o
©

2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Figure 1.2 Worldwide investments in renewable energy by source. Data Source: IRENA [2].

Although economic reasons might have initially sparked the decline in demand for fossil
fuels, there are two main compelling reasons as to why the current transition from fossil
fuels to renewables should be forcibly accelerated: paucity and climate change. As per the
BP Statistical Review of World Energy 2019 report, we only have 132 years of coal, 51
years of gas and 50 years of oil, respectively left at the current production rate [1]. We

must also address the issue of climate which is fraught with many challenges. The observed



repercussions globally include warming oceans, shrinking ice sheets, glacial retraction, rising
sea levels and ocean acidification. Climate change can occur naturally due to phenomena
such as oceanic current variations, increased volcanic activity, changes in solar output or even
orbital changes in the planet’s motion. Most of the listed consequences, however, are mainly
attributed to global warming resulting from increased emission of greenhouse gases emitted
via human activity. Despite significant division and lethargy among political entities and
governments worldwide to enact on policies, most scientists agree on the need for a response
to climate change. Hence, a planned transition towards renewable energy is paramount to

ensure sustained activity and growth for all lives on the planet.

Long-term average of photovolaic power potential (PVOUT)
Daily totals: 2.0 2.4 2.8 3.2 3.6 4.0 b4 4.8 5.2 5.6 6.0 6.4

o P /W

Yearly totals: 730 876 1022 168 134 1461 1607 1753 1899 2045 2191 2337

Figure 1.3 Worldwide investments in renewable energy by source. Data Source: Global Solar
Atlas 2.0 [3].

Currently, the total share of renewables, excluding hydroelectricity is at a small value of
~4%. The World Energy Investment 2019 report by the International Energy Agency (IEA)
does present a silver lining [4]. The power sector accounted for about 40% of total energy
investments in 2019, of which more than 80% was directed towards three areas: renewable
energy, battery storage/networks and lastly towards improving energy efficiencies in aspects
such as grid, transport, and industrial processes, etc. Consequently, we can expect an overall
increase of efficiency in generation, conservation, and transport of electricity to significantly
contribute towards economic as well as climate goals. Furthermore, the potential for dis-
ruption by upcoming unicorn technologies is still unknown. Two examples include the new

nuclear reactor which can convert depleted uranium into plutonium (TerraPower LLC), and



the artificial intelligence based solar thermal mirror array concentrator (Helios Technologies
Inc.). Outliers aside, as shown in Figure 1.2, the largest share of investments in renewable

energies are mostly directed towards solar energy in recent years.
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Figure 1.4 Annual trends for photovoltaic module costs versus cumulative installed capacity.
Data Source: IRENA [2].

Solar energy is easily accessible to most places on the planet with varying levels of output
power potential as shown by Figure 1.3. Countries especially near the tropics receive higher
levels of irradiation. Besides, we have seen sizeable investments in places such as in the
Kingdom of Saudi Arabia, United Arab Emirates, and India in recent years. Surprisingly, the
photovoltaics are also highly attractive for non-equatorial countries like Japan and Germany,
which are ranked 3rd and 4th globally in terms of cumulative installed capacity. China is
currently ranked 1st while most of the densely populated areas within the country receives
significantly lower levels of sunlight. The above indicates that absolute irradiation levels do
not necessarily determine the demand for solar energy. What makes solar energy attractive
in expanding energy markets is a trend akin to “Moore’s Law” seen in the case of memory
chips. The average chip area is seen to shrink by half every year which leads to substantial
reduction in costs. In the case of solar panels, similarly, the module cost is seen to drop
inversely with the increasing cumulative installed capacity as shown in Figure 1.4. This is
economically viable for both large scale investors as well as microgrid communities. Here,

the costs savings is largely attributed to continued innovation in three areas: financing,



photovoltaic technology, and power grid/storage. In sequence, better financing strategies
attract investors towards large scale power projects as well as R&D in both private and
public sectors. This drives advancements in photovoltaic design, resulting in panels with
high efficiency to installed cost ratios, which combined with improvements in new transport
and storage technologies generates profitable returns for investors. This ensures the continued

expansion of the solar market.

1.2 Evolution of Photovoltaic Technology

An efficient photovoltaic cell fundamentally has three functions: to generate pairs of posi-
tive and negative charge carriers (holes and electrons) from incoming light (photons), then
transport these carriers to the electrodes and lastly perform these operations at maximum
voltage. Hence most research and development in this field is geared towards optimizing
these functions. The first solar cell was a simple p-n junction demonstrated by Russell Ohl
at AT&T-Bell labs in 1939 [5]. Ohl through his experiments, realized that variation in ger-
manium doping in a silicon sample creates an electrical junction allowing the immediate
transport of charge carriers to the electrodes. After 14 years, the first functional silicon solar
cell of roughly 6% efficiency came into existence at AT&T Bell Labs through the work of
Gerald Pearson, Daryl Chapin, and Calvin Fuller.

Solar cells can be categorized into fours generations based on their evolution as depicted in
Figure 1.5. Beyond being the first technology to market, silicon also possesses the largest
market share at about ~95% of which 66% is occupied by the only first generation technology,
i.e. monocrystalline silicon (mc-Si). Monocrystalline silicon remains the most efficient form
of silicon technology and is grown in single crystal pillars at 99.9999% purity through float
zone (FZ) [6] and Czochralski (CZ) [7] methods. The crystal structure is extremely favorable
for stability and carrier transport, allowing peak lab and commercial efficiencies of about
26.7%, and 20.8%, respectively [8, 9].

Moving on to second generation wafer technologies, polycrystalline silicon (pc-Si) is typically
made through a process known as directional solidification (DS) in which silicon ingots, ob-
tained through casting, are sliced into wafers. Polycrystalline silicon, unlike mc-Si, possesses a
heterogeneous morphology with arbitrarily oriented grains which reduce the overall efficiency
through recombination at grain boundaries. Current p-Si cell and module efficiencies crest
at 20.8% and 18.5%, respectively [10]. Non-crystalline silicon, also second generation films,
come under amorphous (a-Si) or micro-crystalline categories. In terms of thickness, amor-

phous silicon thin films measure about 200-300 nm, whereas the microcrystalline films fall in



the range of several microns (~2 pm). The necessity for extra light trapping/enhancement
schemes to compensate for the indirect bandgap of the material is a major drawback of
silicon-based technologies. However, six decades of expertise and established technology still
plays a significant role in directing consumer choice. Furthermore, conversion of raw silica to
usable silicon is a highly pollutive process [11]. In the case of me-Si, around 93.7% of COq
emission, equalling a staggering amount of ~2186 kg eq/kWp [12], is found to occur during

the manufacturing process.
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Figure 1.5 Sub-classification of photovoltaics by generation, composition and architecture.
Adapted from [13].

Inorganic

Last amongst second generation photovoltaics, we have wafer based technologies such as
GaAs followed by thin film compounds such as CdTe, CulnxGa;_,Ses (CIGS) and CuyZnSnS,
(CZTS). GaAs is the best semiconductor for photovoltaic applications as demonstrated by
the highest achieved single-junction efficiency of 29.1% [9]. If it were not for the excessive
costs involved in fabrication, GaAs would reign supreme in the solar market due to its direct
bandgap and inherently low non-radiative recombination rates that allow for robust light
conversion and carrier extraction. Although new techniques such as epitaxial lift-off are
being explored at a laboratory level for reducing costs, industrial volume production remains

a challenge [14]. Thin films are great alternative to conventional wafer based technologies



because of simple fabrication. CdTe, CIGS and CZTS lab efficiencies have been recorded
at 21%, 23.4% and 11.0%, respectively [9]. CdTe currently dominates the total photovoltaic
market share at 5.7% with CIGS and a-Si lagging behind at 1.6% and 0.2%. With the
exception of CZTS, a significant issue hindering the long term potential of these thin films is
the alarming scarcity of quintessential elements such as tellurium and indium. Furthermore,
in the case of CdTe, toxicity of cadmium is a major concern in terms of legislation. Although
CZTS is abundant, charge extraction in these materials remains a challenge due to cation
disorder defects. This is also true for the Se based variant of CZTS, i.e. CZTSSe, for which

the maximum efficiency is currently 12.6% [9].
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Figure 1.6 NREL photovoltaic efficiency chart [15].

Third generation photovoltaics include organic photovoltaic (OPV) and dye-sensitized solar
cells (DSSC) as shown in Figure 1.5. Organic solar cells come under two main formats: single
molecules and polymers. Unlike solid-state materials, organic molecules rely on incoherent
electron transfer between nearby molecules for charge transport. Furthermore, excitons,
or bound electron-hole pairs are initially generated by light, as opposed to free carriers in
a crystal structure making OPVs less efficient overall due to the additional driving force
needed for exciton dissociation. In the case of DSSCs, the core of the architecture is a
mesoporous scaffold (TiOs) containing absorber dye molecules such as Ruthenium (Ru) or
porphyrins embedded in an electrolyte for ionic transportation. DSSC efficiencies currently

cap at 12.25% [9]. This concludes our overview of existing PV architectures and we now direct



our attention to an important emerging photovoltaic technology that is also the central focus

of this thesis: hybrid organic-inorganic perovskites.

1.3 Hybrid Halide Perovskites

Lead halide perovskites have risen rapidly in terms of photovoltaics efficiencies in the past
two decades leading to power conversion efficiencies of 25.5% [16]. Continually improving
fabrication processes and material engineering have allowed these materials to surpass older
generations of solar cells in terms of cost as well as operation [17-21] due to their superior
optoelectronic properties [22]. Unique features of the perovskite crystal structure include long
diffusion lengths (~1 nm), long lifetimes (low recombination rate), low exciton binding, and
lastly a tunable bandgap (~1.5-1.6 €V) close to the Shockley-Queisser maximum efficiency
value. Further, due to low recombination, hybrid perovskites exhibit higher short-circuit
currents on top of having a photon recycling enhanced open-circuit voltage [23]. These

superior I-V characteristics compare well with other highly performing materials such as
GaAs [24].

Despite the phenomenal success of lead halide perovskite, little is understood about the
physicochemical processes that make them so outstanding. The nature of the photogener-
ated species, binding energies, as well as recombination pathways are being continuously
re-examined [25-41]. An important phenomenon to address, which can guide scientists to-
wards the ideal architecture, is that of charge transport; specifically, diffusion, relates to
material structure and composition. Long lifetimes combined with large diffusion lengths
lead to easier extraction of the charge carriers in a perovskite solar cell (PSC). The reported
values for carrier diffusion in these materials are either calculated or measured through in-
direct methods [42, 43]. In single crystals, diffusion lengths over 175 microns have been
recorded, and the veracity of such claims is still a matter of debate [44]. These large val-
ues are attributed to a supposedly low density of trap states measured using hole-only or
electron-only device schemes. Beyond diffusion, processes such as photon re-absorption and
photon recycling have also been observed in these materials leading to longer lifetimes and
increased efficiencies [45]. Hybrid perovskites are a trove for yet to be answered questions
about the origin of their outstanding photovoltaic performance. Answering these will require
the development of experimental techniques and mathematical models to accurately probe

the relevant physical processes.



1.4 Thesis Objectives and Outline

The goals of this thesis revolve around the study of carrier transport in hybrid perovskite
solar cells. Our objective therefore is to elucidate the nature of processes such as recombi-
nation, diffusion and photon recycling in a select number of hybrid perovskite films using
direct innovative experimental techniques combined with analytical methods. Our mission,

specifically, is rooted in the two following research questions:

o Research Question 1: What is the in-plane diffusion constant in hybrid perovskites and

how does it potentially affect device efficiencies?

— Sub-objective 1: Build an experimental setup for imaging lateral diffusion.

— Sub-objective 2: Develop an analytical/statistical model for extracting diffusion

constants from experimental data.

— Sub-objective 3: Interpret the results across varying perovskite compositions.

o Research Question 2: What is the role of photon recycling in hybrid perovskites and how
do focussed conditions, as in the case of microscopy measurements, influence apparent

diffusion?

— Sub-objective 1: Design an experimental technique to characterize the spectro-

temporal behaviour of luminescence as a function of radial coordinates.

— Sub-objective 2: Conceive an analytical /numerical model for lateral diffusion while

simultaneously accounting for photon recycling.

— Sub-objective 3: Reconcile observed spatio-spectro-temporal behaviour with mod-
elling results to understand the nature and extent to which photon recycling plays

a role in lateral carrier diffusion.

This thesis comprises six chapters, or rather four if one excludes the introduction and the
conclusion. Each one builds upon the previous one with the aim to clearly demonstrate the

progression of our research in line with the above questions and underlying objectives.

In Chapter 2, we review semiconductor theory with a focus on the basic functions of a solar
cell to familiarize the reader to concepts relevant to subsequent chapters and provide context.
We review semiconductor notions such as band theory and its relevance to a solar cell. We
also go over theoretical derivations of recombination rates, via a semi-classical treatment, as
well as transport parameters such as diffusion and mobility. Lastly, we look at the governing

equations for solar cells with attention to how transport properties affect device performance.
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Chapter 3 focuses on the opto-electronic characteristics of hybrid halide perovskite materials.
The purpose of this chapter is to present perovskite specific theory from literature with an
aim of acquainting the reader with recent advancements and progression in the field. We
also connect concepts presented in Chapter 2 such as energy levels, devices parameters,
recombination mechanisms and transport properties to observed results in hybrid perovskites.
Lastly, we present a preliminary spatio-temporal study of perovskite photophysics using a
streak camera measurement. The results of these measurements form the foundation for the

fundamental questions underlying our subsequent in-depth studies.

In Chapter 4, we develop further on the experimental technique introduced in Chapter 3 and
specifically address the sub-objectives stated under Research Question 1. Although diffusion
along the perpendicular direction is well studied, much yet remains unknown in terms of
how in-plane diffusion affects opto-electronic properties. Here, we study lateral diffusion in
five perovskite films. In order, they are MAPbI3, MAPbI; (acetonitrile processed), FAPbI3,
MAPDBr3 and FAggsMAg15Pb(Ips5Bro.15)3. The entirety of this chapter is devoted to the
extraction of diffusion coefficients from these perovskite films using a combination of streak
camera measurement and analytical fitting procedure. Our measurements show unique film

morphology dependent spatiotemporal characteristics and diffusion regimes.

Lastly, in Chapter 5, we address the second research question which concerns the role of
photon recycling with regards to carrier diffusion. Photon recycling is known to enhance dif-
fusion, and therefore efficiencies as well in other direct bandgap semiconductors such as GaAs.
This phenomenon has been reported in perovskites recently although spectral behaviour and
impact on in-plane diffusion has not been quantitatively studied. In this chapter, we present
a modified streak camera experimental setup for the study of photon recycling and also
present a new model encompassing diffusion, carrier dynamics, photon recycling as well as

band filling using the absorptive and emissive properties of the perovskite material.



11

CHAPTER 2 SEMICONDUCTOR THEORY

In this chapter, we review the basics of semiconductor physics and highlight the important as-
pects needed to understand the thesis and the relevance to hybrid perovskites. The emphasis
is on light-matter interaction in semiconductors in the context of photovoltaic applications.
The microscopic origins of parameters related to carrier dynamics/transport such as recombi-
nation, diffusion and mobility coefficients is discussed. The last section of the chapter details

theory pertaining to photon re-absorption and photon recycling.

2.1 Electromagnetic Wave in Thin Film Sample

The wave equation for the electric field in a dielectric medium, obtained via Maxwell’s Laws,
is described as follows:

_OE(z,1)

V2E(z,t) — jué o2 0 (2.1)

Where g1 is the magnetic susceptibility of vacuum. The plane wave solution to the wave

equation in Equation 2.1 is given by:

E(z,t) = Re{E(z, E)e™'} (2.2)

Where we write the phasor E(z, F) for a monochromatic wave of energy E as:

E(z,E) = Ae”*E)z (2.3)

Where k& = 27/) is the wavenumber for wavelength A and A is the amplitude of the elec-
tromagnetic wave. Also, € is the complex dielectric function describing the response of a

material to an external electric field E with photon energy (E = hv):

5(E) = £'(B) + ic"(E) (2.4)

The real part describes polarization whereas the imaginary component describes gain (¢” > 0)

and absorption (¢” < 0). The dielectric function is related to the refractive index via n? = €.

The complex refractive index of the material can be expressed as:

n(E) =n.(E) + ir(E) (2.5)
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n,, the real component is referred to as refractive index and k imaginary part is known as the
extinction coefficient. We can now establish the following relations: first, the speed of light in
free space, ¢y, is reduced by n, to give a phase velocity in the medium ¢ = ¢y/n,.. Second, the
free-space wavelength )\ is similarly reduced, i.e. A = \g/n,. Lastly, the extinction coefficient
is related to the absorption coefficient oy via kK = Aag/4m. From the above definitions, the

phasor can be re-written as:

E (Z, E) _ AefiQﬂvﬂﬁ(E)z/co _ Aeao(E)z/2€7i2ﬂ'nr(E)z/)\o (26)

From the definition of the Poynting power, the optical intensity for this plane wave is given
by:

2
nTCOA e—ao(E)z

I(z,F)= 5

= Jpe0®): (2.7)

The above equation describing the exponential decrease of intensity with distance is known

as the Beer-Lambert law. For a monochromatic wave incident on a semi-infinite medium,

the ratio of the reflected optical power to the incident one, or Reflectance, is given by:
(n,.(E) = 1)" + r(E)”

R(E) = (. (E) +1)% + #(E)? (2:8)

In the case of a sample of thickness z = d, we can express, the ratio of the transmitted optical

power, or transmittance, as:

T(E) = [1 — R(E)] e B (2.9)

Consequentially, the ratio of the absorbed to the incident power, or absorptance, can also be
expressed as a(E) =1 — R(E) — T(E). Note, that in the case of a fully reflecting backside,

we substitute d for 2d in the above equation and the resulting absorptance is given by:

a(E) =1 — ¢ 20(B)d (2.10)

The dependence of a(E) on « varies with the chosen optical model [45]. In a thin film, we
could use the Beer-lambert model (MAPbDI3/Reflecting layer), which translates to ag(E) =
1 — exp(—2a(FE)d) as derived in Equation (2.10). Lastly, in the case of a light trapping
scheme [46], i.e. (Scattering Layer/MAPbDI;/Reflecting layer), we have arr(E) = (1 +
(40((E)nzd)*1)*1 for a sample of thickness d.
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2.2 Carrier Dispersion Relations

Direct bandgap Indirect bandgap
® Electron E-k relation
®Hole /| e Quadratic appproximation

Energy E (eV)

Wavevector k (rad m™) Wavevector k (rad m™)

Figure 2.1 a) Direct bandgap semiconductor and b) Indirect bandgap semiconductor.
Adapted from [47].

For a given crystal structure, the allowed electronic states are derived from the Schrodinger

equation [48]:
[_hV? + V(r)] W(r) = Ey(r) (2.11)

2m0

Where my is the electron rest mass, V(r) is periodic crystal-lattice potential and E is the
energy. As per Bloch’s theorem, the solution to this equation is of the form ¢ (r) = unk(r)eik'r,
where the quantum numbers n and k identify the energy eigenstate. By solving the above
equation, we find the existence of bands, corresponding to each value of n and parametrized by
the wavevector k. In a semiconductor, the highest occupied band is called the valence band.
Beyond this band, an energy gap exists before the first unoccupied band. Quantitatively,
this bandgap is situated between the upper limit of the “valence” (E > Ey) and the lower
limit of the “conduction” (E < E¢) bands. The wavefunctions at the band edges determine
fundamental opto-electronic properties of a semiconductor such as transition dipole moment
giving rise to absorption and emission. From wave mechanics, the quadratic approximation
E = h2k?/2m*, where m* is the effective mass, can be used near the edge of the bands to
express the dispersion relation. A material in which the minima of the conduction and valence

bands coincide at a k value is known as direct bandgap semi-conductor; else, it is an indirect

bandgap semiconductor. The E-k diagram for an arbitrary semiconductor is shown in Figure
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2.1 for the both cases. Based on Figure 2.1, we can re-express the quadratic approximation

as:

E = Ec + B*k*/2m¢ (2.12)

E = Ey — B*E*/2my (2.13)

Where Ec = Ey + E,. Also, m¢ and my are the negative and positive carrier effective
masses, which, unlike the free electron mass mg, account for the lattice potential contribution.
The general definition of the effective carrier mass follows a tensorial form and is given by
my;' = (1/h?*)0*E(k)/0k;0k;. This definition for the effective mass provides one perspective
to the source of differing properties between the negative and positive charge carriers, also

known as “electrons” and “holes”, found in the conduction and valence bands.

2.3 Carrier Concentrations

To determine the concentration of electrons and holes in a semiconductor, we need to know
the density of states (DOS). Given an infinite three-dimensional rectangular potential, the

density of states g is defined as [47]:
]{72

o (k) = (2.14)

2
Using o (k) = o(F)dE/dk, we then write o (k) as a function of E instead of k. dE/dk is de-
rived from Equations (2.12) and (2.13) for carriers and holes separately and after substituition

in (2.14) we obtain:

m 3/2
oc(E) = (%j‘%?)\/E —Eo, E>E¢ (2.15)

<2mV)3/2

Here, the square root dependence is a consequence of the quadratic band-edge approximation.

We now find the energy level probability of occupancy.

In thermal equilibrium, the probability for an electron to occupy a given energy level is given
by the Fermi-Dirac distribution (Figure 2.2b):

f(E) = ﬁ (2.17)
e BT 41
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Figure 2.2 a) Direct bandgap semiconductor and b) Indirect bandgap semiconductor.
Adapted from [47].

Here, Er is the Fermi energy. Conversely, given f(E), 1 — f(FE) is then given by:

1 f(B) = g — (2.18)

These distributions are shown in Figure 2.2. It is well noticeable in panel b that the Fermi-
Dirac distribution can be modelled as a Boltzmann distribution when E > Er + 3kgT. We
can use the above relation to calculate either n, the electron density, or p, the hole density,
based on the knowledge of the other. Using the DOS and Fermi-Dirac distribution, we can

finally compute the carrier concentrations using the following integrals:

n= [ n(BNE = [ ool E) ol EE = NoFy, (Z54—2C) 2.19)

Here, Fi (x) is the Fermi-Dirac integral of order ‘2, N¢yy = 2(27TmC/VkBT/h2)3/2 and
Epcyv is the electron/hole quasi-Fermi energy level used to account for non-equilibrium
conditions. Here, n; is the intrinsic carrier concentration. A semiconductor’s initial lattice
structure can be “doped” to have higher concentrations for either holes (p-type) or electrons
(n-type). In n-type extrinsic semiconductors, we have Fpc — Ec > Ey — Epy, as opposed
to Epc — Ec < Ey — Epy in p-types. A semiconductor is nondegenerate when the quasi-
Fermi levels lie within Ey + 3kgT and Ec — 3kgT region. In such a case, we can use an
approximation for the Fermi-Dirac function, i.e. f(F) ~ e~ (F=Fr)/ksT in Equations (2.19)
and (2.20) and obtain:
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n ~ NgeBr=Ec)/ksT (2.21)
PR Nve_(EF_EV)/kBT (2.22)
Where Ef is given by:
1 1 N
Ep =~ (Epc + Epy) + ~kpTln <V> (2.23)
2 ’ 2 No
Conduction Conduction Conduction
Band Band Band
E - see N o €, 2o
.............. E FC cmemmeem—eee=-
{Eg E e E, BT £ T e
E, h&----- ' E, hg----- ' E, s - - - e By
v Valence / v Valence / Valence /
/ Band 7/ v Band /7 Band /7

Figure 2.3 a) Direct bandgap semiconductor and b) Indirect bandgap semiconductor.
Adapted from [47].

The law of mass action states that the product of the hole and electron concentrations remains

constant as follows:

np = n? = NoNye FokeT (2.24)

However, when the semiconductor is degenerate, we must use the full integral definitions
shown in Equations (2.19) and (2.20) to find the carrier concentrations and the law of mass
action no longer holds good. Figure 2.3 shows carrier concentrations for different values of
the Fermi energy. We can see that the n and p concentrations are equal for the intrinsic
condition in panel a. In panels b and ¢, when the Fermi energy is increased/lowered, the

conduction/valence band becomes more populated.

The doping process alterates the Fermi level by introducing interstitial or substitutional im-
purities to the crystal lattice. The former involves in inserting an impurity atom between
existing atoms while the latter replaces a host atom resulting in extra electrons from N ion-

ized donors concentration or extra holes from N ionized acceptors concentration. Table 2.1
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Table 2.1 Carrier density approximations and Fermi levels for extrinsic semiconductors

n-type p-type
Density Equations: Density Equations:
Epo—E _ Epc—E
n = NoFy, (P55559) n = NoFy, (P5659)
p—n+ NH=0 p—n+NjH=0

Approximations considering n > p: | Approximations considering p > n:

N} ~ Np Ny =~ Ny
n~ Np p~ Na
PR ;\i <«n n = ;L;A Lp
Fermi Level: Fermi Level:
Erc = Ec + kgTin (32) Epy = By — kpTln (§2)

shows the commonly used approximations for carrier densities as well as Fermi levels in ex-
trinsic or doped semiconductors. In the density equations, we have also included conservation

of charge through Poisson’s equation:

Ve &(=VaV) =qlp—n + Nj — Ny) (2:25)

Where V is the potential in the junction and £ is the dielectric function. N ~ Np and
N, =~ Ny specify that not all donors (Np) and acceptors (N4) get ionized, but most do.
The table and approximations are well suited to model non-degenerate conditions, as found in
actual devices. However, these approximations are no longer valid for high injection regimes

where the ambipolar model, presented in subsequent sections, is better suited.

2.4 Absorption and Emission

In this section, we look at the different electronic transitions that lead to absorption and
emission of light. Particularly, we derive expressions for the transition rates which play an

important role in determining semiconducting properties of a given material.
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Figure 2.4 The three main transitions occurring in a semiconductor: absorption, spontaneous
emission and stimulated emission.

To understand the interaction of semiconductors with light, let us consider two energy levels
E; (valence band) and FE, (conduction band) as well as a photon of energy F = hv. The
following rules govern interactions occurring between the photon and carrier transitioning

between the two energy levels:

o Conservation of energy: Fy = F| + E
» Conservation of momentum (k selection rule): po = p; + h/A or ke = ki + 2w /A

o Carriers and photons interact only under specific energy-momentum conditions. From
Equations (2.12) and (2.13) we can establish:

h2k? h2k? h2E? /1 1 h2k?
E2—E1:<Ec+2 >—<Ev— >2E9+ <+):Eg+2 = hv

meo 2my 2 mc My m,
(2.26)
Where we use the reduced mass, defined as:
1 1\!
— ( n ) (2.27)
mc  my

The absorption at thermal equilibrium is then given by [48]:

. o [ 2% H2)?
ao(E) = K |é - pov| /Wé R (2.28)
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Solving analytically and expressing in terms of dipole moment poy = pcy (imoEcy /he), we

can now write the above equation as:

ao(E) = (n”E )l mevl o) (2.29)

Where o(F) is the joint density of states expressed as:

2m7« 3/2
Q(E) = <27T2])33\/E - Eg N FE Z Eg (230)

For non-equilibrium conditions, we include the Fermi inversion factor (fiy — fo) as shown

below to obtain the complete expression for optical absorption in semi-conductors:
a(E) = ao(E)(fv — fc) (2.31)

An electron in the conduction band (Es) can transition downwards towards to valence band
(E1), leading to emission of a photon of energy E' = Ey — F; = hv. We can establish the
following relation between the total transition rates of the three processes depicted in Figure
2.4:

Rl = R + RE (2.32)

Emission can occur in two ways: spontaneous or stimulated. Stimulated emission is the
process in which an incoming photon instigates the downward transition of an excited carrier,
resulting in an additional photon. Stimulated emission, therefore, depends on the incoming
photon density unlike the case of spontaneous emission, where a downward transition occurs
naturally independent of external photons. The resulting spectral rate equations are shown
below [49].

2 172 2 772 _
h CO (ew _ 1) h CO (fV - fC)
abs 8mn3 E?
s ( i )a(E) (2.34)

stim 87T7’L§E2
ity = (M) (8 (2.3)
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Under high excitation, i.e. fo > fy, a(F) becomes negative and leads to gain, i.e. g(E) =
—a(FE), and emission is the dominant mechanism. Consequently, the stimulated emission
spectrum is simply by the additive inverse of the absorption spectrum. The total rates
shown in Equation (2.32) are obtained by integrating the equations above over the whole

energy spectrum F, i.e.:

R = / PSP (2.36)
Rt = / 1 dE (2.37)
Retim — / rSim g (2.38)

The above terms form the base of carrier dynamics, which will be discussed in the subsequent
sub-sections. We can get an expression for the relation between emission and absorption
through the van Roosbroeck-Shockley equation [50]. Unlike the results above, which find
their roots in a semiclassical treatment, here the rates are derived through the principle of
detailed balance: under thermal equilibrium, the total rate of carrier recombination must
equal the total rate of electron-hole pair generation due to thermal generation over a given

energy range, and can be written as [45]:

1 00
R'UR—S, eq. — Gthermal. eq. — ﬁ/ 405(E>n72~(E)¢bb(E)dE (239>

i Y0

Where ¢y, (E) is the Planck black body spectrum for an emitter under equilibrium conditions:

2n E? 1

3.2 _E_
h3c eksT — 1

ou(E) = (2.40)

Adjusting for non-equilibrium conditions via np/n? = e**/*7 the van Roosbroeck-Shockley

relation becomes:

AEp AE

Ryr—s = Ryp—5, eqD = Ryr—s, g €8T = 4a(E)nz(E)¢bb(E)e’wT¥dE (2.41)
0

This equation is useful when one needs to find the recombination rate using experimental
information alone, i.e. the absorption spectrum for a given material. From the radiative
recombination rate, we can also calculate the current density that is generated internally

within a semiconductor. Assuming uniform generation along z, the internal dark saturation
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Jrad,int

current density J, at equilibrium can be found by integrating over the thickness d of a

film as follows:
. d o
Jradint _ /0 Cunermat. eq.d2 = qdGinormat. oo = qd /0 4a(EYn(B)ow(E)dE  (2.42)

The dark saturation current can then be obtained from the equation above by integrating

over a given area.

Igad,int _ // Jgad’intdA (243)

The above current term will be later used when explaining the photovoltaic properties of
semiconductors. For non-equilibrium conditions, we include ¢***/¥" term in the integral of
Equation (2.42).

gredint — g | ” 4a(E)n2(E)éw(E)e 5" dE (2.44)

In this section, we have derived an expression for an ideal current based on the radiative
recombination rate and material absorption ignoring non-radiative processes and other loss
mechanisms. This will serve as reference for comparing currents from actual devices in future

sections.

2.5 Generation of Charge Carriers

Under optical excitation, we can calculate the generation rate of charge carriers from the
absorption coefficient « and the incident spectral irradiance I (z,y, ¢, F'). Assuming a constant
intensity in x, y, and ¢, I(x,y,t, E) can be reduced to I = Iy(E) (W-cm™2eV~!). We have
shown in Section 2.1 that incident light intensity decreases exponentially as Io(E)e~** for
Beer-Lambert absorption. Hence, the incident photon flux as a function of z can be written

as: ]0<E)

¢inc(27 E) = (ﬁo(E)eiaz = 7

e (2.45)

Where ¢o(F) (photons - cm~2s71eV 1) is obtained by dividing I (J - cm™2s7'eV 1) with the
photon energy E = hc/A (J/photon). We obtain an expression for the generation rate
G(z, E):

d¢inc(zv E)

G(z,F) = w8

= a(B)e "¢y (E) (2.46)

The above equation tells us that «(FE) is critical for efficient generation. For high «(E), most
of the absorption and subsequent generation can occur at surface. Otherwise, a very thick

device or a reflecting back surface is required to capture the entirety of the incident light.
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We can also consider the case for a Gaussian laser pulse where we have dependence in x, y
and t and independence along z (no Beer-Lambert absorption) as derived in Appendix A.

For such a scenario, we get the following result:

- 2
ai% e ¥L.e (tQ‘E) e” (2.47)
Epn(2m)" 020,

G(r,t) =

Where Pg is the pulse energy, o, the laser spatial profile standard deviation and o, the pulse
standard deviation. The above equation is useful for modelling carrier dynamics in the 2D

plane in conjunction with photoluminescence measurements.

2.6 Recombination Mechanisms

There are three main recombination mechanisms that occur in semiconductors [51]. The first
recombination mechanism, i.e. Shockley-Read-Hall (SRH) or trap-assisted recombination,
occurs due to defects and impurities, allowing for energy levels to exist within the forbidden

bandgap. Such a forbidden level acts as an electron trap if:

o When empty, the probability for an electron to be captured from the conduction band
is higher than the probability of being captured from the valence band.

o When occupied, the probability for an electron to be released into the conduction band

is higher than the probability of a release into the valence band.

The same holds true for hole traps where the holes are more likely to be captured from or
released into the valence band. However, there are special traps, usually situated in the
middle of the bandgap, called recombination centers. In such a case, transitions for both
holes and electrons in either direction is equiprobable. These transitions are demonstrated in
panel a of Figure 2.5. The net transition rate for the trap assisted processes can be expressed
as [51]:

(np — n?)

ET*EF,z)

Uspr = o0y N
n+p+2cosh< T

(2.48)

Where o represents the capture cross section (in cm?), 9y, the thermal velocity of carriers (in
cm/sec), N; the concentration of traps (in cm™/sec), Er the trap energy (in €V) and Ef; the
intrinsic Fermi energy (in eV). In Equation (2.48), n and p can be expressed as n = ng + on

and p = py + 0p; where ny and py are the initial carrier densities while on and dp the
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excess injected densities. For non-degenerate semiconductors, the mass-action law stipulates
2

i

in thermal equilibrium, wherein n; is the intrinsic concentration of

holes and electrons in the semiconductor. In an n-type semiconductor, (np — n?) can be

that np = nopg = n

simplified to (ng + 0n)(po + 0p) — n? = nedp considering ng > dn. The denominator of
Equation (2.48) would similarly reduce to n+p+2cosh((Er—Er;)/ksT) ~ ng as n > p and
n > 2cosh((Er—FEr;)/ksT). Hence for an n-type, Equation (2.48) can be approximated as:

USRH,nftype = UhﬁthNt(Sp = ngtypeép = kl,n(sp (249)
The rate is clearly dependent on the increase in minority carriers and the concentration of

traps in the material. Repeating the same procedure for p-type semiconductors, we obtain:

Usri p—type = TV Non = L dn= k1 p,0m (2.50)

p—type
The second recombination mechanism shown in panel b of Figure 2.5, i.e., band-to-band, is
the decay process in which an electron in the conduction band directly recombines with a
hole in the valence band. The energy is released from this process through radiation as a

photon. The recombination rate can be expressed as [51]:

Ry—p = konp (2.51)
Where Rj_; is the recombination rate (or RZ)" found in previous section), ks is the band-
to-band recombination coefficient (in cm?/sec), n is the total concentration of electrons (in
cm ™3 /sec) and p is the total concentration of holes (in cm™/sec). The net recombination

rate in non-equilibrium conditions, i.e. the difference between recombination and generation

rates Up_p = R — Gihermal eq. Can be expressed as [51, 52]:

Up_p = ko(np — n3) (2.52)

Where n; is the intrinsic charge carrier concentration. Band-to-band recombination can be
monomolecular or bimolecular depending on the injection levels én and dp. This is demon-
strated below:

Uy, = ka ((no + 6n)(po + 0p) — n?) (2.53)

Up_p = ko <5n5p + onp, + dpng + nopo — nf) (2.54)
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For dn = dp, that is equal injection of electrons and holes, and ngpy = n?:

Up—p = kadn® + kadn(p, + no) (2.55)

We can see for low injection (LI), the term on the left will be negligible, and a monomolecular

recombination with linear dependence on injection ensues.

Up—s,.1 = k201(py + 10) = ka2, 10w0n (2.56)

Whereas at high injection (HI), the term on the right can be ignored and instead a quadratic

dependence on injection is obtained. This is the bimolecular recombination regime, i.e.:

Ub—b,HI = k’g(STLQ (257)

The third and final recombination mechanism, i.e. Auger recombination, is a third order non-
radiative process known to occur at higher levels of pumping. An electron and a hole undergo
normal band-to-band transition and give the excess energy off to a third particle, another

hole or electron. The excited third particle subsequently relaxes through thermalisation [52].
Usug = (K ,p + Knn) (np - nf) = K,p (np - nf) + K,n (np - nf) (2.58)

Where K, and K, are the Auger recombination coefficients for holes and electrons, respec-
tively. This recombination mechanism is illustrated in panel ¢ of Figure 2.5. This equation is
quite similar to the band-to-band transition Equation (2.52) with exception to the terms on
the left corresponding to the third particle receiving the released energy. At high injection,
where ng, n; < dn and dn = op, we can simplify Equation (2.58) to:

UAug,HI = k’g(STL?’ (259)

We can now re-unify all three mechanisms under a single net recombination rate at high

injection as follows:

Rerotar, it = Usri + Up—p,mr + Unug.ar = k10m + koon? + kson® (2.60)

The usage of this equation in an applied context will be discussed further in subsequent

sections. Lastly, we define the photoluminescent quantum efficiency (PLQFE) of a material
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Figure 2.5 Diagram of semiconductor recombination mechanisms showing in (a) SRH recom-
bination where energy is emitted through phonons (Ep), (b) Band-To-Band recombination
where energy is emitted as a photon (E,;) and (c) Auger recombination. Adapted from
[53, 54].

as follows:

krad k‘25n

PLQFE = =
Q krad + knonfrad kl + k25n + kZSén2

(2.61)

The PLQFE of a material provides a ratio which allows us to measure the strength of the
bimolecular recombination within a material. A high PLQF is an indicator of a high level of
photoluminescence and this parameter is particularly critical for efficiencies of light-emitting
diodes. For solar cells, carrier diffusion and mobility are paramount, although PLQFE can
boost performance by contributing to processes such as photon recycling. More on this will

follow in subsequent sections.

2.7 Diffusion of Charge Carriers

Free carriers in a solid behave similarly to molecules in the gas phase. Boltzmann studied

the statistical mechanics of gases and the equation he found, applied to the case of charge
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carriers, can be expressed as [55]:

=+ -WM-W:—”;M (2.62)

v is the carrier velocity and f(k, x,t) is a probability distribution function for a carrier under
non-equilibrium conditions for momentum k, position x and time ¢. Similarly, fo, corresponds
to the equilibrium case. The main components of this equation are an external force (F cxt)
term, a diffusion term (V, f) and a collision term, shown on the right side with collision time
7. Using the method of moments, which consists of multiplying each term in Equation (2.62)
by a moment generating function ©' (k) of order I and subsequently integrating over k as

follows:

—

/@" (k) de+/®” (k) F;ift kadm/@" (k)5 Vo fdk = —/@” (k) L =10 g

T (263)

The complete derivation of the continuity equations as well as the drift-diffusion equation

can be found in literature [55]. Some of the main assumptions are:

« Parabolic band-structure, i.e. E = h%k*/2m
o Isotropic material for energy and temperature, i.e. V,T =0 and V,E =0

« Isotropic and constant mass m, i.e. m = m, = m, = m,

Using © = ¥ and [ = 1, the equation below is obtained:

o) Fl., kpT - —
ont) _ Fo, ksl —n (2.64)
ot m m T

In the above equation, n the carrier concentration, while ¢ is the electronic charge. We
multiply the above equation by —¢, substitute the force term F.,; by a field term (—C]F ) and
reshuffle the terms to obtain [55]:

—qnv = n+ V.n (2.65)
m

We now have the drift-diffusion equation for the n-type carrier where the current density
vector is given by J, = —gnv. We also find two important material properties: first, the
electron mobility given by u = ¢7/m and second, the diffusion constant given by D =

TkgT/m. In the latter, we can notice that mobility and diffusion are linked through the
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Einstein relation [55]:

. ukBT
q

D (2.66)

The terms drift and diffusion are respectively related to concepts of field-induced versus
concentration gradient-induced motion. Diffusion will be addressed in detail in the next

section. Equation (2.65) can be rewritten as follows based on the above definitions [55]:

0J,
ot

T

+ J, = pgFn+ qDV,n (2.67)

For zeroth order of the moment, the current derivative term disappears, i.e. d.J,,/0t = 0, and
we finally obtain the better-known version of the drift-diffusion equations for electrons and
holes:

J, = ,unan + anﬁmn (2.68)

Jp = ,upqpﬁ — quﬁzp (2.69)

The sign of the first term in the p-type equation becomes positive due to the existence of a ¢
within the definition of the carrier mobility 1 = q7/m. When the external field F is absent,

the generated current is purely a diffusion based current, i.e.:
Jn = qD,Van (2.70)
J, = —qD,Vp (2.71)

The above equations apply to the quasi-neutral region of a p-n junction as well as in other
cases such as excitation of thin film absorber samples where no external field F exists. The
method of moments can be repeated using © = 1 and [ = 1 to obtain the following continuity
equation:

on

Fn + V. (nt)=0 (2.72)

Multiplying by —¢q, the above equation can be re-expressed for both electrons and holes as:

on 1=

-V, - J,=0 2.73
5 qV J, ( )
op 1=

-V, J,=0 2.74
at+qv Ip ( )

An addition to above equations would be the inclusion of recombination and generation terms
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mentioned in preceding sections.

88? — ;ﬁx J, =G, — R, (2.75)
0 1=
8%) +Ve =Gy Ry (2.76)

The last equation of interest is the one pertaining to conservation of charge presented in
Equation (2.26). The drift-diffusion equations can be combined with the continuity equation
via the (1/¢)V,- operator applied to Equations (2.68) and (2.69) as follows:

YV, J, = ,unﬁx -nF + D,V, - ﬁxn (2.77)

=

Ve Jp= Ve pE — DV, Vup (2.78)

< |

Substituting and re-arranging the above in Equations (2.75) and (2.76), we obtain:

dp =2 = =
o5 = DoV — 1, Vo pF + Gy — R, (2.80)

The above equations can be simplified in special circumstances of ambipolar transport where
a large perturbation in én/dp overshadows the initial thermal equilibrium carrier densities
n = ng and p = py. We can re-write the total carrier densities as n = ng+0n and p = py+9p,

then substitute the terms in Equations (2.79) and (2.80) and simplify to get:

aai" = D Von + pin(6nV, - F + FV, - 6n) + Gy — Ry (2.81)
ddp ) - . o
e DyV,0p — 1, (6pVy - '+ FV, - 0p) + G, — R, (2.82)

Accounting the above changes in Equation (2.25) for ép,on > N ,N;, we have the following

Poisson’s equation implying a constant electric field as function of space:

V, eV,V =—eV,-F=—(p—06n)=0 (2.83)

We can then eliminate the V, - F' term in Equations (2.81) and (2.82). Lastly, for ambipolar

transport at excess carrier conditions, we can assume charge neutrality, i.e. op = dn, G,, = G,
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and R, = R,. Equations (2.81) and (2.82) and therefore be unified and simplified into one

equation as follows:
aon ) - =

Where the ambipolar D and p are defined as follows [56]:

_ DuDy(n+p) (2.85)
D,n+ Dyp '

_ Mnﬂp(n +p) (2.86)
HnTV =+ fipp

Lastly, we generalize the V, operator for more than one dimension as V and include the
recombination term R as shown in Equation (2.60) for the excess carrier condition in Equation

(2.81):

(986tn = D§2(5n + uﬁﬁ con 4+ G — k1on — kodn? — kson® (2.87)

In the case of excess carriers, n and dn can be used interchangeably as n &~ dn considering

on > ng. Therefore, the above equation can also be written as:

?Z = DV + pFV - n+ G — kyn — kyn? — kgn® (2.88)
This completes our derivation of the ambipolar transport equation for charge carriers in
semiconductors films and devices. A key point presented here is the Einstein relation which
states that we only need to find the diffusion coefficient D of a material to know its mobility
1 and vice-versa. Both coefficients are important to assess the performance of a device as
will be shown in subsequent sections. The main approach in this thesis will be to assess the

performance of devices from a diffusion perspective.

Diffusion occurs in any scenario involving a concentration gradient as a function of space.
A well-known example is the introduction of a new liquid/gas B in an environment already
having a liquid/gas A. The liquid/gas B will initially have a high concentration at the spatial
coordinates where it is released. Subsequently, it will spread towards areas where it is least
present until an equilibrium is reached throughout the control environment. Charge carri-
ers within semiconductor films also follow the same laws under the effect of a concentration
gradient. For an arbitrary function W (z,y, z,t) representing the concentration of a diffus-

ing substance, we consider the case of isotropic diffusion. The time-dependent differential
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equation for this scenario was first formulated by Fick as follows [57]:

W _ pvew =D
o~ PVW 022 o | 02

ow PwW  PW *PW
( (2.89)
In the case of anisotropic diffusion, instead of a single D, we would have D,, D, and D,
in front of each respective derivative term. Here diffusion is considered to be isotropic and
reasons for this in the case of hybrid perovskites will be presented in subsequent chapters.

Now, let us consider only one variable, say z, Equation (2.60) becomes:

ow O*W
o = P

(2.90)

Two main types of solutions exist for equations such as one above: a series-based and another
based on Gaussian formalism, which is most suitable for our later application in hybrid

perovskites. The Gaussian solution for the above equation is given by:

M _ .2
W(x,t) = %e’m (2.91)

Here, M is an arbitrary constant. The derivation of the solution above is given in Appendix
B, Section B.1. We can also consider the case of adding recombination terms to the diffusion

equation as in the case of Equations (2.79) and (2.80). The equations reduce to:

o pPn+ Ga— R, (2.92)
ot
dp )

In a standard solar cell, the excess minority carriers dn and dp primarily contribute to the net
diffusion. Here, dp is assumed as the excess hole density in the n-region and dn, the excess

electron density in the p-region. For R, = —dn/7,%, . and R, = —=dp/7,. ! the equations

type —type>
above can be re-written as the Minority Carrier Diffusion Equations (MCDE) [58]:

dén d?on  on
=D — 2.94
dt nggr T, TG (2:94)

2
@_Ddép op

o = Drgs + + G, (2.95)

Tp
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The homogeneous steady-state solution, i.e. Gsy,/5, = 0, for both equations is given by:

on (z) = Ae=®/VDnmn 4 Bete/V DT (2.96)
op (z) = Ge /N Priv - et/ Pome (2.97)

Where we define the hole diffusion length L, = /D,7, and electron diffusion length L, =
v D,T,. The diffusion length is defined as the expectation of the carrier trajectory. For

example, taking on (z) = Ae=*/VPn™n we obtain the same result using ().

(z) = Joo xon(z, t)dr
e on(x, tydr

Dy, (2.98)

Although, the above result is widely used in scientific literature, a proper definition of diffu-
sion length is based on the mean squared distance (MSD) of a random particle in Brownian

motion:

Lusp = V2ZDr (2.99)

In the equation above, Z corresponds to the number of dimensions and we see that there is
also a factor of 2, which is dropped from the commonly used definition shown in (2.98). In
this work, we use the popular definition, while keeping the Z constant for multiple dimensions
when we refer to diffusion length, i.e. Lp =/ ZDr.

Let us now consider the simple case of a thin film in absence of a junction for the two-
dimensional diffusion of carriers. We start by extracting the x and y terms from Equation

(2.60).

2 2
ow (0 w0 W) (2.100)

WZD 0x? + oy?

As we are still in the case of isotropic diffusion, it is easier to solve the above equation in
polar coordinates. We do a coordinate transformation from (z,y) to (r,0) using relations

x = rcos(0) and y = rsin(f) and obtain:

(2.101)

87WfD 82W+167W+i82w
ot or? r Or r2 002

We can get rid of the 6 term as there is no angular dependence and therefore, we get:

2
0W_D<8W 1aw>

o - P\ar Yo (2.102)
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For the above 2D diffusion equation, the complete derivation of the solution presented below
is given in Section B.2 of Appendix B.

M _ 2
W(r,t) = Te’wt (2.103)

The 2D solution is very similar to the 1D solution with exception to the ¢ variable in the
denominator which is no more a square root.

2.8 Ideal Current-Voltage Relations

Forward Bias

Current (1)

Voltage (V) (0,0)

IO // Voc

Reverse Bias

Figure 2.6 Dark (Shockley’s Diode Equation) and light, i.e. under illumination, current-
voltage (I-V) lines in a simple p-n photovoltaic cell.

The current-voltage (I-V') properties of the p-n junction was analyzed by William Shockley
in 1949. In his paper [59], he presented the well-known Shockley diode equation:

Ip=1I (enﬁ& - 1) (2.104)

Where I is the reverse saturation current, ¢ is the charge of the carrier, V' is the applied
external voltage and ny is an ideality constant which varies from one material to another. This
equation describes the variation of the current as a function of voltage for a p-n junction and
the typical is shape is shown in the black line of Figure 2.6. We have used the “D” subscript

to classify this current as the dark current. We can also look at the case under illumination
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based on our understanding of carrier generation. The total current in the diode is then
written as:

qV
[=1I,—Ip=1I;—1I (enszT - 1) (2.105)

The shape of the above current is also plotted in red in Figure 2.6. The short-circuit current
Isc, ie. for V =0, is given by Isc = . Equation (2.105) is a simple and practical model
based on some important assumptions. For a given illumination power spectrum, we can find
Isc for a device from the expression of carrier generation presented in Equation (2.46). It is
useful to define the external quantum efficiency (EQFE) based on spatial collection efficiency

&(2) to know the exact ratio of generated carriers to incident photons:

BQE (B) = [ Guopmatcas (2. D)€ (a2 = | dgbo(lE)G(z,E)w (2.106)

The EQFE of a device can be measured experimentally using single-wavelength excitation.

The dark Jy and short-circuit densities Js¢ as a function of FQFE are then given by:
Jo = / Jo(E)dE = q / EQE (E) ¢pp (E)dE (2.107)

Jse = [ Jse(B)AE = q [ BQE (E) gy (E)dE (2.108)

We have used ¢g(FE) as defined in Equation (2.45). For a photovoltaic cell, this corresponds
to the photon flux of the solar spectrum ¢g,,(F) shown in Figure 2.10. However, we are
leaving it open-ended here for any type of incident spectrum. From Equation (2.105), we

now express the voltage V' as a function of the current I as follows:

kpT . (I, —1 kpT  (Isc — 1
v o= B ln(L +1):”“5’ ln(SC +1) (2.109)
q I q Iy

The open-circuit voltage, i.e. for I = 0, is given by:

kT /1 kT /I
Voo = 5By, (L+1) = B m( 5 +1) (2.110)
q I q I

Both Isc and Vpeo are important as parameters, as they have significant bearing on the
performance of a device. When both have high values, a greater amount of electric power
can be extracted. The short-circuit current is mainly impacted by the absorption efficiency
of the device, i.e. the capability of the device to convert the incident photons into usable

carriers. This is equally true for Ve, for which, the logarithmic term is maximized when
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Figure 2.7 ASTM G-173 solar spectral irradiance. Data from NREL [60].

I, > I,. The voltage Vi, and current [, at which the extracted photovoltaic power is
maximized, can be determined by optimizing the derivative of the electric power P = V.

We know the voltage is maximum when:

qV
ap_aqvy _ ([Tt —1)|v) 0 (2.111)
av - dv dv N '

Through algebraic manipulation, we find the following transcendental equation for V,; which

can be solved numerically:

Vir = Voo — nI]ZBTln (kaqTVM + 1) (2.112)

I, is found by substituting the resulting Vi, into Equation (2.105). The fill factor (F'F), a

parameter quantifying device performance, is a ratio defined as:

IV,
FF - tMVM

— 2.113
IscVoc ( )
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The efficiency n of a device is then calculated as follows:

Py IuVu  IscVocF'F

" e Pue | P (2.114)
R, I
Wy
R —— °

T =
g g
3 L 3
2 é
Voltage (V) Voltage (V)

Figure 2.8 Top - Equivalent circuit model of a photovoltaic cell. Bottom — Effects of series
resistance R, and shunt resistance Ry, on the shape of I-V curves. Adapted from [61].

The efficiency of a device depends on many factors ranging from microscopic elements such
as transition lifetimes to macroscopic ones such as morphology. Other factors are the low ab-
sorptance a(F£), non-radiative recombination mechanisms and inefficient device architecture,
etc. The latter is a broad topic which encompasses the selection of correct materials with
optimum parameters to obtain maximum efficiency. The diode equation for a real device is

closer to the one shown below:

a(V+IRs) %4 [RS
(77 1) _ L (2.115)

I =1¢0— I nrkpT
SC 0(6 "B R,

Where R, is termed as the series sentence and R, the shunt resistance. The equivalent
circuit model described in Equation (2.115) is depicted in Figure 2.8. If external illumination

is absent, the path on the left in dotted lines is neglected in Equation (2.115), i.e. Isc = 0.
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The series resistance in a solar cell is generally attributed to losses at interfaces between
layers forming a solar cell whereas the shunt resistance is attributable to the leaking currents
between electrodes. From Figure 2.8, we can deduce that Rg needs to approach 0 where as

Ry, should be as high as possible to approach an ideal diode curve.

2.9 Maximum Efficiency Bandgap

Previously, we used the principle of detailed balance to derive an expression for the bimolecu-
lar recombination rate at thermal equilibrium (Section 2.4). Here, we consider the application
of this principle for a solar cell. William Shockley and Hans Queisser devised a way to deter-
mine the maximum efficiency of a single junction solar cell by optimizing the bandgap energy
E, dependence through the principle of detailed balance. The principle of detailed balance
derives its origins on the idea of maintaining perfect thermodynamical equilibrium. This can
be viewed as a result of the 2nd law of thermodynamics where equilibrium is maintained in a
body via counter-balancing processes with respective in/out-flowing energy. For solar cells,
the fundamental assumptions underlying the detailed balance principle are first, an infinite
mobility and second, the complete absorption of photons of energy E,, > E,. For detailed
balance, the net generated current within a solar cell is obtained by tallying currents from
incident photon fluxes and outgoing photogenerated charge carriers. Photons can be emitted
out as well via radiative recombination in the absence of a charge collection mechanism, in
which case, the body is also assumed to be a perfect light-emitter. Based on Planck’s and
Kirchhoff’s laws, the emission spectrum for non-equilibrium conditions is as follows:

2rE?  a(E)

B (2.116)

®p (V> E) =

Here, a(F) is the absorptance, presented in Section 2.1. In the original Shockley-Queiesser
model, a(E) was a simple Heaviside function O(x), i.e. a(E) = ©(E — E;). In other words,
a(E) =1 for E > E,. The generated current density J,, for a “black box” solar cell under

a bias voltage is given by:

Jyn =4 [ a(B)op (V. B)AE = g [ a(B)on (E) 57 dE (2.117)

ow(F) is the black-body spectrum given in Equation (2.40). Here, ¢(V, F) is approximated

using a Boltzmann distribution assuming E — ¢V > kpT. Similarly, the recombination
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current JJ° is given by:

Tec - Q/ ¢bb (2118>

The total current is therefore Jyer = Jgen, — Jree given by:
av_ o0 qv_ SO
Toret = (ekBT - 1)/ a(E)w (E)dE = (ekBT — 1) Jo (2.119)
Eg

Note, that for V' = 0, the net current is zero. We have now defined the dark saturation

current density for this solar cell as:
=a [ alB)ow(B)E =g [ 6u (B (2.120)
Similarly, we can define the short-circuit current density under illumination as:

Jsd = / E)¢o (E)dE = C]/ b0 (E (2.121)

From the equations above, FQFE(F) = a(F) is a natural relation and its origin is based on
the derivation in the previous section. Therefore, the Shockley-Queiesser open-circuit voltage

can now be written as:

kpT [ AJE nikgT . (159
V59 = B ln< SC+1>: %5 ln(SC—i—l) 2.122
58 =" (2055 i (159 2122

For an ideal diode, the net current is then given by:

IV) = 3 = I8 = (5 = 1) I - I8 (2.123)

The incident power introduced in Equation (2.114) is calculated by integrating the incident
spectral irradiance defined in Equation (2.45) over E and multiplying by the Area A.

Poe =04 [ To(E)AE = qA [ Eoy (E)E (2.124)

The electrical power from the Shockley-Queiesser model is given by Psg = VI(V) = AV J(V).
Once again by following the approach in the previous section, we find the [ and V' values,

i.e. Iy and V4, which maximize the power output by solving dPso(V)/dV = 0.

Holding all parameters constant except for E,, a plot of the device efficiency (Shockley-
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Figure 2.9 a) Optical energy loss distribution b) Short-circuit current density Jog and open-
circuit voltage Vgg as a function of bandgap energy E,. c) Optical energy dissipation in a
material of bandgap energy E, = 1.59 eV.

Queiesser line) defined in Equation (2.114) using variables 132, Va2, I58 and V53 is shown
in panel a of Figure 2.9 as a function of F,. The short-circuit current density J, Ssg and open-
circuit voltage V53 presented in Equations (2.121) and (2.122) are plotted as a function
of bandgap energy E, in panel b. The Shockley-Queiesser line shows that the maximum
achievable efficiency for an ideal device is 33% at a E, value of 1.42 eV. This also means that
for any given material of bandgap energy £, the maximum achievable efficiency is determined
by the Shockley-Queiesser line as shown in panel ¢ for a hybrid perovskite (MAPbI3) of
E, = 1.59 eV. We can measure the FQFE profile of a material experimentally and then

determine the maximum theoretical efficiency using the approach shown above.

2.10 Photon Reabsorption and Recycling

In the previous section, we mentioned that parameters such as short-circuit current and
open-circuit voltage are critical for maximizing the efficiency of a device. In particular,
bimolecular recombination, plays a significant role in increasing the value of the open-circuit
voltage. The relation between them from an energy level approach is best described by the

following equation [62-64]:

E T (k" NoN
o _ ko ln(l€2 ¢ V) (2.125)

Vi = —9 —
oc = p G

In the above equation, we notice that Vo depends on both, an apparent bimolecular recom-
bination rate k5’ as well as the generation rate GG. The parameter k5™ here actually refers

to a bimolecular recombination which is lower than the intrinsic bimolecular recombination
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rate ki". This, we derived in Section 2.4, as a consequence of two processes which occur in
materials with high internal quantum efficiency: photon re-absorption and photon recycling.
Photon re-absorption is a process in which emitted photons are re-absorbed by the material,
thereby contributing to the generation of new carriers. Whereas photon recycling refers to
the subsequent chained re-absorption and re-emission of photons within the film. The degree
by which the internal and apparent rates differ depends on the optical architecture. For ex-
ample, a light trapping or layered scheme will increase absorptance and conserve light within
to promote re-absorption and recycling of photons. To quantify the trapping of photons, we
refer to the definition of the generated current density J,, in Equation (2.117). The latter
be described as a current density corresponding to photon flux leaving the film and there-
fore also referred to as the external radiative saturation current JJ*****. We also defined an
internal saturation current density Jg“d’mt in Section 2.4 based on radiative recombination
through the Van Roosbroeck-Shockley relation. From the ratio of these two currents, we

obtain the probability P,s.pe of an emitted photon escaping the film.

rad,ext app
JO kQ

rad,int = Tint
JO k2

(2.126)

Pescape -

Conversely, the probability that a photon will remain within the film Py, can be expressed
as follows [45, 65]:
Pstay =1- Pescape - Pabsorption (2127)

We have also included the probability of the photon undergoing parasitic absorption Pypsorption-

Equation (2.125) can now be re-written also as:

koT koT rad,int
Voo = Viad ¢ AyLR - 1 qB In ( Jso_ | 1) + B (‘]0 + 1) (2.128)

J(v)"ad,int q Jorad,e:rt
Voo ~ ”I]ZBT [ln (%) +in (Wﬂ (2.129)
Voo ~ ml;BT In (J;ZCM) (2.130)

VZAad is the normal open-circuit voltage defined in Equation (2.110) whereas AVZZ is the

change because of photon recycling. From the above equations, it is quite clear that by

decreasing the probability of photons escaping, we also reduce the apparent bimolecular re-
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combination rate, which in turn maximizes the device performance through Equation (2.125).
It is important to note that Jgc remains unchanged as it is only a function of absorptance

and incoming photon flux. We also look at photon recycling from a quantum efficiency
perspective. The PLQE and EQE are linked as follows based on Pgq,, [66]:

PLQE-(1 — Pstqy)

EQFE = 2.132
Q 1—PLQE+PLQE‘(1_PStay> ( )
And lastly, AVZZ is can also be expressed as:
kgT nrkgT PLQE-(1 — Pstay)
AVEE = M8y (BQE) = 2P v 2.1
VOC q TL( Q ) " 1—PLQE+PLQE'(1—PStay) ( 33)

From the above equation, it is clear that Vp¢ is maximized for both high PLQE and Ps;q,
values. Overall, photon recycling is enhanced when PLQFE and light confinement are high.
Now another question that we might ask is how far the photons travel due to recycling. A
complete stochastic model taking the optical architecture of the device into account is quite
complex. However, we can start by looking at the Gaussian spreading due to a single photon
recycling event. Photons can be treated as particles undergoing Brownian motion with a

diffusion coefficient like charge carriers:

D, ¢

= 2.134
3N,y ( )

Where c is speed of light, n,. is the refractive index of the perovskite film and «) the absorption

at wavelength \. The average photon lifetime is given by:

oy

Ty = (2.135)

COY )

The average diffusion length of a re-emitted photon prior to reabsorption can then be obtained

LDA =/ Dy1y\ =

Using a similar series-based calculation, it is possible to determine the photon recycling

as:
n, 1

c 1
=4/=— 2.136
3n,.ay, cory 3 ay ( )

induced effective displacement for a carrier [67]. In this method, the total displacement of

the carrier is written as:

L=Lp+YLp, +TLp+ YL, + 2L+ ... (2.137)
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Where we have T = PLQE-Pg,,,, carrier diffusion length ED = v/ D7 and photon diffusion
length Lp, ~ ay!. Through statistical averaging, i.e. the evaluation of (I_;Q), we find the

effective diffusion length for a carrier under the influence of photon recycling.

= D7+ T2a,?
Leps = VL) =\ =5 (2.138)

The above equations provide rough estimates for characteristic lengths when photon recycling
is involved. A better way of quantifying these parameters is to develop numerical spatio-
temporal modelling of the ambipolar diffusion equation with extra components pertaining to

photon recycling. This type of calculation will be discussed in Chapter 5.
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CHAPTER 3 ORGANIC-INORGANIC HALIDE PEROVSKITES

In this chapter, we explore the chemical composition as well as the fundamental physical
aspects which form lead halide perovskites from a materials point-of-view. This entails a
detailed study of crystalline structure, phase transitions and the role of ions to see how they
determine fundamental semiconducting properties. We look at the progress made until now
in device architecture, fabrication, and interfacial engineering. We also provide insights on
the current understanding of the fundamental photophysical processes such as charge carrier
recombination kinetics, diffusion, and photon recycling. Lastly, we present preliminary spa-
tiotemporal measurement results forming the foundation for subsequent studies on diffusion

and photon recycling in Chapters 4 and 5.

3.1 Crystal Structure

Figure 3.1 Perovskite ABXj3 crystal structure.

Perovskites are defined by their ABXj3 crystal structure and were first discovered by Gustav
Rose in 1839 in a CaTiO3 mineral [68]. The compound was later named after Count Lev
Aleksevich von Perovski, a well-known Russian nobleman and mineralogist. In 1926, Vic-
tor Goldschmidt first characterized and reported the crystalline lattice structure, shown in
Figure (3.1), as well as the tolerance factors of perovskites [69]. The purple spheres (A) in
the eight corners and the red sphere (B) at the center of the cubic lattice (O symmetry)
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represent cations, whereas the yellow spheres (X) represent the anions. Besides CaTiOs,
other examples include KMgF3, SrZrO3, MgSiO3, SrFeO3, BaTiOz and LiNbOs. Starting
from their first appearance, the most widely studied perovskites are metal-oxide based (i.e.
X = 0), mainly thanks to their interesting ferroelectric and magnetic properties, and to the
possible application as superconductive materials. The interest in hybrid metal-halide per-
ovskite gained momentum ever since the first hybrid metal-halide perovskite structure was
developed using gold and chloride in 1884 [70]. In the year 1978, Weber explored the pos-
sibility of using methylammonium at the A atomic site and discovered new light absorbing
properties for CH3NH3SnBr, I3, PSCs [71]. Subsequently, Kojima et al. have demonstrated
the PCEs of ~3.81% and ~3.13% for CH3NH3Pblz and CH3NH3PbBrs PSCs, respectively
in mesoporous dye-sensitized solar cells [72]. Interestingly, Pb*" in B can be swapped with
other divalent metal atoms such as Sn?", Bi** and Cu?*. Similarly, I~ in X can also be

replaced with another single (or combination) of halide anion(s) such as C1~ and Br~.

3.2 Compositional Properties

Hybrid perovskites offer a unique structural flexibility due to multiple phases which can be

accessed in a reversible manner by tuning parameters such as temperature, pressure and

electric/magnetic fields. These phases are cubic (a = b = ¢), tetragonal (¢ = b # c¢),

orthorhombic (a # b # ¢), trigonal and lastly monoclinic polymorphous states that vary

with the orientation of the BXj3 component in the crystal lattice [73]. The stability and

distortion of the perovskite lattice can be evaluated using the Goldschmidt tolerance factor:
R4+ Rx

6= s i (3.1)

Where R4, R and Rx are the ionic radii depicted in Figure 3.1. Tolerance factor ranges
of t¢ < 8, 0.8 < tg < 1 and tg > 1 are each favorable for the orthorhombic, cubic and
hexagonal phases, respectively [74]. To maintain the ideal cubic lattice, the value of the

above-mentioned factor is unity, implying therefore the following relation:

V2Rp + (V2 —1)Rx = R, (3.2)

The above relation requires the cation radius R4 to be significantly larger than the other
two for a stable cubic structure. In the case of hybrid perovskite, the tolerance factor values

typically fall in the range of 0.8 to 0.95 as shown in Figure 3.2.
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Figure 3.2 Goldschmidt tolerance factor tg for different hybrid organic-inorganic compounds.
Adapted from data in [75].

In Figure 3.2, we find that the tolerance factor increases with the cation and divalent metal
replacements along the z-axis. Replacing MA*, which has a 2.17 A radius, with a larger
organic cation of 2.53 A radius, i.e. formamidinium (FAT), leads to a higher fulfillment of
the condition imposed in Equation (3.2). Similarly, substitution of Sn for Pb also exhibits
the same effect. In the case of anions, decreasing the atom radius contributes to the higher
te value. DFT calculations at T = 0 K reveal cubic () as an unstable phase due to the high
difficulty of stabilizing t¢ at unity [76-78]. The best opto-electronic transport properties
are found in the cubic phase due to the high overlap of orbitals between the metal (B) and
halide (X) atoms. More often, the perovskite is found in the tetragonal phase () if not a
low temperature (7" ~ 100 K), albeit highly stable, orthorhombic (y) phase.

For MAPbDI;, the tetragonal-cubic transition happens around a temperature of 327 K (Table
3.1). Since solar cells typically operate at a temperature of ~85 °C, there is an increasing
interest in the usage of FA™ as an alternative for a stable room temperature crystal structure.
The transition temperature for this material is around 293 K for the o phase [76]. Beyond
thermal stability, the use of FA™ has also been shown to increase the absorption wavelength
range as well [80]. This implies therefore a lowered bandgap range of 1.45-1.52 eV, which is
much closer to the ideal Shockley-Queiesser value, as opposed to ~1.60 eV for MAPbI5. A
drawback of the FAT based perovskite is the simultaneous formation of a non-luminescent

hexagonal lattice structure (3-phase) at room temperature [81]. A major solution for this
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Figure 3.3 Energy level diagram for different perovskites. Adapted from data in [79].

issue is the addition of a smaller ratio of MA™ alongside FA™ to stabilize the perovskite
structure [82]. The resulting compound FA;_,MA,Pbl; is amenable for tunable bandgap
via . This imparts high efficiencies of ~19% [83]. An alternative route for achieving similar
cation-based stabilization is the use of inorganic cations such as Cs™, Lit, KT, Nat. In
pure inorganic ones, excluding Cs*, none of the other cations provide a reasonable tolerance
factor to achieve a stable o phase [84]. Even when using Cs* as the cation, the resulting film
is unstable at room temperatures. However, the addition of small amounts of Cs* (up to
10%) in FAPbI3 was discovered to be highly beneficial in terms of stabilization as with MA™
previously resulting in a FA;_,Cs,Pbl; chemical compound [74] with efficiencies reaching

up to ~21.1% [84]. The films also displayed better morphology, enhanced absorption, and a
tunable bandgap.

We now consider the halide/anion substitution and mixing hybrid perovskites. As shown in
Table 3.1, in MAPDI3, the halide atom I can be substituted but this alters the values of the
transition temperatures. Both C1~ and Br™ are structurally stable at room temperature as
shown by the decrease tetragonal/cubic transition temperatures. This is also in consonance
with what we observe in Figure 3.2, where the tolerance factor approaches unity as we replace

[~ with anions of smaller radii. However, a major drawback of using smaller radii ions is the
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Table 3.1 Structural data for the methylammonium lead halides. Adapted from [85].

Lattice Parameters

X Temperature Crystal Structure Space group " 5 -
Cl >178.8 Cubic Pm3m 5.675
172.9-178.8 Tetragonal P4/mmm 5.656 5.630
<172.9 Orthorhombic P222, 5.673 5.628 11.182
Br >236.9 Cubic Pm3m 5.901
155.1-236.9 Tetragonal 14/mem 8.322 11.832
149.5-155.1 Tetragonal P4/mmm 5.894 5.861
<144.5 Orthorhombic Pna2, 7.979 8.580 11.849
I >327.4 Cubic Pm3m 6.329
162.2-327.4 Tetragonal 14/mcm 8.855 12.659
162.2 Orthorhombic Pna2, 8.861 8.581 12.620

resulting increase in bandgap energy. For example, the observed bandgap energies for single
crystals of MAPbCl3, MAPbBrs and MAPbDI3 are about 3.0, 2.2 and 1.5 eV, respectively.
The large bandgap in bromide perovskites limits the absorption to 550 nm. An ideal solution
requires a compromise between the optimal radius and the bandgap energy for single junction
photovoltaic applications, each represented with Cl~ and I~ representing either ends of the
spectrum, respectively. Therefore, mixing halides as in MAPbI3_,Cl,, rather than pure

substitution, presents a potential opportunity.

=
o

(a) (b)

6000 MAPbI,
60 \\/—’-\\ il
= -
§ V % 4000 g MAPbDI, Cl,
E 40 = > 1.Cl
2 g 2
2 50— MAPDIs_Br, € 2000 ks
MAPbl; T = MAPbB,
—— MAPDI3 _,Cly 0 ||
| 11
400 600 800 500 600 700 800 900 10 20 30 40 50
Wavelength (nm) Wavelength (nm) 20 (Degree)

Figure 3.4 (a) Absorbance and (b) photoluminescence spectra of MAPbl;_,Z, (Z = Cl, Br, I)
perovskite films on glass for bandgap energies of 1.6, 1.56 and 1.56 eV, respectively. Digitized
and adapted from [86]. (c¢) XRD data for MAPbl;, MAPbI;_,Cl, and MAPbBr3 adapted

from [87].

Some of the key points that make MAPbI3;_,Cl, ideal for photovoltaic applications are its

optical and electronic properties. For example, incorporation of C1~ was known to reduce bulk
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Figure 3.5 Absorption and emission profiles of perovskite thin film samples used in our
experiments (Chapter 5). MA : MAPDbI3, MA-ACN : Acetonitrile processed MAPBI;, FAMA
: FA0,85MA0.15Pb(10.85Br0,15)3, FA : FAPbIg, BR : MAPbBI‘g

as well as surface defects while maximising grain formation [29, 88-91]. The absorption and
emission spectra of MAPbI;_,Cl, are shown in panels a and b of Figure 3.4. The absorption
is extended up to ~800 nm; a wavelength corresponding to a bandgap of ~1.56 eV. Thus the
ability to extend the absorbance widely in the visible range is ideal for sunlight harvesting
(a ~ 1.5 x 10* em™! at 550 nm). Interestingly, MAPbI3_,Cl, composition ultimately results
in MAPDI; as it is quite hard to stabilize this mixed halide perovskite at temperatures
below 625 K. The “z” is mainly used in the chemical formula to specify the usage of PbCly
as a precursor. Hence, the XRD data in Figure 3.4c for MAPbI;3 (Pbl,y source) is almost
identical to MAPbI3_,Cl, (PbCl; source). Unlike C1~ which helped in terms of crystallinity,
introduction of Br~ is found to be useful in raising the conduction band level to an ideal
position with regards to an extraction material or transfer layer in a device scheme. Like -
Cl~, I"-Br~ combination fails to stabilize at room temperatures (whereas Br™-Cl~ is stable).
Nevertheless, mixing Br~ with I, for ratios up to 29%, greatly increases the performance
of devices. This band engineering minimizes geminate recombination and helps to augment
carrier extraction efficiency. More importantly, the main benefit of MAPbI;_,Br, perovskites,
particularly for tandem applications, is the tunable bandgap over a large range of 0.6 eV from
1.6 to 2.2 €V [23]. A major drawback, however, is that too much Br leads to instability, caused
by I rich domains, acting as recombination centers, because of halide phase segregation [92].

This is severe especially for the MAPbI;_,Br, where a large part of the compositional range
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for = is compromised [93]. Going one step further in terms of mixing, the current materials
with the highest efficiencies possess both mixed cations as well as mixed halides of the form
FA,MA; _,Pb(I,BrA;_,)s3 [83]. The MA™ here is used to stabilize FAT and prevent transition
to the yellow phase, while Br~ is added in moderate amounts for band alignment and to
provide stability as well. Here, the advantages of both cations and anions are leveraged to

optimize optoelectronic properties and crystallinity.

Lastly, an important requirement for identifying a long-term lead-free alternative material,
for toxicity reasons, is highly essential in line with safety protocols. Most efforts are directed
towards Sn for metal-based perovskites. From a toxicological or chemical hazards perspec-
tive, Sn is still potentially harmful, although at a lower level health risks in comparison to
Pb [94]. Literature on this subject is still growing as current studies are yet inconclusive.
Above all, there are no obstacles currently from a legislation perspective. Presently, mixed
cation compounds such as FA,Cs;_,Snl3 in particular show greater potential in terms of ap-
proaching the Shockley-Queiesser limit due to the low bandgap values (Figure 3.3). However,
a major issue restricting the efficiency of these materials is the oxidation of Sn?* into Sn**
during all stages of fabrication. This leads to a high amount of vacancy defects/trap states
which reduce the extraction efficiency in devices. Techniques such as acid treatment [95-97]
and solvent engineering [98] are still being studied to mitigate this problem within an Sn
framework. However, more efforts are deployed towards alloying techniques [99-101] with Pb

and currently efficiencies for tandem applications have reached about 24.8% [102].

3.3 Device Architecture

Continuous experimentation by various research groups have led to substantial improvements
in efficiency values reaching above ~20% in a span of ~7 years, as shown in the chronological
development in Table 3.2. The development of perovskite solar cells was originally based
on the pre-existing designs for dye sensitized solar cells. A typical perovskite solar cell
(PSC) architecture is made up of five layers: an anode, an electron transport layer (ETL),
a perovskite absorber layer, a hole transport layer (HTL) and lastly a cathode. These five
layers together perform the three fundamental operations required for solar cell operation:
charge carrier generation from incident light absorption, charge transport and lastly, charge
extraction. In some cases, excitons, rather than charge carriers, are generated and conversion
to charge carrier occurs only at the perovskite-transfer layer interface through a series of
conversion mechanisms. In both cases, the ETL and HTL layers are crucial for both efficient

charge carrier extraction from the perovskite layer as well as subsequent transfer to the anode
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Figure 3.6 Energy model showing extraction pathway for photogenerated carriers in a stan-
dard five-layer perovskite solar cell. Adapted from [103].

and cathode, respectively. However, single transport layer or (ETL/HTL)-free devices tested
in the past have also shown promising results. A schematic of the band diagram for a typical
PSC architecture is shown in Figure 3.6. The choice of material in each architecture at a
fundamental level is largely determined by the energy level as shown conceptually in Figure
3.6, where carriers and holes are energetically directed towards their respective electrodes.
For example, electrons generated in the perovskite layer can only travel leftwards as the

barrier on the right side requires extra energy to traverse.

Furthermore, the junction can be regular (n-i-p) or inverted (p-i-n) based on the transfer
layer first in contact with incident light as shown in Figure 3.7. In panels a and ¢, we have
a mesoporous structure using a TiOy (or Al,O3) scaffold for carrier transport from the per-
ovskite layer to the transport layers. Further experimentation later revealed that perovskite
in a planar architecture (panels b and d) had excellent transport properties. Above all, em-
bedding within a mesoscopic design was found to be non-essential. The planar architecture,
besides having a simpler fabrication process, supported even higher efficiencies with proper
interfacial engineering [114]. Various combinations of materials beyond the example shown in
Figure 3.7 are used to make perovskite solar cells in accordance with energy level constraints
depicted in Figure 3.6. The energy levels and work functions of various perovskites, charge

extraction layers as well as electrodes are shown in Figure 3.8.

In Chapter 2, we presented the J-V curves for a simple p-n junction for conceptual purposes.
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Figure 3.7 Diagram of common perovskite solar cell designs. Adapted from [104].

The energy diagram for the p-i-n differs from that of the p-n junction, and the profile within
a PSC diverges even more as depicted in panels a-c of Figure 3.9. The experimental profiling
of the carrier densities along the cross section was initially carried out by Edri et al. using
electron beam-induced current (EBIC) measurements [39]. Since the PSC profile is akin to
two p-n profiles placed adjacently, it is therefore natural for the photovoltaic circuit model
to have a second diode as well. The added diode in a series scheme is shown in the circuit
presented in the inset of Figure 3.9d. This diode modifies the J-V curves as depicted in the
log plot of Figure 3.9d. These curves differ significantly from the ones of the single diode
model presented earlier in Figure 2.8. Equation (2.115) is now modified as follows for the
double diode model [106]:

alV+IRs) V + IR,
Q—‘+ (3.3)

I =1¢c— 1 <e<n1+”11>kBT —
Rsh

Where we now have two ideality constants n; and n;;, one for each diode, in the denominator
of the exponential argument. Typical values for PSC ideality constants range from 2 to 4
[106]. For further accuracy in modelling the J-V curves, it is also customary to include a

term for the recombination current besides the diffusion current. The recombination term
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Figure 3.8 Energy diagram of perovskites, extraction layers and electrodes. Reproduced from
Ref. [105] with permission from the Royal Society of Chemistry.

could be considered as two more diodes parallel to the first two in the circuit. The current

is then expressed as [106]:

q(V+IRs) g(V+IRs) V — IR
I = ISC’ — ]R (6 npkgl _ 1) _ ]0 <€”I,IIkBT _ 1) _ M (34)
Rsh
Where I is the recombination current, ng = n;r + nir.r, Io is the diffusion current and
nrr = ny + nyp. Typically, for a well-designed device with proper choice of materials and
fabrication routes, Ig is minimal while [ is maximized. Hence, proper interfacial engineering

and optimization is crucial for good solar cell parameters.

3.4 Film Fabrication and Morphology

Among the multitude of fabrication methods employed for perovskite solar cells, the most
popular and widely used ones are the single-step and two-step spin-coating based deposition
techniques. In the one-step deposition technique, a perovskite precursor solution is created
via mixing of MAX and PbXy compounds (X = Br, CI, I) in a solvent, i.e. dimethyl sulfoxide
(DMSO), gamma-butyrolactone (GBL), or dimethylformamide (DMF). The solution is then

dripped onto a spinning substrate as shown in Figure 3.10 followed by annealing at a tem-
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Figure 3.10 a) Single-step deposition method b) Two-step deposition technique

perature between 110 and 150 °C, resulting in a dark brown crystallized film. Perovskites are

surprisingly very tolerant in terms of stoichiometric proportions and allow high efficiencies
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Table 3.2 Chronological development of heterojunction perovskite devices [107, 108].

Year Type Layers 7N (%) Authors Ref.
2009 - FTO/c-TiO2/mp-TiO2/MAPbI3 /LE/Pt-coated FTO 3.8 Kojima et al. [72]
2011 - FTO/c-TiO2/mp-TiO2/MAPbI3 QD/LE/Pt-coated FTO 6.5 Im et al.  [109]
2012 mp FTO/c-TiO2/mp-TiO2/MAPbI3 /Spiro-OMeOTAD/Au 9.7 Kim et al.  [110]
mp FTO/c-TiO2/mp-AlyO3/MAPbI;Cl/Spiro-OMeTAD/Ag 109  Leeetal [111]
2013 n-i-p FTO/c-TiO2/ mp-TiO2/MAPbI3_;Cl, /Spiro-OMeTAD/Au 15.0 Burschka et al. [112]
mp FTO/c-TiO2/mp-AlaO3/MAPbDI3_;Cl; /Spiro-OMeTAD/Ag 12.3 Ball et al.  [113]
2014 n-i-p ITO-PEIE/Y-TiO2/MAPDbI3_,Cl, /Spiro-OMeTAD/Au 19.3  Zhou et al. [114]
n-i-p ITO/ZnO-np/MAPbDI3/Spiro-OMeTAD/Ag 15.7 Liu et al.  [115]
2015 p-i-n ITO/PEDOT:PSS/MAPbI3/PCBM/Au 18.1  Heoetal [116]
mp FTO/c-TiO2/mp-TiO2/(FAPbI3)1_ 5 (MAPDbBr3), /PTAA/Au 20.1  Yang et al. [117]
2016 mp ¢-TiOg/mp-TiO2/FAg 81 MAg 15Pblz 51Brg 45/Spiro-OMeTAD/Au 19.6  Lietal [118]
mp FTO/c-TiO2/mp-TiO2/Csz (MAg.17FA0.83)1-2Pb(Io.83Bro.17)3/Spiro-OMeTAD/Au 21.1  Saliba et al. [119]
2017 mp FTO/c-TiO2/mp-TiO2/(FAPbI3)1_ 5 (MAPbBr3),/PTAA/Au 22.1  Yangetal. [83]
n-i-p ITO/c-SnO2/(FAPbI3)1—_»(MAPDbBr3), /Spiro-OMeTAD/Au 21.6  Jiang et al. [120]
2018 mp FTO/c-TiO2/mp-TiO2/(FAPbI3)0.95(MAPbBr3)g.05/DM/Au 22.1  Jeon et al. [121]
2019 n-i-p FTO/c-TiO2/CHI-CsPbl3 /Spiro-OMeTAD/Ag 18.4  Wang et al. [122]
mp FTO/c-TiO2 /mp-TiOs /FAPbI3 (MACI treated)/Spiro-OMeTAD/Au 235  Kimetal [123]
2020 n-i-p FTO/c-TiO2/CHI-CsPbls /Spiro-OMeTAD/Ag 25.5 Jeong et al. [16]

Full form of table acronyms: ¢ — compact or barrier layer, CHI — Chlorine Iodine Interfacial treatment, LE - Liquid Electrolyte,
mp - mesoporous, np - nanoparticle, QD - Quantum Dot.

for MAL:Pbl, ratios ranging from 1:2 to 3:1 [124]. Despite the compositional tolerance, per-
ovskites require proper control of external factors such as ambient temperature, humidity, Oq
levels as well as deposition parameters such as spin-coating time, velocity, acceleration, and
processing temperatures for optimal high efficiency films. Beyond the one, and two-step de-
position techniques, there are many others such as vacuum deposition, hybrid vapor assisted
solution processing, meniscus coating and doctor blading. The type of coating technique as
well as management of parameters have extreme implications in terms of sample morphol-
ogy. Morphological aspects such as coverage, grain size and defect concentration in grain

boundaries play a key role in determining device quality.

Previously, we presented the usage of mixed halides as a stabilizing solution to achieve both
an ideal bandgap as well as a tolerance factor close to unity. There are also morphological
reasons to opt for this composition such as increased grain size and smoother films. Although
the role of chloride in enhancing the film quality [125, 126] as well as electrical transport
properties is still debated hotly, currently, the addition of Cl~ seems to inhibit the formation
of both Pbl defects [127] and interstitial defects [128]. The incorporation amount “z” has



o4

(@) 650 ‘ (b) 380 rrp— (©) 320 e
MAI:PbCI, ;%08 MAI:Pbl, ' | MAI:PbAc, ‘

360

600 |

W
S
S

550 |

n
@
S

o
= 500

=
« 450
a

@
X
S

>3

S

[
£ 400 |
]

Thickness (nm)
w
n
=]
Thickness (nm)
n n n
n B
o o

=
350

300
280 |
250 |

W
=3
S

n

=3

S

180 v l

L L n " . 1 n L L L n
1500 3000 5000 268500 3000 3500 4000 4500 69500 2000 2500 3000 3500 4000 4500
RPM RPM RPM

Figure 3.11 MAPbDI; spin coating thickness calibration for a) PbCly, b) Pbly and ¢) PbAcy
precursors. Data courtesy of Soroush Hafezian.

been confirmed to be less than 3-4 % [88]. Despite large amounts of chloride precursors in the
initial solution, most of the Cl~ seems to evaporate during the annealing process when it is
stuck in an intermediate phase of low sublimation enthalpy, i.e. a mixture of MACI and MAI.
The loss of mass occurs either during an initial drying phase or the annealing process. This
was confirmed using thermal gravimetric analysis (TGA) by Yantara et al. [89]. Interestingly,
excess MACI and MAT act as critical agents in slowing down the crystallisation rate, thereby

resulting in a very smooth film.

Figure 3.12 CCD camera image of a) toluene washed film versus b) untreated MAPbI3 (PbCl,
precursor) sample.

The application of above-mentioned single-step deposition method is demonstrated here for
MAPDI; thin film samples in our experiments. Using a 99.9% purity PbX, (X = CI, I, Ac)
compound (Sigma-Aldrich) and MAI (Lumtec), we make a 3:1 MAL:PbX ratio solution at
40 wt. % in DMF, which is subsequently left to stir for 24 hours. For deposition, we use

25 x 25 x 1 mm? UV-ozone treated glass substrates which are initially cleaned using detergent,
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deionized water, acetone, and isopropanol. We then spin coat 250 nL of the MAPbI3 solution
at RPMs between 2000 to 4000 for a duration of 30 secs while toluene washing in the last
15 secs. The sample is annealed on a hot plate at a temperature of 100 °C, after which, one
final layer of PMMA is subsequently spin-coated for 5 minutes for moisture resistance. A
calibration measurement indicates the average thickness for a sample to be around 300 to
400 nm for RPMs used above (Figure 3.11a).

Above all, for drastic morphological improvement, adding an extra step of anti-solvent treat-
ment in the spin-coating process appears to be key. The films shown in Figure 3.12 show
the effects of toluene washing on a MAPbI3 (MAIL:PbCl,) sample. These samples are made
via spin-coating of the perovskite solution directly onto UV-ozone (~15 mins) treated glass
substrates. In panel a, the toluene anti-solvent washes away most of the DMF from the de-
posited solution and increases aggregation; thereby resulting in larger “islands” that are ideal
for PL measurements. This is in stark contrast to the case without anti-solvent treatment in
panel b where holes are evenly spread across the film. The toluene washed sample in panel a
can still be improved to cover the bright boundary zones between islands, where a clear lack

of coverage is observed.

Figure 3.13 SEM images of the studied samples. a) Antisolvent-processed MAPDI3, b)
Acetonitrﬂe—processed MAPbI3, C) FAO.85MAO.15Pb(IO.85Br0.15)3 and d) MAPbBI‘g Fabri-
cated by Nakita K. Noel.
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Similarly, SEM images of some perovskite samples used in our experiments (Chapter 5),
treated using a different anti-solvent, i.e. anisole, are shown in Figure 3.13. The images
shown here are characteristic of films used in high efficiency devices [129, 130]. The most
important factor determining the quality of the film is the coverage of the substrate surface.
Once again, the addition of anisole, combined with proper spin-coating parameter control,
results in films which have tightly packed crystals with no visible pinholes. The effects
of composition and processing on the film formation is well illustrated in this figure. For
example, the inclusion of acetonitrile processing in the MAPbI3 leads to the formation of
large crystals with well defined borders. MAPbBr3 appears to be much grainier and rougher
compared to the other films. In a device, this may translate to undesirable optoelectronic
consequences in terms of carrier transport because of increased resistance from uneven contact
between adjacent grains. Lastly, FAggsMAg15Pb(I.s5Bro.15)s seems extremely smooth with
barely visible boundary lines between crystals. This represents a conducive environment for

good carrier transport.

3.5 Device Fabrication and Performance
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Figure 3.14 a) XRD of thin films deposited on FTO. b) EQE of MAPbDI; fabricated through
PbAcy precursor. The Jg, is calculated using Equation (2.108).

One way to see if our carrier transport measurement results are relevant is to verify whether
the thin film sample fabrication process also results in working devices. Using the mixed
halide composition described in the previous section, we also attempted to fabricate devices.
Both the initial XRD and FQFE results for our samples were promising in terms what can

be expected for a functioning cell (Figure 3.14). As for the XRD data in panel a, samples
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made from the PbCl, and PbAcs precursors, in particular, show very clean crystallographic
lines which are characteristic of the mixed halide perovskite introduced earlier in Figure 3.4.
Pbl, however, appeared to have traces of contamination based on the emergence of smaller
peaks. Regarding the PbAc, EQFE data shown in panel b, the percentages observed are quite
high although not to the extent of other entries in literature. Using Equation (2.108), our
theoretical short-circuit current density J,. is found to be 14.5 mA/cm? in this particular
thin film.

Let us look at the detailed fabrication process for the devices of ITO/PEDOT:PSS/MA-
Pbl;/PCBM/Ag architecture. We decided to proceed with PbCly, and PbAcy precursors
for devices and characterization measurements based on the superior XRD lines. For both
precursors, we used a 3:1 MAI:PbCly molar ratio (40% wt.). Patterned ITO substrates are
initially cleaned and treated via UV-ozone as mentioned earlier. A PEDOT:PSS solution is
sonicated for 30 minutes, processed through a 0.45-micron Nylon filter and spin-coated on
to the substrate at 5000 rpm (60 nm thickness), after which, annealing is done at 120 °C.
The perovskite solution is applied on top of the PEDOT:PSS using the method described
previously for thin films. This step is followed by the spin-coating of PCBM at 3000 RPM
(60 nm thickness) and subsequent annealing at 110 °C. In the final step, 150 nm of Ag is

vacuum deposited inside a thermal vapor deposition system onto the sample.

Current-voltage curves for a PbCly sample consisting of six devices are presented in Figure
3.15. The data is shown for both dark and AM1.5G illumination (Figure 2.7). Only three of
the devices in this sample were working and so only these results are shown. Unfortunately,
these devices were of low quality in terms of efficiencies as shown in Table 3.3 despite the
anti-solvent treatment. The slope on the right side is almost steep enough to follow the ideal
1-V curve as well, indicating a significant amount of series resistance present in the transport
layers as well as electrode interfaces. Our perovskite devices, in panel b, and most cells of
all architectures reported in literature exhibit hysteresis in the I-V' curves [131]. Hysteresis

refers to a situation where the current dependence on voltage is non-identical amongst the

Table 3.3 Device Parameters from J-V curves for ITO/PEDOT:PSS/MAPbDI; (MAIL:PbCl,y
- 3:1)/PCBM/Ag architecture sample of six devices.

Device | V. Jse FF n
(V) | (mA/em?) | (-) | (%)
1 0.28 12.4 0.31 | 1.11
0.4 17.8 0.31 | 2.22
6 0.46 19.8 0.33 | 3.01

N}
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Figure 3.15 J-V curves for ITO/PEDOT:PSS/MAPbI; (MAIL:PbCl, - 3:1)/PCBM/Ag archi-
tecture sample of 3 out of 6 working devices. a) Dark (forward scan only) and b) 1 Sun (1000
W /cm?) illumination. Fabricated by Soroush Hafezian.

forward and reverse sweeping directions. The fundamental reasons behind this phenomenon
are heavily debated. However, processes such as ionic migration, ferroelectric domains, charge
trapping, and capacitive effects are proposed as probable causes [107]. Similarly, we have
also measured the J-V curves for solar cells made from a PbAcs route (Figure 3.17). The

devices parameters are shown in Table 3.4.

For this sample, all six devices were working, and their power conversion efficiencies span over
8.33% to 12.2%. These values compare well with many of the early papers published for this
architecture. The kinks in the J-V curves are most likely a consequence of recombination
currents presented previously in the double diode model. These results show that our PbAc,
perovskite films are of quality comparable to those used to fabricate high-efficiency solar cells.

As a result, it is highly expected that future diffusion measurements using these samples will

Table 3.4 Device Parameters from J-V curves for ITO/PEDOT:PSS/MAPbI; (MAL:PbAc,
- 3:1)/PCBM/Ag architecture sample of six devices.

Device | V,. Jse FF n
(V) | mA/em?) | (-) | (%)
0.90 27.3 0.38 | 9.45
0.91 29.0 0.46 | 12.2
0.80 29.5 0.44 | 10.6
0.78 26.3 0.45 ] 9.2
0.84 28.0 0.43 | 10.3
0.71 27.3 0.43 | 8.33

S U= W N+~
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Figure 3.16 J-V curves for ITO/PEDOT:PSS/MAPbI; (MAIL:PbAc, - 3:1)/PCBM/Ag ar-
chitecture sample with 6 out of 6 working devices. Forward scans for a) Dark and b) Under
1 Sun (1000 W/cm?) illumination. Fabricated by Soroush Hafezian.

provide new insight into the charge transport phenomena of these PSCs. Although the
results shown here are in line with reported values for devices in literature, it is quite clear
from panel b that the shunt resistance is not high enough. When the shunt resistance tends
towards infinity (or a realistic large value), the bottom part of the light curve is perfectly
flat, as explained previously in Figure 2.8. The decreased shunt resistance here is most
likely due to pinholes that span across the device cross-section. The pinholes get filled with
metal during the fabrication and this leads to current leaks between the electrodes, thereby
lowering the shunt resistance. Although the PbAc, precursor is much better than PbCl,, for
our preliminary measurements, we will characterize both samples to get a base calibration

for different perovskite films, independent of their performance efficiency.

3.6 Excitons or Free Carriers

An important question to be addressed is the nature of excitons generated or formed in
MAPDI; perovskite films. Excitons are bound charge carriers which come to existence when
Coulomb interaction between carriers in a material is significant. Based on whether carriers
are separated by more than one lattice site, excitons can be categorized as either Frenkel
exciton or a Wannier-Mott (delocalized). Carriers in Frenkel excitons are closely bound to a
single site and have an effective Bohr radius on the order of the lattice parameter as opposed
to Wannier-Mott excitons which span over multiple atoms. Wannier excitons are modelled
in a similar fashion to the hydrogen atom in bulk semiconductors and are characterized by a

total excitonic energy:
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Figure 3.17 Schematic diagram of the absorption spectrum with inclusion of Coulomb Inter-
action, room temperature excitons and sub-bandgap absorption modelling. Adapted from

[48].

E(n)=E, - % (;;;Ra —E, - }f; (3.5)
Where Ry is the Rydberg constant, m* is the reduced mass, and lastly Ry is the exciton
Rydberg constant. We define the exciton binding energy Ej, = Rx for n = 1. When excitons
are present, the square root model for the absorption spectrum presented in Equation (2.31) is
strongly modified (Figure 3.17) by both Coulomb interaction and sharp peaks which decrease
with n near the band edge for energy values derived from Equation (3.5). Mathematical
modelling for absorption under these circumstances will be presented in Chapter 5 in detail.
The relevance of excitonic effects depends critically on the exciton binding energy. For
example, at room temperature, i.e. T' = 300K, Ej, should be higher than kgT 25 meV for
excitons to exist. Exciton dissociation and carrier production at the extraction layers of a
solar cell is an energy consuming step which encompasses a multitude of transfer processes.
Therefore, excitons in perovskite devices significantly lower both the short-circuit current
and the fill factor, as demonstrated by Yang et al. [64]. Therefore, E, is vital in determining
whether a particular material is suitable for photovoltaic applications. As for perovskites,
the first calculations on this subject were performed in 1994 by Hirasawa et al. on MAPbI;
where estimations of 28 A, ~37 meV and 0.12m, were presented for the exciton Bohr radius,
binding energy and reduced mass, respectively [132]. The relatively large radii of ~20-30
A indicate that excitons in perovskite are of the Wannier-Mott type [133]. In 2013, the

question of excitons versus free charge carriers was addressed by D’innocenzo et al. [35].
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Through temperature-dependent absorption line width measurements, they estimated the
exciton binding energy to be ~50 meV. However, Miyata et al. used a direct method, i.e.
high field magnetic spectroscopy, to probe the exciton binding energy in MAPbI3 thin films at
low temperatures [134]. Their experiments reveal a much smaller binding energy value of ~16
meV which better supports the idea of a purely free charge carrier-based recombination at
room temperature. In MAPDbBr3, the exciton binding energies were reported to be rather high
(~150 meV). Excitons are quite visible in the absorption spectra of bromide perovskites and
marked by a sharp exciton peak near the band edge as shown in Figure 3.5. Although later
studies showed a reduced value of ~76 meV for Fj, this is still above the room temperature
threshold of 25 meV, thus making these materials suboptimal for photovoltaic applications.
As for mixed-cation mixed-halide perovskites, excitonic presence appears negligible based on
the lack of sharp peaks in the absorption spectrum in Figure 3.5. In fact, recent temperature-
dependent electro-reflectance spectroscopy measurements indicate these materials exhibit an
even lower binding energy than MAPbDI3 at room temperature [135]. With the inclusion of
Cs™ alongside FA™, a suppressed phase-transition is observed, leading to lowered binding
energies between 24-32 meV, rather than 36-41 meV [135]. Excitons could be included in
carrier dynamics through the exciton mass-action law for an electron gas combined with the

Saha equation [28, 35]. The law of mass-action can be written as:

np = NxNeg (3.6)

Where we can use the Saha equation to calculate equilibrium density n.,:

3/2
uxkpT _ By
neq:< T2 ) e kBT (3.7)

From the equation, we notice that exciton density is always a function of both electron
and hole density in the system. The exciton binding energy FE, plays an important role
in determining n., and therefore nx. Throughout this work, although some theory will be
detailed as in the case above, excitons will be assumed negligible for most circumstances.
Only free carriers will be considered in our photophysical models based on the observed low
binding energies at room temperature for the vast majority of materials in the 3D perovskite

family [136].
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3.7 Recombination Pathways

The photophysical model in halide perovskites is an important aspect that requires proper
understanding. One question that comes to mind is how do processes such as generation,
recombination, and diffusion fair quantitatively in perovskite films. A starting point to this
question is the model for recombination kinetics detailed by Stranks et al. [31]. Using their
model, one can better elucidate the nature of carrier dynamics and how this ultimately affects
device parameters. A basic assumption of their photophysical model is that depopulation
from trap states occurs at a constant rate. This is reasonable considering the much longer
trap depopulation timescales (ms to second) in comparison with those of recombination
processes (ps), which are several orders lower. Also, excitons and free charge carriers are
assumed to be in thermal equilibrium. Saba et al. have also presented very similar results
with some variation in the rate equations [37]. Their experimental data also indicate that

exciton recombination is quite negligible with free charge carriers being the dominant species.

In MAPbDI3, as in any typical semiconductor, vacancies (MA, Pb, I) and interstitial (Pb,
I) defects have been verified within the band structure [137-142]. The identification of the
dominant trapping mechanism, i.e. hole versus electron traps, in perovskites is currently
an unresolved issue. This question was studied by Wetzelaer et al. [32]. J-V curves for
the double carrier, hole-only and electron-only devices reveal a drop in current values for
the electron-only devices. They attribute this drop in current values principally to electron
traps. However, thermally stimulated currents (TSC) measurements were done for hole-only
devices by Qin et al. [143]. They compared the TSC spectrum of the degraded hole-only
devices with the degraded PSC devices and found identical TSC peaks (trapping states) at
temperatures of 161 K and 213 K for both samples, thereby suggesting holes to be the main
trapped charge carriers. Further theoretical predictions and experimental studies also seem
to indicate hole trapping as the dominant mechanism [142, 144]. The large density of hole
traps is attributed to iodine rich areas, containing significant dangling bonds, which reduced
the carrier lifetimes [145]. Considering the contradictory reports, the nature of the traps is
still a mystery and more work in this direction is crucial to have an accurate understanding
of carrier dynamics. In this work, we assume electron trapping as the dominant pathway
in line with the two works on which our model is based [31, 37]. Therefore, we present an
adaptation of both models as schematized in panel a of Figure 3.18. The corresponding rate

equations for both excitons and charge carriers are as follows:

dn_

7 Riynx — Rynp — kyn — kanp — ksnp* + P (3.8)
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Figure 3.18 : a) Schematic of photophysical processes at low and high fluences. Modelling
for b) Power dependence and c) PL lifetimes at different fluences. Adapted from [31].

d
dZZ = —konp — ksnp* — K\pn, + P (3.9)
dn
ditt = kin — kipny (3.10)
an
e Rinp — Rynx — kxnx (3.11)

Where Ry is the exciton formation rate, R, is the exciton dissociation rate, ky = v1(N; —ny) is
the trapping rate for electrons, ks is the bimolecular recombination coefficient, k3 is the Auger
recombination coefficient, kx is the monomolecular exciton recombination rate, k] is the trap
depopulation coefficient, NV; is the density of available traps, n; is the density of occupied

traps, P is the carrier injection rate, nx is the exciton density, n is the electron density, p
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is the hole density, the bimolecular recombination rate and R(N) is the rate of spontaneous
emission. In line with assumptions regarding excitons, note that we have Ry = 0, Rq = 0

and kx = 0 for our modelling, for which, the results are shown in Figure 3.18.

The coupled differential equations were solved in MATLAB for three different carrier den-
sities, i.e. 10'%, 10'% and 10'7 ecm™3. The parameters for the fitting, taken/inspired from
literature [31, 37], are as follows: NV; = 2.5x 10 ecm™3, v = 2x 10719 em3s™!, k] = 8 x 10712
em?®s7! ky = 1.3x 1071 ecm?s™! and k3 = 4 x 1072 cm?s™!. For low fluences, the population
n; present in the subgap trap states /N, is higher than the population of photoexcited species
N found in the conduction band. In this regime, SRH recombination is the dominating pro-
cess, and a corresponding squared dependence is observed in panel b of Figure 3.18 at lower
densities. A single exponential trend is observed in the PL decay curves at 10'® cm™ (Figure
3.18c). However, at higher fluences, the trap states are saturated, and the conduction band
has a greater population. As AN becomes higher with injection, bimolecular recombination
starts to dominate. This regime is nascent around densities of 10'® ecm™3 but becomes full-
fledged at 107 cm™ (Figure 3.18b). The lifetimes plots show a corresponding fast decay
component at higher densities in Figure 3.18c. The calculations shown here will later serve

as reference for our preliminary characterization measurements detailed in Section 3.9.

3.8 Advances in Carrier Transport Imaging

® ’ Generation of Charge Carriers

{3 Trap Recombination of Charge Carriers

Figure 3.19 Schematic showing grain boundaries acting as carrier recombination centers under
laser illumination. A depiction of anisotropic diffusion typically observed in microscopy
measurements is also highlighted by the brighter grain at the top.

Long carrier diffusion lengths have been identified as an important aspect enabling high ef-

ficiencies in planar heterojunction architectures, but reports differ greatly with respect to
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reported values. In methylammonium lead iodide (MAPbI;) and MAPbI;_,Cl, thin films,
i.e. MAPDI; processed from a PbCly precursor to improve film quality, photoluminescence
(PL) quenching and transient absorption measurements are used to extract respective dif-
fusion lengths of ~100 nm and ~1 pm in the direction perpendicular to the substrate. This
corresponds to diffusion coefficients D = 0.01-0.05 cm?s™! [42, 43]. In such measurements,
the reduced lifetime in the presence of a (perfectly) quenching interface for one carrier type
is fit to the diffusion equation. Alternatively, the diffusion coefficient can be obtained via
Einstein’s relation, using measurements of the carrier mobility, p. In MAPDI; single crys-
tals, time-of-flight and transport measurements have been used to extract diffusion lengths
exceeding 175 pm and up to 3 cm under low fluence excitation [146]. In other single crystal
perovskites, mobilities ranging from p = 105-2000 cm?V~!s~! have been measured using
the Hall effect, corresponding to D = 3-50 cm?s™! [76, 147]. In MAPDI; thin films, time-
resolved THz conductivity [148] and microwave conductivity measurements [149] have found

1. Optical conductivity

mobilities of ~30 cm?V~!s™! [150], corresponding to D = 0.8 cm?s~
measurements tend to provide slightly higher values than the other techniques given that
they yield the sum of both carrier mobilities and probe the motion of charge carriers on the

few-nanometer length scale.

Although the direction of most importance to photovoltaic efficiencies is the perpendicu-
lar direction, lateral diffusion has been shown to be critical in perovskite films due to the
impact of grain boundary recombination on device performance [151]. The study of lat-
eral diffusion also lends itself well to spatially-resolved measurement techniques. For exam-
ple, spatially-resolved photocurrent measurements have been employed to extract diffusion
lengths of Ly = 10-28 pm (electrons) and 27-65 pm (holes) in MAPDI; single crystals and
to demonstrate unbalanced charge transport in MAPbBr3 [152]. All-optical methods such as
four-wave mixing [153], the related light-induced transient grating technique [154] and tran-
sient absorption microscopy [155] are used to analyze in-plane carrier diffusion on thin films
without the need for quenching layers. These measurements have yielded values of Lp(D)
of 1 ym (2 em?s™1), 0.1-0.3 pm (0.02-0.07 cm?s™ 1), and 0.2 pm (0.05-0.08 cm?s™!). These

values of D correspond to the ambipolar diffusion coefficient described in Equation 2.85.

The usefulness of optical/spectroscopic techniques, as those mentioned above, is being es-
tablished rapidly through recent advances in the field of charge carrier transport at both
microscopic and macroscopic levels. As previously said, sample morphology and particularly
grain properties such as orientation, size and boundary thickness play a significant role in de-
vices performances. Although initial studies suggest that grain boundaries have no impact on

carriers, subsequent theoretical calculations indicated to the contrary that grain boundaries
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indeed act as recombination centers as depicted in Figure 3.19 [156]. For one, the strength of
the emitted PL varies from grain to grain depending on the film as reported by DeQuilettes
et al. using a combination of confocal and scanning electron microscopy techniques [157].
In some situations, the PL appears confined to a single grain, whereas in others, connected
grains are seen to brighten in an arbitrary fashion. Similarly, their non-radiative decay times
seem to initially indicate that the darker grain boundaries are non-beneficial for device appli-
cations. However, Ciesielski et al. have contrary results to the others mentioned above with
longer PL lifetimes at the boundaries as opposed to within [158]. Local compositional aspects
and lattice strains have also been proposed as possible causes for the random variations in
observed PL properties amongst different grains [159, 160]. This opens the possibility of dif-
ferent spatial diffusion coefficients based on the range that is being studied. For example, over
multiple grains, the effective spreading could be lower than the spreading within the grain.
Above all, microscopic studies are not typical circumstances of device operation and therefore
generalization of results to all scenarios is not applicable. These focussed conditions, on their
own, could significantly alter the optoelectronic landscape and therefore interpretation of our
results. For example, transient grating measurements by S¢ajev et al. reveal the existence of
intensity dependent diffusion regimes in perovskites [154]. Last, but not least, effects such as
light trapping, photon re-absorption and photon recycling may also contribute in unknown
ways due to these focussed conditions. Therefore, development of further experimental and

analytical methods to study these phenomena are the need of the hour.

3.9 Preliminary Spatiotemporal Measurements

In this work, we present a new take on carrier transport visualization based on micro-
scopic/spectroscopic techniques through the usage of a streak camera technique for mea-
suring the spatio-temporal carrier/PL spreading. Figure 3.20 presents a detailed schematic
of the optical setup used to probe the diffusion of carriers in hybrid perovskite thin films.
The streak camera is an instrument which can be used for capturing spatial or spectral data
at high temporal resolution. The photoluminescence from the laser-excited sample is imaged
using a microscope onto the entrance of the streak camera. For this imaging technique to
be successful, a small laser spot, i.e. as close as possible to the diffraction limit, is required
(~375 nm diameter at 532 nm). This is only possible if the incoming beam is Gaussian and
completely fills the objective aperture. Moreover, the spatial profile of the incoming beam

must be clean and devoid of aberrations.
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Figure 3.20 Schematic of experimental setup for spatio-temporal measurements.

Two elements are necessary: firstly, beam-shaping optics with a pinhole to clean up the
initial laser beam and secondly, telescopes to magnify the beam diameter sufficiently. These
components are shown on the top part of Figure 3.20. The optical components for beam
shaping are the following: L; — 150 mm planoconvex lens, Ly —-75 mm planoconcave lens, L3
— 50 mm aspheric lens, Ly — 200 mm biconvex lens, Ls — 100 mm achromatic doublet lens, Lg
— 150 mm achromatic doublet lens. L; and Ly first reduce the beam diameter to half of the
original size. The beam is then sent to the Ls-L4 telescope. A 25 pm high-intensity pinhole
is used between L3 and L4 as a spatial filter to ensure a smooth beam profile. The beam is
subsequently guided to the Ls-Lg lens pair. Magnification values of 4 and 1.5 are induced
by the lens pairs L3-L, and Ls-Lg, resulting in a total magnification of 3 at the laser output.

Lens L7 is used to focus the light reflected from the first beam splitter onto the power meter.

The bottom half of Figure 3.20 shows the microscopy and detection part of the setup. The
remaining laser power alongside white light is coupled into the microscopy setup for spa-
tiotemporal imaging through the second beam splitter. An coverslip-corrected plan apoc-
hromatic Olympus 60X oil immersion objective of 1.42 NA and 0.15 mm working distance
serves the dual purpose of focusing the beam on the sample and relaying back the collected
image from the surface onto the streak/CCD camera through a 200 mm effective focal length
(EFL) tube lens. The Fianium Whitelase Supercontinuum Laser (WL-SC-UV-3) was used

as the excitation source for this experiment. The broadband picosecond pulses (~48 ps) are
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Figure 3.21 For MAPbI3 (MAL:PbCly) toluene washed sample, we have in a) Laser profile (o
= 191 nm), in b) Fluorescence profile (¢ = 338 nm)

first spectrally filtered with a 10 nm bandpass filter centered at 532 nm, which was chosen
as the excitation wavelength. Depending on the experimental requirements, the repetition
rate of can be varied between 200 kHz and 40MHz using a pulse picker. The measurement

presented here was conducted at a rate of 2 MHz.

We started with toluene washed MAPbI3 (MAIL:PbCly) films for our preliminary spatiotem-
poral characterization of perovskite photophysics. Despite low performances, the toluene
washed MAPbI; (MAI:PbCl,) films are interesting candidates for this experiment due to the
large smooth island formations seen earlier in Figure 3.12. An ideal optical alignment can be
defined as a perfect overlap of the following focal planes on the sample surface: the image of
the surface, the focused laser spot, and the fluorescence spot. This condition can be obtained
by fine tuning the camera-tube lens and the objective-sample distances in conjunction. Fig-
ure 3.21 shows the laser and fluorescence profiles captured using the CCD camera at ideal
alignment. At 532 nm, the standard deviation of the diffraction limited spot (A\/2NA) for
a 1.42 NA objective is ~188 nm. The measured value of 191 nm is thus representative of a
well-focused laser. However, the fluorescence will have a greater width due to spreading of

the charge carriers as seen in panel b (~382 nm).

The results of our streak camera measurements are presented in Figure 3.22. In a streak
camera measurement, the magnified image of the fluorescence spot is sent directly to the
entrance slit of the streak camera. The photons, after passing through the slit, strike a
photocathode, generating free electrons in the streak tube. A pair of electrodes is used to
vertically sweep the electrons using a laser-synchronized electric potential, which is applied

to spread the incoming electrons in time. The electrons then pass through an amplifying
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Figure 3.22 For MAPbI; (MALPbCly), in a) PL streak camera data for 1.1 x 10" ecm™3, b)
Power dependence measurement, ¢) Photoluminescence lifetime decay alongside biexponen-
tial fits (solid lines) and in d) Spreading, i.e. standard deviation of PL profile (pm), as a
function of time (ns) alongside smooth lines (solid) for injection densities of 1.1 x 10'7 cm™3
and 1.6 x 10'7 cm ™3

micro-channel plate (MCP) and hit a phosphor screen, thereby generating a physical imprint
of the spatio temporal data that is captured by a CCD camera at back of the system. In the
single sweep mode, the streak camera can resolve data from ~10 ps to ~ ms timescales. For
the mixed lead halide perovskite thin film samples, the ideal capture time window was about
10 ns based on their observable lifetime. The spatial spreading with time as observed in the

streak camera is depicted in panel a of Figure 3.22 for an injection density 1.1 x 10" cm™3.

Alongside streak camera measurements, we also studied the recombination pathways to ex-
perimentally validate literature data as well as calculations presented in the previous section.

For this, we performed a power dependence measurement wherein the intensity of the PL

spot, monitored using the CoolSnap HQ? CCD camera, is varied as a function of fluence. The
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measurement results are presented in panel b of Figure 3.22 in a logarithmic scale wherein
we have performed linear regression fitting for the two observed recombination regimes. At
low fluences, the PL varies to the power of ~1.45 + 0.03 as a function of intensity, i.e. PL
o I%/2, whereas at higher fluences, the slope was found to be ~0.6 4 0.02, otherwise PL o
196, The final point on the right side indicates a regime of complete saturation as no more
increase is observed. Although inconsistent with our calculation, this power law is in line
with results presented by Saba et al. [28, 37]. Since the observed photoluminescence is a
result of the band-to-band transition term U,_, = bnp, it is quite likely that the density for
one of the two carrier types scales to power of 1 with the other scaling to % as in p o< I' and
n o< I'Y? or p o I'/? and n o I'. This corresponds to a situation where the traps capture a
single carrier type, either electron or hole. Although authors assume electron traps to be the
dominant recombination pathway, as previously explained, consensus on the subject is yet
to be achieved. The focus of the Saba and co-scientists was on elucidating the underlying
mechanism for a conducting plasma of Coulomb-correlated electron-hole pairs through pho-
toluminescence and transmission spectroscopy [37]. According to their analysis, the plasma
is beneficial for promoting efficient charge separation within the perovskite. Their results
however slightly differ from those of Stranks et al. on some points. For one, lifetimes here
are in the 10-100 ns scale as opposed to the >100 ns range. Moreover, the bimolecular regime
starts at densities of 10'® cm ™ as opposed to the 10" cm™3 value in the other paper. On top
of the power law similarity, our threshold for the bimolecular regime, i.e. ~2 x 10'® ecm=3

shown in Figure 3.21, is also consistent with the Saba et al. model [28, 37].

Time resolved PL curves, obtained via integration of raw streak camera data, are shown
for two different injection densities, 1.1 x 10" cm™ and 1.6 x 10'7 cm™®

the MAPbI; (MAIL:PbCly) film. We have used a biexponential function to fit the curves

and extract monomolecular and bimolecular lifetimes 7 and 75. Further, we attempted to

, in panel c¢ for

get a pure monomolecular decay to accurately isolate 71, but lower injections did not yield
PL data with a meaningful signal-to-noise ratio on the streak camera. For the low fluence
curve, the monomolecular lifetime 71 is 3.6 ns as opposed to the higher fluence value of 1.6
ns, indicating that bimolecular recombination is influencing this value. Therefore, 3.6 ns is
the lower bound for 71, corresponding to an upper limit for k; of 1/7 = 2.8 x 10% s71.
The order of this value is quite high and potentially indicative of significant quantity of
trap state densities within the material. As for the bimolecular lifetime 75, we have 0.15 ns
and 0.09 ns for the high and low fluence respectively. Intuitively, 75 should become smaller
with higher densities as it is inversely proportional to n through the relation 75 = 1/kon.

Since, in our case 7y is getting larger, it is highly likely that the biexponential fit is unable
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to properly account for the contributions of each process. However, the effective lifetime
Terf = (10 Yy 1)_1 of the higher fluence measurement is definitely greater at a value of
0.137 ns, as opposed to the smaller fluence value of 0.088 ns. This indicates that there are
more effects at play which need to be explored. The model and values obtained here fail
to capture the observed nuances. Nevertheless, both the power dependence and lifetime
measurements clearly indicate a strong necessity to account for recombination kinetics and
fluence dependence while modelling diffusion in perovskite films. In panel ¢, we calculated
the spreading of the photoluminescence as a function of time. The spreading is quantified
through the standard deviation o of a Gaussian fit to the raw spatial data at every time slice.
Looking at this preliminary spreading result, we observe that at time ¢ = 0, we have o = 300
nm. At 1.1 x 10'7 em™3, by the end of the time window the spreading extends by ~700 nm
up to a value of ~1 pm, whereas at 1.6 x 10'7 cm ™2, we observe an increase of 1 pm from
300 nm to 1.2 pm. The increase in spreading with fluence is quite interesting and requires
thorough quantitative modelling on top of experiments for deeper understanding. We will

revisit this aspect in Chapter 5.

(a) (b)

20x - No Toluene Wa 20x - With Toluene Washing

Figure 3.23 Microscope images of PbAcs precursor based films a) without and b) with toluene
washing. The toluene washed film has reduced pinholes.

Besides higher efficiencies, the PbAcs precursor films also displayed excellent morphological
properties, making them ideal for microscopic streak camera measurements. Here, we look
at both cases, with and without toluene anti-solvent washing. This was not possible for
MAPbDI3 (MALPbCly) as the untreated (no toluene washing) sample morphology was too
rough for microscopic measurements. This is not the case when using PbAc, as evinced by
the smoothness of both films depicted in Figure 3.23. The lifetime and spatial spreading
results obtained using the streak camera are shown in Figure 3.24. Looking at these results,

there are many features that stand out. The fluences for the two samples, albeit different,
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Figure 3.24 a) Lifetime and b) Spatial spreading for a sample without toluene washing and
with toluene washing in c¢) and d). The injected carrier densities for the two samples are 1.39
x 10 cm™ and 1.65 x 106 cm ™3,

are still very close in terms of absolute value. We would therefore expect the lifetime curves
to look very similar. However, it is easily noticed that monomolecular recombination is now
more suppressed when toluene is used, i.e. 140 ns (panel a) as opposed to 106.1 ns (panel c).
This indicates that the anti-solvent treatment has most likely led to the passivation of many
traps within the perovskite. Furthermore, the bimolecular component is more dominant
despite similar fluences from the shorter lifetime of 12 ns (panel ¢). This may indicate a
rapid saturation of the trap states as the overall density is now reduced. The spreading data
shown in panels b and d illustrate an interesting story. To begin, the ¢ value for the toluene
washed case is around 500 nm, which is roughly twice the value of the unwashed case, i.e.
250 nm. Moreover, the trend in the unwashed case shows no variation, indicating a complete
lack of spreading. This contrasts with the washed condition where o increases by another

~700 nm, reaching a value close to 1.2 pm.
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For the exact same material with identical fabrication procedure, a simple anti-solvent treat-
ment has a dramatic impact on both lifetimes and spreading of charge carriers. The reasons
as to how the carriers spread in one case and not the other could be likely due to quenching
at grain boundaries. Similarly, effects such as photon recycling could also be subdued to ab-
sorption or loss of recycled light in constricted geometries. We will attempt to answer some
of these questions in the subsequent chapters. In general, both lifetimes as well as diffusion
lengths seen in our results are consistent with values reported by others [42, 43]. Albeit the
encouraging results, the picture is far from complete as an accurate interpretation is only
possible through a complete spatio-temporal fit of the experimental data. In the following
chapter, we present a more rounded spatio-temporal model of diffusion; based on results
obtained on a refined understanding of the experimental setup applied to a variety of stable

device certified perovskite thin film samples.
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CHAPTER 4 TIME-RESOLVED IMAGING OF CARRIER DIFFUSION

Copyright notice: parts of the discussion presented in this chapter were adapted with

permission from

A. Sridharan, N. K. Noel, H. Hwang, S. Hafezian, B. P. Rand, and S. Kéna-Cohen,
“Time-resolved imaging of carrier transport in halide perovskite thin films and
evidence for nondiffusive transport,” Physical Review Materials, vol. 3, no. 12,
pp. 1-10, 2019. Copyright © 2019 by the American Physical Society. DOI:
10.1103/PhysRevMaterials.3.125403.

4.1 Introduction

As elucidated in the previous chapter, the broad spread of values suggests both a need for
further study, and for techniques which can unambiguously identify diffusion coefficients un-
der a limited number of assumptions. In this work, we directly image the spreading of charge
carriers in both time and space. Subsequently, we extract the diffusion length from a fit to
the 3-dimensional (3D) diffusion equation. We present results for MAPbI; (MA) processed
via antisolvent quenching, MAPDI3 processed using an acetonitrile/methylamine compound
solvent (MA-ACN), the mixed-cation, mixed-halide perovskite FAggsMAg 15Pb(I85Bro.15)3
(FAMA) and MAPDbBr; (BR). Surprisingly, we find that samples with long, monomolecular
lifetimes tend to be characterized by small diffusion coefficients, resulting in negligible in-
creases in the diffusion length as compared to the prototypical MAPbI3. Further examination
of MA-ACN shows strong evidence for non-diffusive transport. In this case, we observe a
very large effective diffusion coefficient during the first few nanoseconds, while on a timescale
comparable to the ps lifetime, the diffusion coefficient drops by more than 2 orders of mag-
nitude. Fitting of the studied samples in different time windows suggest that this effect is
present in most of the films to a varying extent. We also emphasize various effects and as-
sumptions that can lead to artifacts in diffusion length measurements. A notable example is
the apparent spatial spreading of charge carriers that can occur in the complete absence of
diffusion when both monomolecular and bimolecular recombination are present. This effect
is analogous to one recently observed in a study of exciton diffusion in monolayer transition

metal dichalcogenides in the presence of exciton-exciton annihilation [161].
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4.2 Methods

4.2.1 Diffusion Measurement

To probe carrier diffusion, we record the spreading of luminescence in both space and time,
after excitation with a diffraction-limited pump spot, which generated the initial carrier
distribution. The technique is depicted schematically in panel a of Figure 4.1. This approach
was originally introduced to examine exciton diffusion in tetracene single crystals [162]. Here,
we implement a slight variant that uses a streak camera to avoid the need for any moving parts
[161]. By fitting the time and space-dependent luminescence to the diffusion equation, we are
able to directly obtain the recombination and ambipolar diffusion coefficients of free carriers
for a range of hybrid organic-inorganic perovskite thin films. When linear recombination
is present alone, in-plane diffusion leads to a time-dependent spreading of the Gaussian
luminescence width o(t), such that o?(t) = ¢2(0) + 2Dt. However, a full solution to the
diffusion equation becomes necessary when bimolecular recombination occurs. In this case,
the spreading is no longer determined by this simple relationship and apparent spreading
occurs even in the case D = 0 [161]. This is the regime typical of free carrier materials and
that is where our measurements and all previous in-plane measurements of perovskite thin

films have been performed.
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Figure 4.1 a) Left: Schematic of the experiment showing the incoming laser pulse gener-
ating electron-hole pairs which diffuse and subsequently recombine, emitting photons that
contain information on the spatial distribution of carriers. Right: A streak camera mea-
surement showing spreading of charge carriers in time and space for a film of MAPbI;
processed using an acetonitrile/methylamine (MA-ACN) compound solvent. Data are nor-
malized at each time step to highlight the spreading. b) Log-log plot showing spreading
of the standard deviation obtained from a Gaussian fit to the spatial profiles as a function
of time for samples MA (MAPbI;3), MA-ACN on both long and short timescales, FAMA
(FA.8sMAg 15Pb(Igs5Bro.15)3), and BR (MAPDbBr3). The circles and solid lines correspond
to raw streak camera data and modelled results respectively.



(@ 15 600 (b) 2 900
- - —Normalized Peak Intensity
——Normalized Peak Intensity . .

— - - Normalized Integrated Intensity 280 S ] 7N0rma.“29d Integrated Intensity 800 &
o 1.25 —_Gaussian Half-Width 560 € ! — Gaussian Half-Width g
< - £
= 1 % % 700 T
e 5 z
2 “Eg j= 600 “E(E
B 0.75 = 3 c
= 2 N 500 -3

@ ] 1]
£ = £ 3
S 05, 3 S 5
=4 2 400 &

' 300
0 2 4 6 8 10 0.5 1 1.5 2

Time (Hours) Time (Hours)

Figure 4.2 Normalized peak intensity, integrated intensity and Gaussian half-width calculated
for each data frame in time from streak camera measurement shown for samples a) BR and b)
MA-ACN. Slow fluctuations in time occur due to defocussing, but no long-time degradation
is observed. For the data analysis, we only keep the frames where the focus is good.

Prior to performing measurements with a tightly focused pump, we first estimate the linear
and bimolecular recombination coefficients by performing time-resolved measurements with
a large excitation spot. Under these conditions, diffusion plays a reduced role which allows us
to decouple diffusion from the apparent lifetime observed when measuring photoluminescence
with a diffraction-limited pump. We then perform diffusion measurements by focusing the
A = 532 nm pump laser on the sample surface, through the glass coverslip substrates using
an oil-immersion objective to a nearly diffraction-limited spot of width ¢ = 120 nm. In
this configuration, a slice through the center of the pump spot is imaged through the same
objective onto the streak camera entrance slit. This allows us to obtain the spreading of
the PL in both space and time as shown schematically on the right-hand side of panel a
in Figure 4.1. The use of immersion oil also prevents any artificial spreading of the spatial
profile due to the re-absorption of photons that are totally internally reflected in the glass.
A schematic of the optical setup and additional details are given in the previous chapter in
Figure 3.20. The single-sweep unit (M10913-11) in the Hamamatsu C10910 streak camera
provides a temporal resolution of < 20 ps resolution for the smallest time window of 1 ns. All
experiments were carried out in photon counting mode at 10 ms exposure time and maximum

MCP gain. Detailed measurement conditions are described in Table 4.1.

The PL spot intensity and waist were found to be unstable with time as shown by the
calibration measurements depicted in Figure 4.2 for samples BR and MA-ACN. The mean

reverting cyclical trend is likely caused by external thermal and mechanical perturbances
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affecting the optical stability. In our measurements, we conserve data for only those time
where the standard deviation of the PL spot is minimal. Panel b of Figure 4.1 shows the
Gaussian half-width (standard deviation o) obtained by fitting the photoluminescence (PL)
spatial profile to a Gaussian profile at each time step. For all samples, we find a clear
increase in the PL spot size as a function of time. This increase, however, is due to an
interplay between bimolecular recombination and diffusion as will be shown below. The
difference between the initial PL spot size and the pump size is ascribed to photon recycling
which can occur on the picosecond timescale [163]. Note that the degree of time-dependent
spreading varies significantly amongst the various films. One strength of the streak-camera
based technique as compared to pump-probe, which is noticeable in panel b of Figure 4.1, is

its adaptability to a wide range of lifetimes, ranging from sub-ns up to ~10 ps.

Table 4.1 Experimental conditions and calculated initial parameters for fitting procedure
described in experimental section shown for the perovskite thin film samples.

Sample Laser Sample Absorption Electron Laser Repetition Rate
wavelength Ay thickness t; Length t, density ng (60x Objective)
[ nm ] [ nm ] [ nm ] [ 1016 cm—3 ] [ MHz ]
MA 532 398 172 2.49 2
MA-ACN 532 353 161 4.29 0.5
FAMA 532 486 192 1.25 0.1
BR 450 290 251 0.76 20

4.2.2 Film Fabrication

For the mixed-cation, mixed halide perovskite FAMA, a 1.25 M solution of FA( g5 MAg 15Pb(I
0.85BT0.15)3 was prepared using a 4:1 v:v ratio of DMF:DMSO. The solution was spin-coated
onto the desired substrate at 1000 rpm for 10 s, followed by 6000 rpm for 35 s. 100 pL of
anisole was dropped onto the substrate 35 s after the beginning of the spin-coating. The films
were then annealed at 100 °C for 60 min. The same protocol was repeated for the MAPbI;
and MAPDbBr; samples, where the concentration of the precursor solutions was 1 M. In the
case of the acetonitrile processed MAPDI3, a solution of methylamine in ethanol (Sigma
Aldrich, 33 wt%) was placed into an aerator which was kept in an ice bath. A carrier gas,
Ny, was then bubbled into the solution, thus degassing the solution of methylamine. The
produced methylamine gas was then passed through a drying tube filled with a desiccant
(Drierite and CaQ) before being bubbled directly into the acetonitrile (Sigma Aldrich) which
contained the perovskite precursors (MAIL:Pbl, ratio of 1:1.06 M) at a concentration of 0.5
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M. The gas was bubbled into the black dispersion until the perovskite particles were wholly
dissolved resulting in a clear light yellow solution. Scanning electron micrographs of the
studied samples are shown in Figure 3.13. We note that the different processing routes
and compositions lead to drastically different surface morphology and apparent grain sizes.
For the samples showing clear grain boundaries, the excitation laser was centered within
individual domains to minimize scattering of the Gaussian pump beam. All of the films were

fabricated by our collaborators.

4.2.3 Fitting

From the data, the diffusion and recombination coefficients can be extracted by simultane-

ously fitting the entire data set (space and time) to the three-dimensional diffusion equation:

on(r, z,t)
Ot

Pn(r,z,t)  10n(r,21t) N 9n(r, z,t)

=G(r,2t)-D or? + r  or 022

—kn(r, z,t)—kon(r, z,)?
(4.1)

Here, G(r, z,t) is the carrier generation rate determined from the pump, D is the (isotropic)
diffusion constant; and k; and ky are the monomolecular (Shockley-Read-Hall) and bimolec-
ular (band-to-band) recombination coefficients, respectively. Auger recombination can be
safely ignored given the low initial carrier densities in our experiments (< 5 x 1017 cm™3).
We assume high-level injection and ambipolar conditions, i.e. n = ng + An =~ An = Ap,
where An and Ap correspond to the excess minority carrier density. This assumption is
justified when An exceeds the majority carrier density ng (or pg). At the carrier densities
relevant for most of our experiments, this is a reasonable assumption. Previously reported
values are py ~ 10' cm™ in MAPbI3 and MAPbI;_,Cl, thin films, and values ranging from
po = 10°-10"? cm ™ in MAPDI; single crystals [146, 147, 164]. Samples from synthetic routes
and compositions which yield longer monomolecular lifetimes (fewer traps), such as MA-ACN
and FAMA, are expected to possess even lower majority carrier densities. Alternatively, a
quadratic dependence of the PL on the pump power, such as that observed BR, can also
be used to demonstrate the validity of the high-level injection assumption [165]. Because
of the low exciton binding energy (<16 meV) in the materials under study, any excitonic
contribution to the photoluminescence at the excitation densities utilised is considered neg-
ligible [134]. The reported diffusion coefficients correspond to the ambipolar D in Equation
(2.85), which is dominated by the least diffusing species. With the assumption of high-level
injection, the PL can be calculated from the simulated carrier density using PL oc An? .
The dependence of the initial carrier density on the pump profile depends on the relative

contributions of monomolecular vs bimolecular recombination. In all samples except BR,
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bimolecular recombination dominates at initial times, i.e. koAn(t = 0) > ki. Given that the
samples are fabricated on glass and capped with PMMA thin films, we assume corresponding

reflecting boundary conditions at the top and bottom interfaces in our modelling.

The initial carrier density profile can be obtained from the measured pump laser profile and
the t = 0 PL streak camera data. The peak density of excess photogenerated charge carriers

Ang is derived from:

ts 2m o0

ANyota = /An(r, z,t =0)dV = Ano///f(r)g(z)d2rdz (4.2)
v 000

Where f(r) and g(z) correspond to the normalized initial density profiles in-plane and in
the z-direction, respectively, Ansoar = Pg/Ey, is the total number of excess charge carriers
obtained via the pulse energy Pp and the photon energy E,, = hco/Ar, while ¢, is the
sample thickness. In high-level injection. i.e. PL o An® and a t = 0 recombination rate that
exceeds the pump pulse length, the initial density profiles are obtained from the square root
of the t = 0 measured PL, i.e. f(r) =e " /%Pri=0 where 0P 41— is the PL Gaussian width.
Since in all measurements, the Gaussian width of the PL is much larger than that of the
imaging system PSF at the emission wavelength, we can safely ignore the PSF contribution.
Similarly, g(z) = e */* is given by the square root of the Beer-Lambert equation. Here,
t, is the absorption length at laser wavelength A\;. After further operations, we obtain the

following expression for Any:

o Antotal
- 2 _ p—ts/2tq
8oL —ola (1 — e71e/?)

Parameters A\, t,, ts, and Ang are shown in Table 4.1 for each sample. The obtained initial
carrier density is then used as the initial condition to evaluate subsequent time steps of
the diffusion equation using the forward Euler discretization scheme, i.e. Equation (4.1).
The resulting 3D array from the simulation, integrated along the z-axis, produces a 2D
(r,t) intensity matrix for the same spatiotemporal coordinates as the streak camera data.
Fit coefficients are then found by a least squares minimization of the error between the

simulation result and the experimental data as depicted in Figure 4.3.
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Figure 4.3 Demonstration of the least squares minimization process. The colorful mesh is a
fit whereas the red spikes correspond to the experimental data.

4.3 Experimental Results

The measurement and fit results are shown in Figure 4.4 for all samples for peak excitation
densities given in Table 4.1. The panels on left show a cross-sectional fit to the time-resolved
data taken from the center of the spot, while the ones on the right show spatially-resolved fits
taken at various times. The time dependence and spatial spreading are both well-reproduced
by the calculation. The fits show excellent agreement with the model, which confirms that
invoking the explicit presence of an exciton population or trap states is unnecessary for
explaining the results under our measurement conditions (although they may be present).
Some minor discrepancies arise in the tails at longer times that appear to be due to deviations
between the Gaussian initial condition (¢ = 0) for the simulation and the real experimental
profile (see Methods Section 4.2). A summary of the diffusion and recombination coefficients
obtained for the different samples is given in Table 4.2. The 1D monomolecular diffusion
length, defined as Lp = m , is also indicated. For MA, we obtain a value of D =

(1.25 + 0.01) x 107! em?s™! and a monomolecular diffusion length of Lp = (1.68 + 0.03)

pm. Processing perovskite films using an acetonitrile/methylamine compound solvent system

leads to solar cell efficiencies of up to 19% [129]. Our calculations indicate that the diffusion
coefficient in the MA-ACN sample is D = (6.9 £ 0.1) x 1073 cm?s™!, which is two orders of

magnitude lower than that of MA. The much smaller value k;, however, leads to a comparable
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Figure 4.5 Time resolved photoluminescence data measured at low power with a 110 pm
pump spot and least squared fits used to obtain the monomolecular recombination coefficient
ky. The obtained values are (2.331 4 0.003) x 105, (9.25 4 0.08) x 10%, (6.47 4+ 0.02) x 10°
and (3.2 + 0.1) x 10° for MA-ACN, FAMA, MA and BR, respectively.
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monomolecular diffusion length Lp = (1.73 £ 0.04) pm.
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Figure 4.6 XRD data showing FAPbI; in pure a-phase (experimental condition), and with
appearance of d3-phase peaks (near ~12°).

The FAMA composition was engineered as a thermodynamically stable substitute to the
FAPbDI3 a-phase perovskite, which was found to undergo a transition into a non-perovskite
5-phase at room temperature (Figure 4.6) [80]. For FAMA, which is the composition of the
highest-reported device efficiencies (~22%) [83], the extracted diffusion coefficient is even
smaller, D = (5.6 £ 0.1) x 107* cm?s™! with a corresponding diffusion length of Lp = (0.78
+ 0.04) pm. We have also performed measurements on BR (MAPDbBr3) and our results show
a large diffusion coefficient of D = (5.08 £ 0.05) x 107! em?s™'. Despite the high value of
D, the short diffusion length Lp = (0.96 £+ 0.04) pm obtained for BR is a consequence of its

very short lifetime.

For MA, which is the most studied film, the recombination coefficients agree with previously
reported values [150], with the caveat that we ignore photon recycling in the transverse
direction, but implicitly account for it in the lateral direction. The diffusion coefficient we

observe for MA is comparable to that obtained in several previous reports (~0.04 cm?s™1) [42,
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Table 4.2 Diffusion and recombination coefficients obtained through iterative fitting of streak
camera data for various perovskite films. Error values correspond to 95% confidence intervals
obtained from the fits. In this context, D is an “effective” diffusion coefficient which does
not account for photon recycling. The value of ks is not corrected for photon recycling along
the n of the film and depends on the approach used to determine the initial carrier density
(see text). For MA, MA-ACN and FAMA, the values of k; were obtained using separate
measurements with larger spot sizes (Figure 4.5).

D kl kz LD

Sample [ cm?2s™1 | [s71] [cm3s™1! | [ pm |

MA  (1.25 £0.01) x 107! (4.4 £0.1) x 10  (7.38 & 0.06) x 1071  (1.68 & 0.03)
MA-ACN (6.9 + 0.1) x 1072 (2.331 £+ 0.003) x 105 (8.58 £ 0.08) x 10710 (1.73 £ 0.04)
MA-ACN®) (1.56 + 0.01) — — —
FAMA (5.6 £0.1) x 107%  (9.25 £ 0.08) x 10* (1.23 £ 0.06) x 10=2  (0.78 £ 0.01)
BRP  (5.08 4 0.05) x 10~* (5.55 & 0.05) x 107 — (0.96 + 0.01)

a) Measured in the short 1 ns time window; b) In BR, k2 could not be obtained due to the dominance
of the monomolecular regime k; >> kon under the experimental conditions.

43, 155]. Our results point to an inverse relation between long lifetimes and D for both MA-
ACN and FAMA which suggests weakly mobile, localized minority carriers as the source of
the PL in long-lifetime films. When MAPDbIj3 is processed from the acetonitrile/methylamine
solvent, we observe a much longer monomolecular lifetime, suggesting a reduced trap density,
but at the same time, a diffusion coefficient that is reduced by one order of magnitude
compared to MA. The same trend is observed in FAMA, but with an even longer lifetime

and smaller diffusion coefficient.

4.4 Discussion

4.4.1 Potential Artifacts in Time-Resolved PL Measurements

Two potential artifacts need to be considered when analyzing the kinetics. First, we note that
diffusion can strongly modify the time-dependent luminescence, particularly in geometries
with a tightly focused pump such as in confocal fluorescence lifetime measurements [166].
Panel a of Figure 4.7 shows a series of linear (monomolecular) PL transients calculated for
increasing values of the diffusion coefficient. Diffusion outside of the excitation spot leads to
apparent non-linear behavior, which is simply an artifact due to the spatial dynamics. For
this reason, initial conditions for our fits were obtained by first measuring k; and ks using

measurements performed with a large pump spot (with D = 0). These values were then
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refined using the tightly focused data.
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Figure 4.7 a) Impact of the diffusion coefficient on the linear lifetime i.e. with monomolecular
recombination only (k; = 1.02 x 10° s7!), in the tightly-focused regime. The rates for
bimolecular and Auger recombination are neglected to highlight the significant impact of
diffusion alone on the initial part of the lifetime curve. b) Modelled spreading of the Gaussian
width due to bimolecular recombination coefficient ks in the absence of diffusion (D = 0).

Second, bimolecular recombination leads to an artificial spreading of the PL spatial profile
in time. To illustrate this, panel b shows the calculated spreading of the Gaussian width
of the spatial profile for our samples using recombination coefficients from Table 4.2, but in
the absence of diffusion (D = 0). The figure shows a large increase of the Gaussian width
that is purely due to k. This is analogous to a recent demonstration that exciton-exciton
annihilation leads to increases in the apparent D for excitonic materials [161]. This effect
becomes more important for increasing carrier densities. At the densities relevant for our
measurements (10%-10'" cm™2), both D and k, play important roles in dictating the time-
dependent spreading. This is always the case under high-level injection for D and ky values
typical of perovskite thin films. As a result, one cannot directly use the Gaussian width as
a function of time to extract the diffusion constant. Note also that the traditional transient
grating decay formula, which has previously been used for measuring in-plane diffusion in

perovskite films, has not been properly modified to account for bimolecular recombination
[153, 167, 168].
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Figure 4.8 Spatial profiles of the PL for the MA-ACN sample at the times indicated in the
legend. These are shown a) over a timescale comparable to the monomolecular lifetime and
b) at very short times.

4.4.2 Photon Recycling

Finally, photon recycling also plays an important role in dictating the time-dependent behav-
ior in the directions perpendicular and parallel to the substrate. Recent studies show that in
films thicker than the absorption length, the measured k5 can differ from the intrinsic k5 by
up to one order of magnitude due to photon recycling in the direction perpendicular to the
substrate [163, 164]. In the simplest picture, emission and re-absorption, redistribute the ini-
tial carrier density over the entire thickness of the film on a sub-nanosecond time scale. Here,
we have only reported the apparent ks, without correcting for this effect. In principle, under
high-level injection and when bimolecular recombination dominates, the initial carrier den-
sity in-plane should agree with that obtained from the laser profile using An(0) o< y/P(r,0),
where P(r,t) is the laser pump profile. However, the mismatch between the laser (o7 &~ 120
nm) and the photoluminescence (opr —o ~ 300 — 580 nm) Gaussian widths is evident from

panel ¢ of Figure 4.1.

To understand the difference in initial widths, we have measured the spreading of the spatial
profile of MA-ACN at the highest resolution possible in our system (~50 ps) (Figure 4.4 -
panels i and j). The spreading of the spatial profiles is also shown side by side for the short
and long timescales in Figure 4.8. Even for this time resolution, there is a large mismatch
between o7, = 120 nm and opr ;-9 = 444 nm. This is indicative of very fast spreading on a

< 50 ps timescale. One can show that this agrees well with a single photon recycling event.
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Table 4.3 Simulation results for Sample MA showing fitted coefficient D for varying initial
excess carrier densities Ang. These changes in the initial charge carrier densities simulate
photon recycling conditions.

Ang D
[10" cm™2] [ 107! cm?s7! ]
15 (1.20 + 0.01)
2.0 (1.27 + 0.01)
2.5 (1.25 + 0.01)
3.0 (1.23 + 0.01)
3.5 (1.21 + 0.01)

Taking ay, = 2.24 x 10* cm™! for MA-ACN at the peak emission wavelength, i.e. A = 754.2
nm (Figure 3.5) and Equation (2.136), we obtain Lp, = 2.58 x 107° ¢cm. We can estimate
the temporal spreading of the Gaussian width via 0*(t) = 0*(0) = 2D7\ + 0*(0) + 2L3, , or:

AO-ph. recycling — 02(t) - 02(0) = \/ELD/\ (44)

Thus, we obtain Aoy recycling = 3.65 X 10~° cm or 365 nm, a value which roughly corresponds
to the observed mismatch between excitation oy, and opr —o. When exciting at energies high
above the bandgap, Guo et al. have recently observed fast spreading of carriers over ~100 nm
in only 1.2 ps in MA [155]. Although this effect may contribute to the spreading, the spectral
redshift that we observe towards the edge of the PL spot (not shown) and the absence of a
strong dependence on the pump wavelength is more indicative of photon recycling. In any
case, we implicitly account for the initial in-plane spreading by using the t = 0 PL width to
determine the initial carrier density. This leads to much lower initial carrier densities than
those that would be obtained directly from the pump size. One could appropriately include
photon recycling in the theoretical model or modify the initial transverse density to account
for redistribution. However, we have verified that although such changes can affect ks by up to
an order of magnitude, the effect on D is negligible (Table 4.3). The values for MA in Table 4.2
coincide well with apparent values of ky measured for films of similar thickness although one
should be wary of the various assumptions made when comparing different values [163, 164].
Note, for example, the importance of correctly calculating the carrier density from the pump
profile when measuring the bimolecular recombination coefficient. Under high-level injection
and at carrier densities where bimolecular recombination dominates, An(0) is given by the
square root of the pump profile in space (or of the ¢ = 0 PL profile). The spatial width of
An(0) thus differs by a factor /2 from that of the pump (or PL).
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4.4.3 Non-Diffusive Transport
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Figure 4.9 Diffusion coefficient, D, as a function of time obtained by fitting the data over
different time sections, whose ranges are shown as horizontal dashed lines. The sections are
chosen to ensure a single global minimum with a good confidence interval on the value of D.
The solid lines are guides to the eye. For MA-ACN the result of the short-time data has been
combined with that of the longer time data set. Only one data point is shown for FAMA
since D ~ 0 cm?s™! reproduces the data very well for all later time sections.

For the shorter time window in Figure 4.8, our modelling gives a diffusion coefficient of D =
(1.559 4 0.006) cm?s™! for MA-ACN. This high value of D, which corresponds to a mobility
of ~60 cm?V~1s7! is more characteristic of intrinsic values measured on single crystals or
over short distances using THz conductivity measurements. Our results thus point to two
distinct diffusive regimes in the longer lifetime film. Very fast initial diffusion over a time
window nearly 1000 times shorter than the monomolecular lifetime, followed by very slow
diffusion on longer timescales. One can systematically study this effect for all of the film

compositions.

Figure 4.9 shows best fits to the diffusion coefficient over distinct time slices from the data
(dashed lines), with k; and ko fixed to the values in Table 4.2. Although the weighted
diffusion coefficients are like those obtained using the global fit (Table 4.2), we observe a
clear time-dependent decrease of the diffusion coefficient for all of the films except FAMA.
The latter is characterized by a very small diffusion constant (undistinguishable from D ~ 0

cm?s™!) for all times other than the one shown in the figure. We suspect that these trends are
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due to very efficient trapping of the initial rapidly diffusing carriers on defects and at grain
boundaries, followed by slower de-trapping/re-trapping. This hypothesis is supported by
recent measurements of the microscopic surface potential that have found very large potential
fluctuations for MA-ACN (~40-80 meV) as compared to antisolvent-quenched MA (~20 meV)
[130]. Scajev et al. have also observed a strong dependence of D on the initial carrier density
and suggested the presence of band-like and localized diffusion mechanisms. The latter was
found to be dominant in mixed-halide films and was attributed to a diffusion mechanism
that is dominated by carrier hopping and delocalization in localized states due to alloy
disorder [154]. Localization due to alloy disorder in the mixed-halide, mixed-cation FAMA
film might thus be another source of the reduced D. Similarly, multi-hour absolute intensity
photoluminescence combined with lateral photoconductivity measurements also show regimes

where diffusion is seen to decrease due to carrier localization in smaller domains [169].

4.4.4 Relevance to Photovoltaic Efficiencies
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Figure 4.10 Calculated a) diffusion length and b) internal PLQFE as a function of carrier
density using the coefficients in Table 4.2 for various metal-halide perovskite films. In both

graphs, the lines for BR were calculated using the previously reported value ko = 7 x 107!
cm®s™1 [170].

The diffusion length and the photoluminescence quantum efficiency (PLQFE) as a function of
the photogenerated carrier density, can also be calculated from the recombination coefficients
shown in Table 4.2. In panel a of Figure 4.10, the diffusion length is calculated as a function
of the photogenerated carriers via Lp.rr = \/D/kess, where kepr = ki + koAn, and as
in Table 4.2, MA, MA-ACN and BR show the highest diffusion lengths. By performing
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PLQFE measurements in an integrating sphere at low carrier density (~10 pW/cm?), we have
confirmed that the radiative (low-level injection) component of k; is negligible (<1%), which
further validates the assumption of high-level injection. We thus estimate the PLQFE as
the ratio of bimolecular recombination to total recombination rate, i.e. koAn/(k, + kaAn).
The result shown in panel b ignores Auger recombination and any possible change in the
coefficients themselves that can occur due to phase-space filling at high carrier densities
[154]. We note that MA-ACN and FAMA show the highest PLQE values at carrier densities
typical of solar cell operating conditions (~10* c¢cm™3). Given that these film compositions
show the best device performance, the low non-radiative loss appears to be the key factor to
attaining high-performance optoelectronic devices [171]. A similar anti-correlation between
diffusion lengths and PLQFE has been observed in the presentation of a novel screening
technique for highly efficient perovskite thin films devices [172] wherein high PLQE values

are seen to translate into high Voo for devices.

4.5 Summary

In summary, we have directly imaged the diffusion of charge carriers in a range of perovskite
thin films. Our 3D diffusion model shows excellent agreement with experimental data and
is used to extract the diffusion and recombination coefficients. Surprisingly, the applica-
tion of this technique to film compositions that show the best device performance such as
FAos5MAg15Pb(Ips5Bro.15)3 and ACN processed MAPDI3 reveal the smallest diffusion coef-
ficients. Furthermore, we have observed that in the latter, very efficient diffusion does occur,
but only on a scale much shorter than the lifetime. Time-resolved fitting of the diffusion
coefficient provides strong evidence for non-diffusive transport. In all of the films, except
for FAMA, we observe a notable decline of D as a function of time, on a scale shorter than
the carrier lifetime. In general, we find an inverse relationship between carrier lifetime and
diffusion coefficient, which may be due to the presence of weakly localized minority carriers
in the longest lifetime films. In contrast, we find a strong correlation between the PLQE at
carrier densities typical of solar cell operating conditions and reported device performances
[83, 129]. This indicates that reduced non-radiative loss plays a much greater role than the

diffusion length in determining solar cell efficiencies.
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CHAPTER 5 PHOTON RECYCLING AND DIFFUSION INTERPLAY

Copyright notice: parts of the discussion presented in this chapter were adapted with

permission from

A. Sridharan, N. K. Noel, B. P. Rand, and S. Kéna-Cohen, “Role of photon
recycling and band filling in halide perovskite photoluminescence under focussed
excitation conditions,” The Journal of Physical Chemistry C, vol. 125, no. 4,
pp. 2240-2249, Feb. 2021. Copyright © 2021 by the American Chemical Society.
DOI: 10.1021/acs.jpcc.0c09103.

5.1 Introduction
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Figure 5.1 a) Schematic of the photophysical processes occurring after excitation of free
carriers by the pump. The four main pathways which are initial absorption, waveguiding,
substrate emission and air emission are represented via arrows of distinct colors. The blank
arrow containing an oscillating red line corresponds to recycled photons whereas the grey
arrows refer to diffusing carriers. b) Distribution of the total power, excluding re-absorption,
dissipated by radiation in an MAPDI3 thin film assuming isotropic dipole emission, as a func-
tion of the emission region position (0 nm corresponds to the substrate/perovskite interface).
Oscillations in the power as a function of distance stem from the classical electromagnetic
treatment of dipole emission within interfacial layers [173]. As detailed in the main text, this
power distribution serves to estimate Py, a critical parameter for modelling re-absorption
and photon recycling.
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When a perovskite thin film is photoexcited, charge carriers are initially generated within
the bulk. This can be followed by carrier diffusion, radiative and non-radiative bulk re-
combination [25—41, 174], surface recombination [151, 175-178] or trapping [143, 166, 179].
Radiatively emitted photons have several possible fates. They can be emitted into free space,
waveguide or substrates modes, re-absorbed within the film, and if so, possibly re-emitted
(recycled). These different possibilities are depicted in Figure 5.1a. In this chapter, we study
the extent to which photon re-absorption and recycling contribute to carrier transport under
local excitation conditions, as opposed to the more commonly studied homogeneous case.
The probability of photon re-absorption depends on the degree of spectral overlap between
the PL and absorption spectra. Re-absorption can occur anywhere in the film, but it is most
likely for waveguided photons propagating within the plane of the film (as opposed to those
within the radiation cone), due to the longer path lengths travelled by these photons. In
cases where significant re-absorption occurs, a red-shifted spectrum can be observed when
measured along the propagation direction due to the higher material absorption at shorter
wavelengths. Efficient recycling, i.e. re-emission of these absorbed photons, requires a high
PL quantum yield. When present in a device, photon recycling can contribute to increasing

the photovoltaic efficiency [65].

In the homogeneous case, photon recycling has considerable impact on the apparent PL
lifetimes measured in perovskites [164, 172]. Apparent lifetimes are lengthened due to the
possibility that several recycling events occur before a photon can be extracted. The ra-
tio of the apparent radiative recombination rate (k5’), to the intrinsic one (k4"), which is
a material property, can be related to Py, the probability that emitted photons remain
in the film, using Pescape = k5™ /k4™. One approach to calculate Py, is via the internal
and external radiative saturation currents [45, 65]. Given the spatial inhomogeneity, typical
of perovskite thin films, micro-spectroscopy techniques such as micro-PL, have been at the
forefront of developing a better understanding of perovskite photophysics and for assessing
material quality. Microscopy is used extensively to study transport, diffusion and recombina-
tion. In early work on photon recycling, signatures of photon recycling were observed in the
spectrum of waveguided photons up to 50 pm away from the exciting laser spot [180]. In our
previous work, we also highlighted the importance of bimolecular recombination in determin-
ing the shape of the PL spot after excitation [181]. Bimolecular recombination leads to an
apparent spreading of carriers, which is not accounted for in the linear diffusion equation, due
to faster recombination in the center of the laser spot [181, 182]. In this work, we study how
photon recycling, in the presence of diffusion and bimolecular recombination also modifies

the shape of the photogenerated charge carrier distribution in spectroscopic experiments. In



93

addition, we study the spectrum of waveguided photons and find a red-shift of the perovskite
PL by AX ~ 20 nm over a distance of a few pm. Our previous work attributed a similar
experimental red-shift to photon recycling, but here a quantitative comparison will show that
this experimental red-shift is due to the Burstein-Moss effect (band filling). In contrast to
predictions for homogeneous excitation, our calculations show that for typical microscopy
conditions (< few pm spot size and < 10'® cm™ carrier density), photon recycling does not
play an important role in modifying the shape of PL and can be safely ignored. This is

typical, for example, of experiments aiming to study carrier diffusion or kinetics.

5.2 Theory

5.2.1 Photon Recycling

An elegant approach to obtain the probability that an emitted photon remains in the film,
Piiay, is through the ratio of the external and internal radiative saturation current densities

[45, 65]. It can be expressed as follows:

(5.1)

Potay =1 — Prsoape = 1 — < 12 a(E)éw (E) dE )

JoT4AnZ (E) da (E) ¢w (E) dE

where F is the photon energy, d is the sample thickness, o the absorption coefficient, n, the
refractive index, ¢y, is the Planck black body spectrum, and a is the absorptance. The term
on the right hand side follows from detailed balance considering the Shockley and Queisser
approach [183] for the numerator and the van Roosbroeck-Shockley [50] relation for the de-
nominator. Applying these relations to a real structure leads to some complications. The use
of the Shockley-Queisser relation requires one to link a to a;, which will depend on the details
of the layered structure [45]. Parasitic absorption is usually neglected. More importantly,
the van Roosbroeck-Shockley relation also has some inherent limitations. Notably, «(F)
depends on the carrier density and the a(F) satisfying detailed balance is not the ground
state absorption coefficient, but rather that at the relevant carrier density [184]. In addition,
van Roosbroeck-Shockley assumes a free space photonic density of states. However, in a
thin layered structure, the photonic density of states exhibits sharp maxima at wavevectors
corresponding to critical angles or waveguide modes. For these reasons, we take a different
approach and explicitly calculate the probability that a photon emitted within the perovskite
layer will radiate into free space using classical electromagnetic theory [173, 185, 186]. This
allows us to directly account for the layered structure and dipole orientation. The propor-

tion of radiation within the different possible emission pathways for an isotropic dipole are
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shown in 5.1b, as a function of the position of the emitter within a 400 nm-thick film. For
simplicity, this calculation is performed at the (undistorted by re-absorption) PL maximum
of 760 nm reported by Crothers et al. [163] As in previous reports, we ignore the fact that in
reality, the PL maximum itself is a function of carrier density, but describe how this could be
accounted for below. We will consider the case where index-matching immersion oil is used
so that substrate emission can be deemed to be fully radiative. Since our two-dimensional
(2D) simulations will ignore variations along the film thickness, we take Py, = 0.85, which
is representative of emission occurring from the center of the film. The use of 2D simulations
is justified for thin films, for which direct re-absorption within the ~23° radiation cone does
not contribute significantly to the lateral spreading. Moreover, previous work has shown that
photon recycling and carrier diffusion tend to homogenize the initial carrier density along
the film thickness [163].

5.2.2 Continuity Equations

Drift, diffusion, generation and recombination are described by the following continuity equa-

tion, which includes photon recycling is described by the following equations [187]:

dn(r,t)
dt

= DV?n (r,t)+G (r,t)+ nﬁ > (1 t) —kan (r,t) — kan (r, ) —ksn (r,t)° (5.2)
L

W = D\V?y, (r,t) — TZCYWA (r,t) + (kon (r,£)° Patay) Py (5.3)
Equation (5.2) describes the evolution of excess charge carriers, n(r,t), under the assumption
of ambipolar transport (n = p) and high-level injection (n > ny), where ng is the equilibrium
carrier density, D is the ambipolar diffusion constant, G(r,t) is the carrier generation rate
determined by the laser pump, and, ki, ke and k3 are the monomolecular, bimolecular and
Auger recombination coefficients, respectively. The third term describes the generation of
charge carriers by the re-absorption of waveguided photons. Here, «, is the absorption
coefficient, ¢ is the speed of light and n, is the group refractive index. Equation (5.3)
describes the propagation of the emitted photons, with flux ~,, within the perovskite film.
The last term in Equation (5.3) describes the generation of photons from PL. Band-to-band
recombination, ken(r, 2, t)2, acts as a source term and is multiplied by the probability of a
photon of wavelength A\ being generated (Py), which depends on the PL spectrum of the thin
film, and of that photon being emitted within the layer (Pyyq,), as opposed to free-space.
The photon diffusion coefficient is taken to be Dy = ¢/(3n,a,). Additional details on the

analytical and numerical treatment of the continuity equations are provided in Appendix C.
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Figure 5.2 Reproduction of lifetime curves with and without photon recycling for the homo-
geneous case (only temporal component) using identical parameters from literature [174]. A
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Figure 5.3 2D Modelling for a homogeneous radial profile with D)y = 0 and D,, = 0 for
input parameters from literature [174]. Our results demonstrate perfect overlap with the
calculation from Figure 5.2 in the 135 ns timescale.

For all calculations, we use the following values, i.e. k1 = 2.3 x 10° s7% ky = 8.6 x 10710
cm?®s! and k3 = 1.0x 1072 cmSs~!. These correspond to the values obtained for acetonitrile-
processed methylammonium lead iodide (MAPDI3) films on which measurements were per-
formed (Chapter 4). While they are representative of MAPbDI; films, the precise values do
not affect the general conclusions of our work. To confirm the accuracy of our simulations,
we first reproduced the literature [174] time-dependent results (no spatial component) as
shown in Figure 5.2. Subsequently, we used those results to cross-validate the isotropic 2D
(r—0—t) simulation by forcing homogeneous conditions along the radial profile (dn/dr = 0).
As can be seen in Figure 5.3, our homogeneous 2D results (for D) = 0 and D,, = 0) perfectly
match the time-dependent simulation in Figure 5.3. This benchmark allows further scaling
of our model for non-homogeneous situations such as those encountered in our streak camera
measurements, where, we use a tightly focused laser excitation of Gaussian spatio-temporal

profile to generate charge carriers.
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5.2.3 Band Filling
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Figure 5.4 MAPbI3 bandgap absorption data and fit using Katahara sub-bandgap and Elliott
band-edge absorption models.

In addition to re-absorption, spectral shifts of the PL can occur due to bandgap renormal-
ization and the Burstein-Moss effect (band filling). The first mechanism originates from the
Coulomb interactions between carriers and leads to a reduction of the bandgap as a function
of increasing carrier density. In contrast, band filling, which describes the filling of states
near the band edges, leads to a larger apparent bandgap due to the Pauli exclusion principle.
In MAPDbDI3, the magnitude of the shifts anticipated from bandgap normalization can be es-
timated using the exciton binding energy and one finds that they are negligible compared to
band filling. We should then expect a spectral measurement from the center to the edge of a
Gaussian carrier distribution to show the bluest spectrum at center. Using detailed balance

and the measured absorption spectrum, following the van Roosbroeck-Shockley approach, it
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is possible to calculate the magnitude of this spectral shift as a function of carrier density as

described below.

Table 5.1 Absorptivity fitting

Fitting Coefficient Coefficient Value Confidence Interval
Bandgap Energy E,; [eV] 1.648 0.001
Sub-BG Energy Parameter € [ €V ] 0.036 0.001
Sub-BG Exponent Parameter 6 [ - ] 1.6 0.1
Exciton binding energy E; [eV] 9.2 x 1073 0.1 x 1073
Scaling constant ag [cm™1] 2.9 x 104 -

Although the exciton binding energy is small compared to room temperature in MAPbDI3,
Coulomb correlations still play an important role in dictating the shape of the absorption

spectrum. The absorption spectrum can thus be modelled using Elliot’s equation [48, 188]:

& 47T 7T€7TV Eb/(E_EQ)
QOBE (E) X Eb Z 735<E — Eg — Eb/n2) +

ol sinh(ﬂ'\/W—Egm

In the above equation, Fj is the exciton binding energy whereas §(EF) and ©(FE) are Dirac

O -E,)  (54)

and Heaviside functions, respectively. To account for sub-bandgap absorption due to the
Urbach tail, the Elliott expression can be convoluted with the phenomenological expression
from Katahara et al. [189]:

6
E—Eg
€

|

T 20(1467Y) (5:5)

asub-pa (F)
Here, 0 and € are fitting coefficients and T'(f) is the gamma function. The total absorption
in MAPbI3 can be very accurately reproduced by a(E) = aq - [apr(F) * asu—pc(F)], where
* denotes a convolution. Table 5.1 shows parameters of the Katahara sub-bandgap and
Elliott band-edge absorption models. Using these values, we can compare the fitted model
to the literature absorption data [163]. The absolute PL intensity and its dependence on
carrier density can be calculated from the absorption using the Lasher-Stern-Wiirfel relation

[190, 191] which must be modified to account for non-equilibrium conditions. From Katahara
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et al. [189], the result can be approximated as:

(:1 = —-ji;L :) a(E)d

27 IL—e\ efB 4

Ipr, 2thQ T : (5.6)
e BT +

Where h and kg are the Planck and Boltzmann constants, d is the effective absorption length,
T is the temperature and Ay is quasi-Fermi level splitting. From Equation (5.6) and «a(F),
we have calculated the absolute PL intensity spectrum Ip; for Ap values ranging from 0
to 2 eV. Finally, under high-level injection conditions, the corresponding carrier density is
extracted using vn? = VD = /NN Fyy(Ap/kpT), where N, = 2(27T7’/”Lc/vk]3T/h2)3/2 and
Fi,(x) is the Fermi-Dirac integral of order 1/2 [192].
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Figure 5.5 Experimental spatial profiles for laser and PL spots obtained using a CCD camera.

We previously measured the time-resolved spatial evolution of the PL for a variety of per-
ovskite films after excitation with a diffraction-limited pump. Here, we measure the temporal
evolution of the spectrum as a function of radial position along the radius of the PL spot
(Figure 5.5). The experimental setup, which is based around the use of a streak camera, is
shown in Figure 5.6. The excitation laser is a supercontinuum source of ~48 ps pulse width,

operating at 500 kHz, spectrally filtered at 532 nm with a 10 nm bandpass filter. For spectral
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measurements, a 200 pm multimode optical fiber is translated along the horizontal axis in
the image plane of a PL spot. Note that the spectral measurements were performed at a
fluence higher than that in the previous chapter to obtain good signal-to-noise resolution.
This will thus lead to larger spectral shifts. The pulse fluence of 0.15 mJ/cm? corresponds
to a peak density of ng = 4.9 x 10'® cm™3. Lower pump fluences are considered in Section
5.3.3.

Thorlabs L,
Fiber 10 nm Bandpass
L Filter (@532 nm)
Excitation Source
Princeton and Beam Shaping
Spectrometer
SpectraPro 23001
Ls
ite i ND Filt
L PT Grey White light Wh;eler Thorlabs
Chameleon 3 Source Powermeter
CCD Camera * 50:50 Beam
Hamamatsu ' -~ splitters
10910 Tube N
Streak \ T I : Lens Photodetector
Camera 1 .
) Flip l Microscope  Sample on
Fiber Coupler .. -~ LP Filter Objective ~ XYZ Stage
on Translation (@590 nm)

Stage

Figure 5.6 Modified version of setup presented in Figure 3.20. Here, we have rotated the
streak camera anti-clockwise by 90° and linked it to a spectrometer. A 200-micron multimode
fiber is used to scan the horizontal axis of the PL spot image to acquire the radial emission
spectrum which is converted to time-resolved data in the streak camera.

5.3 Results and Discussion

5.3.1 Spatiotemporal Characterization

We use the parameters from Figure 5.7 for the simulation results presented in Figure 5.8

to Figure 5.11. In all cases, we use 161 wavelength points in the range of 725 nm to 805

1

nm. The value of D = 0 cm?s! is used as well to clearly distinguish the effects of photon

recycling.
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Figure 5.7 Input parameters matching streak camera experimental conditions for ny_3p =
4.93 x 10'® cm™3. a) Photon diffusion constant Dy, b) Absorption coefficient a, ¢) Proba-
bility of emission at A and d) Generation function G(r,t) at r = 0 pm.
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Figure 5.8 Simulated spatial and temporal evolution of a-b) carrier and c)-e) photon densities,

under excitation conditions with a peak density, ng_sp = 4.93 x 10'® cm

3 when photon

recycling is absent for a) (Psq, = 0) and with photon recycling (Pyq, = 0.85) for b-e).
Photon densities are shown at wavelengths of 705, 765 and 805 nm.
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Figure 5.9 a) PLQE or Internal quantum yield n;,:(r,t) = kin(r,t)/(ky + ki*n(r,t) +
ksn(r,t)%) as a function of 2D and 3D carrier densities (roll-off graph). 7;,; versus space and
time for b) without photon recycling and ¢) with photon recycling, calculated using data
from panels a and b of Figure 5.8
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Figure 5.10 a-c) Time-dependent evolution of the simulated carrier and photon densities
obtained at the selected positions identified in the inset of d). Time-integrated d-e) carrier
and f) photon densities. The colored circles on the curves correspond to the locations where
the traces of panels a-c) were taken.

To first examine the effect of photon recycling on carrier transport, spatiotemporal maps
showing the calculated evolution of the carrier and photon densities in the absence (Pyq, = 0)
and presence (Pyq, = 0.85) of photon recycling are shown in the panels of Figure 5.8. This
simulation is performed at the experimental pulse fluence, which is high enough for photon
recycling to play an important role and on a timescale corresponding to the observed spectral
shifts. The value of the diffusion coefficient for the simulation is taken to be D = 0 cm?s™! to
highlight the role of photon recycling. The effect of changing the initial carrier density and
varying D will be studied in Subsection 5.3.3. Figure 5.8a shows the carrier evolution in the
absence of photon recycling. In this case, there is a rapid apparent spreading at short times
due to bimolecular recombination. This spreading is difficult to resolve in Figure 5.8a but
corresponds to an increase of ~20 nm in the carrier distribution width. The effect of photon
recycling on the carrier distribution is shown in Figure 5.8b. By comparing both panels, we
immediately see that there are significantly more carriers far from the excitation spot when
photon recycling is present. In regions more than 1 pm away from the pump, photon recycling

leads to increases in carrier density by over 4 orders of magnitude as compared to the case
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in Figure 5.8a. Panels c-e show the evolution of the photon densities at various wavelengths
when recycling is present. As expected, photons at longer wavelength spread out much faster
due to the smaller absorption coefficient further out to the red (or equivalently higher D).
These longer wavelength photons are the main contributors to the carrier densities far away
from the spot. The PL quantum yields at the carrier densities used for this calculation
(corresponding to peak volume carrier densities near ~10'® cm™?) are close to ~100% within
1 pm of the center and in the ~30-80% range 1-2 pm away from the pump (Figure 5.9).
Far from the pump, re-emission is not possible due to the low quantum yield. Similarly, the
impact of long wavelength photons on the central charge carrier distribution is minimal due

to the small absorption coefficient.

Figure 5.10a-c shows the carrier and photon temporal evolution at various positions in space.
Each time trace is normalized by the maximum value for the corresponding position. In
Figure 5.10a, which is the case without photon recycling, the influence of bimolecular re-
combination is immediately apparent. Even within the excitation spot, the kinetics are very
different as a function of position due to the Gaussian profile of the laser pump and the
dependence of the radiative recombination rate on carrier density. In the situation without
photon recycling, the densities are extremely small beyond r ~ 1.2 pm, reflecting the shape
of the Gaussian pump. The photon recycling instance is shown in Figure 5.10b-c. Here,
re-absorption generates carriers much further in space. The dynamics close to the pump spot
also change qualitatively, showing a rise of the density with time due to re-absorption. This
rise occurs on a sub-ns scale that is slightly faster than the expected radiative lifetime at
densities near the center of the pump. The contribution of re-absorption can be observed
until the end of our simulation window (36 pm) although the densities at this distance are
very low. Given that most photons are initially emitted from the center of the pump and
re-absorbed only once, the time-evolution of the integrated photon density in Figure 5.10c
effectively maps out the carrier dynamics near » = 0 pm. 5.10d-f shows the time-integrated
spatial distribution of charge carriers and photons in the presence and absence of photon
recycling. The carrier density generated through photon recycling (r > 2 mm) is nearly 4
orders of magnitude lower than that in the center. On a linear scale, the effect of photon

recycling on the PL spot shape is negligible.
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5.3.2 Spectral Behaviour
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Figure 5.11 a) Simulated waveguided photon density as a function of position r and wave-
length A. b) Calculated spectral distribution of the photon density at different positions r
away from the excitation spot, and in ¢) the normalized photon density to highlight the spec-
tral shift as a function of space. d), e) and f) Time-dependent contour maps of the calculated
spectra at positions r» = 0, 0.75 and 1.5 pm.

The photon recycling simulations allow us to extract the spectra of waveguided photons.
These are shown in Figure 5.11 at selected positions. The time-integrated spectra are shown
in Figure 5.11a as a function of position. Individual spectra are also shown in Figure 5.11b
for selected positions. Figure 5.11c shows a version Figure 5.11, which has been normalized to
the spectral maximum at each position in order to better highlight the shift of the spectrum
as a function of position. From the panels, we observe a clear red-shift of the spectrum
when moving further away from the pump center. Figure 5.11b shows a shift in emission
wavelength from ~755 nm to ~780 nm over 2.79 pm and from Figure 5.11c, this can be seen
to extend up to ~795 nm over the 30 pm window. Note that at 2.79 pm, the peak photon
density is already reduced by 2 orders of magnitude. Given that most photons are emitted
near r = 0 pm, the shift is almost exclusively due to the spectrally dependent absorption tail
of MAPDI3. The size of this shift is consistent with previous experimental observations [180].

The time-dependent spectral behaviour is shown in Figure 5.11d-f for three values of r. In



107

all of the cases, the spectral maximum is already shifted from that of the intrinsic MAPbI3

PL near t = 0 and little to no further shift of the maximum is observed in time.

Given that most of these photons are waveguided, they are in principle not measurable
from the outside for planar films. However, scattering due to surface roughness and grain
boundaries in a realistic film can allow for partial out-coupling of these waveguided photons.
Additionally, there is a very small region around the pump-spot defined by the critical angle
where the effects of re-absorption (and potential re-emission) of photons within the light
cone are observable. This corresponds to “absorption” in the context of Figure 5.1. Within
this region, spectral shifts due to re-absorption can be measured. For these photons, the

magnitude of the spectral shift is limited by the thickness of the film.

To probe whether such effects are relevant in PL. measurements from a real film, we have
performed spectrally-resolved streak camera measurements at several locations around a
diffraction-limited excitation spot. To avoid any possible overlap in the spectra, we set the
distance between adjacent measurement positions at a value larger than the fiber resolution
(~0.6 pm). The results are shown in Figure 5.12 for the locations corresponding to the
simulation of 5.11d-f (the fluence is identical). In Figure 5.12a, we see a clear red-shift, near
t = 0, of the measured PL spectrum maximum when moving away from the pump, from 758
nm at 7 = 0 pm to 766 nm at » = 1.5 pm. The similarities, however, stop there. In contrast
to the simulation results, all the spectra continue to red-shift in time for ~200-300 ps after
t = 0. The magnitude of this shift in time is largest at the center of the pump, where the
carrier density is highest. Such a time-dependent red-shift is inconsistent with the scattering

of waveguided photons but agrees with the behavior anticipated from band filling.

Band-filling induces a carrier-dependent blue shift of the PL. maximum due the Pauli exclusion
principle. Hence, the most pronounced blue shift is expected at r = 0 pm and the smallest at
r = 1.5 pm. Given that carrier cooling and thermalization occur at the ~1 ps scale [193], which
is much faster than the measurement resolution, the measured spectra are representative of
the quasi-equilibrium carrier concentration. By using Equation (5.6), the spectrum can be
calculated as a function of carrier and compared to experiment. This can be done as a
function of space and time. Figure 5.12b shows the photoluminescence lifetime, at 3 different
locations, which can be mapped to carrier densities using the diffusion model in Equations
(5.2) and (5.3). Figure 5.12c shows the theoretical peak PL wavelength as a function of
carrier density. The data points correspond to the PL peaks measured at ¢ = 0 and at
t = 0.9 ns, at the indicated positions. The qualitative agreement between experimental data

points (A,0) and calculated wavelength values (blue line) confirm that band filling is the
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Figure 5.12 a) Experimentally measured peak PL position as a function of time at r = 0,
0.75 and 1.5 pm away from the excitation spot. b) Time-resolved PL measured at the same
positions. ¢) Peak emission wavelength as a function of carrier density calculated from the
absorption spectrum (dashed) and experimental points at selected carrier densities. The
corresponding points in time, used to obtain the density are shown in panels a-b) as circles
and triangles.

main source of the spectral shift. Note also that the model does not account for any possible
local inhomogeneities in the perovskite bandgap (or PL). It only relies on the measured
absorption spectrum. In addition, there is some experimental uncertainty in determining the
exact carrier density due to an initial spreading of carrier density on a timescale shorter than
the laser pulse width. Although this is beyond the scope of this thesis work, the importance of
band filling also motivates inclusion of carrier dependence on Py within the photon recycling

simulations.

5.3.3 Influence of The Initial Carrier Density and Diffusion Coefficient

The modelling in Figure 5.8 was performed for large pump fluences on a relatively short time
scale, where band filling effects are prominent. We now consider a lower pump fluence of 0.42
nJ/em? (ng_sp = 1.5 x 10'% cm™2) and evolution over ~130 ns. Preliminary conclusions are
rather similar, which is that photon recycling only contributes a tail to the excited carrier
distribution, with a density ~4 orders of magnitude lower than the maximum. However,
under these conditions, we can perform a detailed study to better understand the effects
of fluence and diffusion coefficient on the involvement of photon recycling to the overall
spreading. To study diffusion on a longer timescale (~120 ns), we compromise on wavelength
resolution by reducing the number of points from 161 to 9. The input parameters for this
low wavelength resolution simulation are shown in Figure 5.13. We use a lower fluence of
0.42 nJ /em? (ng_3p = 1.5 x 10'% ecm™?) to study the spreading behaviour under conditions of

reduced higher order recombination. The simulation results are shown in Figures 5.13—5.16.
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Figure 5.14 For ng_sp = 1.5 x 10'® cm™3 excitation, spreading in time and space when
photon recycling is absent (Pyq, = 0) shown in a) for carriers, and when photon recycling is
present (Pyq, = 0.85) in b) for carriers and in c-e) for photons of wavelengths 705, 765 and
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Figure 5.15 Lifetimes at different radial positions (slices from spatio-temporal data) as well
time-integrated densities for both carriers and photons extracted from spreading shown in
Figure 5.14.

In Figures 5.14—5.16, we use a value of D = 6.9 x 1073 cm?s™!, based on a slow regime
diffusion coefficient obtained in previous measurements for the MA-ACN sample (Chapter
4). In the longer time window, we can find the impact of the diffusion coefficient clearly. The
spreading zone expands beyond the 1 pm region as we approach ~20 ns for both situations
of with and without photon recycling. In panels a and b, the increased time window allows
clear visualization of the carrier population changes due to diffusion. Panels d and e in
Figure 5.14 show a wider spatial profile within 2 pm than what is seen for the case of D =0

! within the sub-ns window. Panels ¢ and f for photons are quite similar for the two

cm?s™
simulations and consequently the tail region, in the presence of photon recycling, is similar

for both cases.
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Figure 5.16 For fluence of 0.42 pnJ/cm? (ng_sp = 1.54 x 10'® cm™3), a) Emitted photon
density as a function of position r and wavelength A, b) Spectral distribution of carrier
densities at different positions r, and ¢) the normalized carrier density (peak tracing) as a
function of position r and wavelength A. d), e) and f) Spectro-temporal cross-sections at
positions r = 0, 0.75 and 1.5 pm.

The features of the spectral shift in the panels of Figure 5.16 are quite clear despite the
low resolution. The spectral behaviour in this 120 ns time window replicates quite well the
results from the high resolution simulation. Panels a to ¢ appear identical to those in Figure
5.11. In panels d-f, the data are constant with time. This is an indication that the spectral
red shift reaches maximum value and plateaus within the ~ns time frame. The relationships
between fluence, peak carrier densities and spreading (standard deviation o at t = 0) are
shown for the study above in Figure 5.17. The relationship between peak density and fluence
is quite stable for all diffusion coefficients. However, discrepencies between photon recycling
and non photon recycling data points are more apparent with higher fluences, due to higher

order recombination, as well as increasing diffusion coefficients.
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Figure 5.18 Average lifetimes and radial profiles of carriers, in a) and b), and recycled photons,
in ¢) and d), simulated at a fluence of 0.42 nJ/cm? (ng_3p = 1.5 x 10 cm™3) for D =0
and 6.9 x 1072 cm?s7L.

Figure 5.18 depicts the integrated view of the spatial-temporal data over each coordinate. The
mean lifetime, for example, is calculated as ( 3]:0 n(r; = j-dr,t))/J whereas the mean radial
profile is obtained using (37, n(r,t; =i - dt))/T; where J and T correspond to the number
of space and time points. Photon recycling contributes to longer lifetimes and to general
increase in carrier densities. The tails of the radial profile, especially, increase relatively
more. A higher diffusion coefficient, on the other hand, reduces densities, in the central

region, as well as integrated lifetimes within the simulation window.
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Figure 5.19 Calculated time-dependent spreading of the Gaussian half-width (standard de-
viation) of the PL as a function of the initial pulse fluence in the presence and absence of

photon recycling for different diffusion coefficients a) D = 0 em?s™!, b) D = 6.9 x 1073

ecm?s™! and ¢) D = 0.1 em?s™!. The corresponding peak densities at ¢ = 0 for the fluences

in the legend are ng_sp = 9.9 x 10'3, 1.5 x 10'¢, 1.9 x 10'7, 2.3 x 10'®, 1.9 x 10* cm~3.

Figure 5.19 explicitly shows the influence of the diffusion coefficient and pump fluence on the
Gaussian width of the PL. Spreading of the spot is important under all conditions including
D = 0 cm?s7!, independent of whether photon recycling is present. In the absence of
photon recycling, the spreading is a result of faster recombination at the center of the carrier
distribution due to the presence of nonlinear terms in the diffusion equation (Chapter 4).
As expected, larger diffusion coefficients increase the degree of time-dependent spreading,
particularly at low fluence where it is the most important mechanism. Meanwhile, when
photon recycling is present, the spreading is further increased. However, this increase is
only important at large fluences or for small values of D. The reason for this is that the
quantum yield plays a critical role in determining the relative importance of photon recycling.
When the fluence is low, the quantum yield quickly becomes negligible a few mm away from
the excitation spot. This makes the re-emission of absorbed photons impossible. Similar
conclusions can be derived in Figure 5.20, where we varied spot sizes, fluences and diffusion
coefficients. Panels a to ¢ show that effects of photon recycling are more prominent at
higher fluences. Panel d presents the case of D = 0 cm?s~! for the same fluence as in
panel b. By comparing these two panels, we observe that diffusion overpowers the effects
of higher order recombination independent of photon recycling presence. Although photon
recycling always contributes to the wings of the carrier density, there is only a limited window
of experimental conditions where photon recycling plays an important role in significantly
changing the luminescence properties, such as its width (Figure 5.18). This only occurs for
low values of D, where diffusion is less prominent, and for large values of the initial carrier
density, where the PL quantum yield in the wings of the initial carrier distribution is high

enough for multiple photon recycling events to occur. The first condition could play an
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important role in crossing grain boundaries where diffusion is suppressed.

5.4 Summary

We have numerically studied the effect of photon recycling on carrier transport within the
plane of perovskite films, under focussed excitation conditions. Our results reveal that re-
absorption leads to the generation of carriers at significant distances away from the excitation
spot. However, the densities in these regions are negligible compared to those near the excita-
tion region (>4 orders of magnitude lower after 1-2 mm). As a result, re-emission (recycling)
is not possible for these carriers and one can understand their spatial behavior simply based
on the tail of the absorption spectrum. The low carrier density and subsequent low PL quan-
tum yields lead to a negligible contribution to the PL shape, when reported on a linear scale.
We also compared the temporal and spatial dependence of the PL spectrum to simulation
results. From the analysis, we find that band-filling leads to a space (and time)-dependent
red-shift of the PL away from the excitation spot. This behavior can be quantitatively es-
timated from the Lasher-Stern-Wiirfel relation. Lastly, we studied the effect of varying the
initial fluence (and hence the quantum yield) and diffusion coefficient on transport in the
presence of photon recycling. We find that photon recycling can only meaningfully mod-
ify the carrier distribution in circumstances where the excitation fluence is high and D is
small. In contrast to the situation of homogeneous excitation at densities typical of solar cell
operating conditions, photon recycling can be safely neglected in microscopy measurements

performed at peak densities ~10'° cm 3.
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CHAPTER 6 CONCLUSION AND OUTLOOK

6.1 Contributions to Scientific Progress

As stated in the outline, the objectives of this thesis are centered around two fundamental
research questions. The first relates to elucidating the nature and effects of lateral diffusion
in hybrid perovskite materials whereas the second seeks to clarify the contribution of photon
recycling in enhancing lateral charge carrier diffusion under focussed conditions as those in
typical microscopy measurements. The first question was initially explored at the end of
Chapter 3, where we presented our new technique for imaging carrier diffusion in both space
and time. This technique relies on a streak camera to image the photoluminescence coming
from a picosecond laser excited perovskite thin film. We conducted preliminary measurements
on toluene washed MAPDI; based mixed halide samples, of PbCl, and PbAc, precursors, as a
base reference for future experiments. We identified that anti-solvent treatment using toluene
visibly improved morphology and lead to higher spreading. This was validated for PbAc,
sample where in the absence of toluene treatment, no spreading was observed. Microscope
images showed the PbAcs sample to be more conducive for uninhibited diffusion on paper as
it presented a superior morphology. The streak camera measurements also revealed longer
lifetimes for this sample, i.e. ~100 ns measurement window versus ~10 ns for PbCl,. This
is indicative of lower trap-based recombination environment which should be beneficial for
superior device performance. Our devices made from the PbAcy films presented indeed
a higher device efficiency (~12.4 %) compared to those made from PbCly (~3 %). This
is a surprising result from a diffusion perspective considering how the PbCly based film
showed spreading beyond 1 pm in a much shorter time (< 10 ns) as opposed to PbAc, one
(~100 ns). Further insight on the carrier physics beyond qualitative observations could only
be obtained with knowledge of underlying parameters such as diffusion and recombination
coefficients. To do this, fundamental necessities of the moment were high quality device
grade samples, an improved experimental setup for better characterization and lastly, an

appropriate mathematical treatment for the accurate interpretation of observed data.

In Chapter 4, we improved the streak camera setup with a sweeping unit for sub ns resolution
and developed a new statistical model-based fitting procedure for extracting recombination
and diffusion coefficients from raw data. This time, the measurement was performed on five

device grade perovskite thin films provided by our collaborators from Princeton University:
MA (MAPbIg), FA (FAPbIg), FAMA (FAO_85MAO_15Pb(10.85BI'0_15>3), MA-ACN (Acetonltrlle
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processed MAPDbI3) and BR (MAPbBr;). Among those presented here, the best reported
devices in literature are made of FAMA and MA-ACN films. Our results, astonishingly,
show the smallest diffusion coefficients for these samples. This is unexpected from a stan-
dard semiconductor theory perspective, where large diffusion coefficients automatically lead
to higher short-circuit currents, and therefore higher efficiencies. Zooming into very small
sub-ns timescales for the MA-ACN sample, we also discovered a higher diffusion regime.
Overall, D appears to decrease with increasing timescale for all samples. The timescale de-
pendence of diffusion is indicative of inhibited spreading over multi-grain distances due to
trapping/de-trapping process at various recombination centers along the way. We also dis-
covered significant discrepancy between the laser and initial PL(¢ = 0) spot sizes that could
not be temporally resolved even within the 1 ns measurement window. A simple calcula-
tion of spreading for a single photon recycling appears to explain this spreading difference,
although further attention to photon recycling is necessary to confirm this hypothesis. The
main takeaway from these results is that despite low diffusion coefficients, devices can achieve
very high efficiencies. This also explains why our PbAcy samples produced better devices in
the preliminary measurement despite lower spreading capacities with regards to the PbCl,
film. We attribute our device success in large part to the high PLQFE values, rather than
diffusion, as observed for the FAMA and MA-ACN samples.

In Chapter 5, we address the second research question concerning the interaction of photon
recycling with charge carrier lateral diffusion. We approached this problem from both, ex-
perimental and theoretical angles. On the experimental side, we modified the streak camera
setup to perform spectro-temporal measurements at different radial positions of the PL pro-
file. On the theoretical side, we solved the coupled charge carrier/photon recycling equations
numerically to study the spatio-spectro-temporal behaviour resulting from the interplay be-
tween these mechanisms. Although, we do observe significant spatial redistribution of charge
carriers at larger distances due to photon recycling in our simulations, the direct compari-
son of experimental and theoretical spectral shifts appears to indicate that photon recycling
alone does not explain the measured spectral behaviour. We found that the spectral shift
is better explained by a phenomenon called band filling wherein the spectral emission is
directly correlated to spatiotemporal carrier densities in the film. High/low densities lead
to higher/lower energies (or low/high wavelength) emission due to an increasing/decreasing
quasi-Fermi splitting Ap. Lastly, through our numerical fluence studies, we revealed that
photon recycling under focussed conditions plays a significant role at high densities alone.
Also, if the diffusion coefficient D is large enough, the spreading contribution of photon re-

cycling relative to D becomes quickly negligible. Based on a small timescale observation
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of rapid spreading, for high densities and D = 0, we also believe that the previously ob-
served early timescale discrepancy between the laser and initial PL profiles in Chapter 4 is
due to apparent/intensity-dependent spreading rather than diffusion. Overall, the renewed
understanding on the interplay between diffusion, photon recycling and band filling will be
very helpful in future interpretation of micro-PL measurement results where the influence of

photon recycling can often be overestimated, particularly at lower densities.

6.2 Limitations and Constraints

In our spatiotemporal diffusion measurements, there are significant limitations in terms of
instrumentation and modelling assumptions. Currently, the most important significant ex-
perimental limitation is the minimum threshold for excitation requiring carrier densities to
be above 10'® ¢cm™3. This means that a lack of experimental data at lower densities (~10°
cm™?) is currently preventing us from fully understanding diffusive properties of real devices
under 1 sun illumination intensities. As for the modelling, many of our assumptions are
non-applicable for low injection scenarios. The most important one is ambipolar transport,
i.e. we consider n and p type carriers to be non-distinguishable. Although the model is
valid for our experimental data, generalization of results to lower densities does carry some
level of uncertainty. There are several modelling restrictions, especially with regards to both
diffusion-only and photon recycling simulations. Depending on the input parameters, our
simulations require 15-120 mins/run. We therefore limit ourselves to isotropic conditions
in an effort to minimize intensive computations. Similarly, batch simulations of 3D photon

recycling/diffusion also remain a challenge.

We also face significant obstacles in elucidating the precise influence of morphology on trans-
port properties. In our measurements, we do observe a decrease in spreading with larger
timescales (or multi-grain distances) experimentally. Furthermore, our photon recycling flu-
ence studies also reveal varying timescale dependent spreading regimes, particularly at high
densities. Although, our results point towards apparent/intensity-dependent spreading as
the main phenomenon responsible for the observed behaviour, we cannot safely discard the
role of morphology due to the assumptions in our calculations. We have also neglected
grain boundary modelling, which currently remains a challenge due to a lack of consensus in
the scientific community as to their precise role in carrier dynamics. Some reports indicate
that boundaries are recombination centers whereas other report shorter lifetimes within the
grain as opposed to the edges. However, recent time-resolved photoelectron microscopy mea-

surements (TR-PEEM) present stronger evidence for a dominant hole trapping mechanism
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resulting from interstitial iodine defect clusters, that are particularly concentrated at the
boundaries [194]. Further advancement in this field could better direct our methodologies in

the future as well.

6.3 Strategies and Outlook

Overall, we have focussed on elucidating fundamental carrier physics in hybrid perovskites
based on optical streak camera techniques and simulations. Future research should first
address the above listed limitations and constraints vis-a-vis our experimental and analytical
methods.

Diffusion Measurements: With regards to the experimental setup, the next step should
directly focus on morphology, particularly effects of grain boundaries in PL behaviour. The
measurements presented here are biased in terms of measurement location as the excitation
is always performed within a large grain with no surrounding impediments. However, in the
future, one could use a microscope image to obtain a grid trace of the 2D grain boundary
lines to simulate real anisotropic conditions that are observed in the experiment. An impor-
tant hurdle though would be to design a robust and optimized simulation that is adapted
for anisotropic conditions. Above all, the usage of radial coordinates and ideal symmetric
conditions for mathematical simplicity would no longer be applicable. Therefore, innovation
is necessary in the following three areas: mathematical modelling, coding/algorithms, and
implementation. Although our results present a good picture of the underlying physics, we
still don’t have a way to directly correlate our results with a quantifiable change in actual
device parameters. Future measurements should focus on bridging the divide between opti-
cal characterization measurements and device parameters. For example, we could potentially
also incorporate localized J-V measurements alongside streak camera PL measurements akin
to scanning photocurrent microscopy (SPCM) method. This will allow us to track changes
in carrier densities through both optical and electrical methods simultaneously and therefore

increase the accuracy of interpretation.

Photon Recycling: An interesting experimental strategy could be a temperature depen-
dent measurement involving a cryostat. We have excluded excitons in our modelling due to
the low room temperature exciton binding energies of our materials. However, both the band
filling absorption /emission model as well as carrier dynamics/photon recycling equations al-
low for future accommodation of excitonic features. Carrying out temperature dependent
studies could lead to a deeper understanding on how phase transitions and excitonic fea-

tures could potentially alter diffusion and photon recycling in perovskites. Focussing on the
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photon recycling simulation alone, a plethora of enhancements are possible to further our un-
derstanding of the subject. For one, instead of simply using a probability coefficient (Pt )
to quantify light confinement, in future calculations, we could include the complete optical
model (Beer-Lamber /Light Trapping/Layers) in the simulation to precisely track the spatial
photon behaviour within the film. A significant add-on would be the inclusion of band filling
effects directly in the calculation. Currently, we use a constant absorption/emission spectrum
for photon recycling simulation at every spatio-temporal node. In the future, this could be
transformed into spatio-temporal coordinate and density dependent spectra to account for
band-filling induced changes in the material spectral properties. This will be a more accurate

way to reconcile experiment and theoretical spectra.

Overall, we need to test many types of perovskite samples to establish higher measurement
and fitting consistency for both objectives. Based on these recommendations, in the coming
years, we hope to uncover more answers (and questions!) which could help the global research

community in approaching the maximum PSC theoretical efficiency.
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APPENDIX A CARRIER GENERATION FOR A LASER PULSE

Here, the pulse energy Pg is known experimentally from a power measurement and the laser
repetition rate. The symmetry in x and y makes the problem well suited for a coordinate
transformation towards r and 6, where dependence on 6 is non-existent and therefore ignored.
We can express the photogeneration term G(r,t) using the laser pulse energy Pr (measured
laser power/repetition rate) by employing Gaussian distributions for the time and space

profiles.

2 (t—tg)?

G(r,t) = Go-f(r)-g(t) = Goe P o (A1)

G is the generated carrier density at (r,t) = (0,to) for a non-homogeneous (along r) normal-
ized spatial profile f(r) of Gaussian half-width o, and o is the temporal Gaussian half-width
of the pump laser. For a given pulse energy, we can calculate Go by equating the integral
G(r,t) to the incoming photon flux ¢;,.(r,t) assuming every photon is converted to electron-
hole pair. The photon flux is related to the pulse energy Pg as follows:

2
+2

gi B /_o:o /Ozw /Oooquc(T,t) rdrofdt = /—Z /0% /Ooo Coe o S roro0dt (A2)

Solving for G, we obtain:

P
Gy = s (A.3)
E,,(2m)" cio,
Hence, substituting into Equation (A.1) we obtain the complete expression for G(r, t):
)z _r2(=t)?
G(r,1) = s, ¢ e (A4)
Epn(2m)" 0% 0,

Although, Beer-Lambert absorption is ignored here, we can include it by adding an extra z

dependent term to Equation (A.1) as shown below:

r (t—tg)?

Gr,1) = Go-f(r)-g(1)-h(z) = Goee "Eee ook gm0 (A.5)
And doing so, we get the following result:
OéPE . 7‘22 _ (t—tp)?
G(r,t) = e Pre 207 T (A.6)

Epn(2m)* 2020,
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The above equation is useful for modelling carrier dynamics in the 2D plane in conjunction

with photoluminescence measurements.
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APPENDIX B DIFFUSION GAUSSIAN SOLUTION DERIVATION

B.1  Gaussian Solution Derivation for 1D Diffusion Equation

In this section, we present a gaussian Fourier transform based solution to the one-dimensional

diffusion equation, i.e. Equation (2.91) presented in Section 2.7 of Chapter 2:

ow O2W
o P

We first define the spatial Fourier transform of W (x,t) and its inverse as follows:

F{W(a,0)} = W(k,t) = / T W(a, t)e 2oy

—00

FHWE D} = W) = / T Wk, )RR

— 00

As per derivative properties of the Fourier Transform, we now have the following:

oW \md
}"{ e } = (2mik)"W

Therefore, we can rewrite the Fourier transform of Equation B.1 as follows:

oW

—— = D(2mik)*W
pr (2mik)"W

The solution to this differential equation is:

W = A67(27rk)2Dt

(B.1)

(B.4)

(B.5)

(B.6)

Lastly, we perform the inverse Fourier transform and through algebraic manipulation for the

integral, we obtain the following solution:

W (z,t) = / Ae~ (k) Dt g2mizk g,
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B.2 Gaussian Solution Derivation for 2D Diffusion Equation

In the previous section, we saw a gaussian Fourier transform based solution to the one-
dimensional diffusion equation. A similar development can be done also in two-dimensions.
Let us first start with the 2D diffusion equation in polar coordinates taken from Equation
(2.102) in Chapter 2, Section 2.7:

ow D<82W 18W> (B.8)

o P\ e i

The Fourier transform in 2D polar coordinates becomes a Hankel transform. For a function

W (r,0), the Hankel transform, and its inverse are defined as:

Ho (W (r,0)} = Wo(p, &) = /0 2” /0 TW(r, 0)e 000 19r09 (B.9)

— 2 poo .
Ho {Wo.0)} =W )= [ [ Walp @) pdpdo (B.10)

The differential operator on which the Hankel transform operates is shown below:

2 2
ﬁ:(d +1d>+”d (B.11)

o Tror) T

v = 0 as our order produces the Laplacian operator in Equation B.8. The zeroth order Hankel

transform for isotropic diffusion, i.e. in the absence of any angular dependence, simplifies to:

Ho {W ()} = Wo(p) = /0°° P W () Jo(pr)Or (B.12)

o {Wolp)} = W) = [~ pWado(pr)dp (8.13)

Based on the above, we can find the Hankel transform of the Laplacian operator to be:

Ho { LW (r)} = —p*Wo(p) (B.14)

Applying the Hankel transform on Equation B.8, we can rewrite it as:

8;/0 = —p* DWW, (B.15)
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The solution to differential equation above is given by:
Wo(p) = Ae~ P’ (B.16)
Through a final inverse Hankel transform, we obtain the solution for the 2D diffusion equation:

1 (5 oo 9 A 2
W(r) =3y  {Wolp)} = A [~ pe P sy(prydp = 5 ze™ o (B.17)
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APPENDIX C PHOTON RECYCLING MODELLING

To match the experimental powers to our modelling, we can express the photogeneration
term G(r,t) using the laser pulse energy Pg (measured laser power/repetition rate) by em-
ploying the expression we have derived in Equation (A.6). We need to model these equations
using a central difference discretization scheme in Matlab. However, solving both equations
simultaneously this way is computationally expensive. We can speed up the computation
significantly if we can obtain an analytical solution of Equation (5.3) for v,(r,t) within every
step time step dt. We can do this by fixing n(r,t) as a constant; a valid assumption consid-
ering dn(r,t)/n(r,t) < dya(r,t)/ya(r,t) over the course of a time step dt. The step-by-step
method for the analytical solution is presented in the next section alongside the details of the
implemented algorithm. We now derive an analytical expression for y,(r,t) in a 2D scenario,
i.e. with only r and ¢ variable. ,(r,t) is computed in the frequency domain at the end of a
time step dt using initial conditions from the previous time step. Hence, we use dt instead
of t for clarity, i.e. dt = 0 at the beginning of the step and §t = dt at the end of the step.

We start with Equation (5.3) from the main article in polar coordinates:

W = DAV (1, 6t) — nioz,\%\(r, 6t) + (kan(r, 0t)* Pyyay) Py (C.1)

This equation can be re-written as follows:

w — DAV (1, 6t) + niawx(r, 0t) = (kan(r, 6t)° Pyqy) Py (C.2)

We will define the following:

A(r,6t) = (kan(r, 5t)* Pyay) Py (C.3)
B= ;m (C.4)

Re-writing Equation C.1 with above definitions, we obtain:

dy(r, t)

a6~ DAVl dt) + Bus(rbt) = A(r.0) (C.5)

We use A(r,0) here instead of A(r,t) as n(r,0) is assumed to be a constant over the course
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of the time step d(dt). Since we wish to solve for v,(r,dt), a simple approach would be to
treat the above equation in the Hankel domain (Refer to Appendix B). Applying the Hankel

operator and its properties on Equation C.5, we obtain:

df?)x(ﬁ 6t)

We first solve the above differential equation for the homogeneous case 7y p, where Ay = 0.

du (1, 6t ~ i

% + Dap* i ut(p, 8t) + Biau(p,6t) =0 o
Ay (r, ot

m = —(Dxp* + B)d(dt) ©8)

Fa(p, 5t) = Ce~(Dar*+ Bt )

Now we solve for particular solution ¥y p(p,0t) = H, where H is a constant. Substituting

into Equation C.6, we obtain:

0+ Dyp*H + BH = A, (C.10)

Ay
np(p,0t) = H= — 2 C.11
’YA,P(p ) (DAPQ + B) ( )

The solution for ,(p, dt) is given by the superposition of the homogeneous and particular

solutions ¥ g (p, 0t) and 3 p(p, 6t).
(p, 6t) = nu(p, 6t) + ap(p, 6t) (C.12)

Hence, the solution for 3,(p, dt) is given by:

Ao

Fn(p, 6t) = Ce~Prr*+B)t o 0
7)\<p ) (DA,O2 + B)

(C.13)

Applying the initial condition J,(p, 6t = 0) = A, 0, at ¢t = 0, we can find the constant C:

Ao

BN (C.14)

C::)/)\(p,())—
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And thus, the analytical expression for 3,(p,t) is given by:

_ _ A Dy A
ot) = - (Dxp™+B)dt _— C.15
Fa(p, 6t) (%,O Dip® + B) e + Dip” + B ( )

The algorithm is implemented as follows:

1. At the start of a time step, we first evaluate use 7,(p,t) and A(p,t) (from previous
time step). In discretizated notation we use ¢t = i - dt and r = j - Or for representing
the time and space coordinates. This translates to 7o = %];fl. And ﬁo = /~1|j._1 =
DHT {(k2n|§._1Psmy)P,\} for a previous time step t = (i — 1)-dt, i.e. DHT{ } is the
Discrete Hankel Transform operator representing the discretized version of the Hankel

Transform operator H{ }.

2. Then, we evaluate ¥,(p,t = i-dt) at current time step ¢ using the analytical expression
derived in Equation (2.11):

i—1 i—1
~ i ~ i1 J —(Dxp*+B)dt J
Ml = (”'j Dap? + B) e (Dvﬁ + B) (C-16)

3. We the recalculate v, (r, ¢ = i-dt) using the inverse operator, i.e. 7,\|;. = DHT { %‘;}

4. We can then evaluate n(r,t = i-dt), i.e. n|;, in the new time step using Equation (5.2)

from the main article using a finite difference scheme containing the new values of fy,\|;..
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