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Abstract

Efficient and low-cost solutions to green energy production are vital to alleviate the damaging
effects of climate change. To this end, lead halide perovskites have recently been highlighted
as a novel class of materials with remarkable optoelectronic properties arising from relatively
simple and cheap synthesis routes. In order to further optimise perovskite-based devices, a

better understanding of their underlying photophysics is required.

Herein, the intraband relaxation of above-gap charge-carriers (“hot carrier cooling”) is used
as a probe of the fundamental interactions operating in bulk and nanoscale perovskites. This
is achieved by employing a novel ultrafast optical approach, “pump-push-probe” spectroscopy,
to isolate carrier cooling from the various other dynamics occurring on similar timescales, and

separate cooling pathways mediated by carrier, phonon and trap scattering.

A long-standing debate exists over the effect of quantum confinement on hot carrier dynamics in
low-dimensional perovskites. The results herein, obtained via a near-infrared probe, reveal the
significant role of carrier-carrier scattering, which becomes increasingly dominant with greater
excitonic character of the excited state. The defect tolerance of perovskite nanocrystals is then
extended to its effect on hot carrier dynamics using a visible light probe. Here, it is shown
that hot carriers are not impervious to trap states in bromide-based systems, but retain this
beneficial property in their iodide analogues. Finally, hot carrier mobility in a bulk perovskite
single-crystal is assessed via a terahertz probe. It is shown that the response is dominated by
localised lattice heating, which suppresses carrier mobility for a time period after intraband

relaxation has occurred.

The presented research clarifies the spectroscopic response of an important and broadly studied
material class across a wide range of the electromagnetic spectrum. This will contribute to
the rational design of next-generation optoelectronic devices, while aiding interpretation of

overlapping photophysical processes that are otherwise difficult to disentangle.
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1 Introduction

1.1 Solar energy

Scientists and policy-makers have long understood the link between burning fossil fuels and
global climate change which, if left unchecked, will continue to have ever more devastating
ecological and societal consequences. "% Despite this, fossil fuels still represent more than 75%
of world energy production (Figure 1.1a).["* Record temperatures hit the United Kingdom
in 2022, strongly linked with climate change that currently sees global average temperatures
1.1 °C higher than pre-industrial times. The United Nations predicts this will rise to 2.8 °C

under current government policies — far in excess of the 1.5 °C pledge under the 2015 Paris

Agreement aimed at limiting catastrophic impacts on the environment. [%
3.1% 3.7% I I ISoIarl
(a) 1.3% Il Coal g 041 (b) Biofuel
I Oil x ~ Offshore wind
/ [ Gas +#03 Onshore wind |
A I Biomass "8‘ .................. Hydro
Il Hydro o 02p 1
I Nuclear 9 L
v [ Wind E, 01l L S
Solar e . '
Biofucl L 5 SR
I Other 2010 2012 2014 2016 2018 2020

Year

Figure 1.1 — (a) Global primary energy share by source, adapted from Ref. [9]. (b) Levelised
cost of renewable energy production, adapted from Ref. [11].

Low-carbon, renewable energy sources are needed in order to alleviate reliance on fossil fu-

els such as oil, coal and gas. For example, efforts have been made to harness wind, tidal,

1



Chapter 1. Introduction

hydroelectric, geothermal and biofuel energy. However, perhaps the most promising is solar
energy: ~3 million exajoules reaches the Earth’s surface from the Sun per year, enough to
meet global energy demand several thousand times over.'? While it is not, as described later,
even theoretically possible to harness all of the Sun’s energy, it is certainly a plentiful resource
that demands further utilisation. Crystalline silicon (c-Si) currently occupies 95% of the pho-
tovoltaic (PV) market, largely owing to its abundance and low toxicity while also benefiting
from parallel advances in the electronics industry. '3 However, to attain the typical commercial
power conversion efficiency (PCE) of ~20%, the feedstock silicon needs to undergo cost- and
energy-intensive processing at high temperatures that remove chemical and structural impuri-

s.1415] Paradoxically, ¢-Si is a relatively poor absorber of light and so thick wafers need to

tie
be produced to compensate for this, resulting in solar cells (SCs) which are heavy and inflex-
ible and further adding to the cost of production and associated infrastructure. ™ In spite of
all this, utility-scale PV is among the cheapest (~0.05 US$/kWh) of all major energy sources
(Figure 1.1b), particularly in light of the recent fossil fuel price crisis. '!! However, this clearly
has not yet translated to its market share and so “next-generation” PV technologies require a

paradigm shift to promote wider roll-out through lower costs and higher efficiencies. 178!

In recent years, “soft” optoelectronic materials — characterised by charge transport accom-
panied by significant nuclear rearrangements about their equilibrium position™® — have gar-
nered intense research interest towards filling the limitations of ¢-Si. These include organic
molecular semiconductors which have already found applications in displays as organic light-
emitting diodes (OLEDs), 22! with promising results also for PV devices.?? These materials
are solution-processable at moderate temperatures, and thus hold promise as cheap and scalable
alternatives to c-Si-based devices. Furthermore, they can be deposited as lightweight flexible
thin-films which further extends their possible use cases into markets previously inaccessible
to wafer c-Si, such as wearable electronics or semi-transparent windows.?3l Hybrid organic-
inorganic materials, introduced in the following section, are another example of soft electronics

and are the central focus of this thesis.



1.2. Perovskites

1.2 Perovskites

A perovskite is a material with a stoichiometry of ABX3 and a crystal structure comprised
of corner-sharing [BXg| octahedra with A filling the cuboctahedral voids (Figure 1.2). The
term was first coined by mineralogist Gustav Rose in 1839124 (in homage to a Count Lev
Perovskiy ) to describe calcium titanate, CaTiOs. To a first approximation, any choice of A,
B and X can form a stable perovskite structure provided the combination of their ionic radii

falls within a tolerance factor set out by Goldschmidt: 6!

Ra+ R
08 < ——ATAX 1y (1.1)

\/§ (RB —+ Rx)

Indeed, CaSiO3 (‘davemaoite’) was recently discovered in the Earth’s lower mantle, " while
other oxide perovskite variants have found applications as ferroelectrics and are the central
motifs of current record “high-temperature” superconductors. ?® Synthetic LaWN32? and ‘all-
organic’®” perovskites are other more exotic examples that have been reported in recent years.
However, the remainder of this thesis will focus on lead halide perovskites (LHPs). As de-
picted in Figure 1.2, A is typically a large monovalent cation such as Cs*, methylammonium
(CH3NH;™, or MA™) or formamidinium (CH(NHy),™, or FAT); B is Pb*"; and X is a halide
such as CI, Br-or I'.

(e]e} o
O O
0®.g0 Oglg
(o] 0] O o

X=CI, Br, I
>

Figure 1.2 — Lead halide perovskites have APbX3 (X = Cl, Br, |) stoichiometry and a crystal
structure comprised of corner-sharing PbXg octahedra, with the A-site cation (typically Cs, MA
or FA) filling the cuboctahedral void.

In 1893, Wells®®! reported the first solution-based synthesis of CsPbX3 (X = Cl, Br, I), with

Moller *? confirming these “cesium plumbohalides” had the perovskite crystal structure in 1958.

3



Chapter 1. Introduction

It was further noted that the materials were intensely coloured and had a photoconductivity
which peaked at a wavelength of visible light that depended on the choice of halide. The
electronic properties of halide perovskites then went largely unexplored before the work of
Mitzi et al. in 199413334 and it would not be until 2009 that Miyasaka et al.[*® published the
first example of a PV device incorporating a halide perovskite as its absorber, achieving a PCE
of 3.5%. This device was based on a dye-sensitised solar cell (DSSC) architecture consisting
of a mesoporous titania charge extraction layer®9 coated with MAPDbI;, surrounded by a I, /T
redox solution, and was further optimised to 6.5% PCE in 2011 by Park et al.*”) The main
issue with the DSSCs was that the perovskite would rapidly degrade in the electrolyte solution.
With the introduction of all solid-state SCs in 2012 from groups led by Snaith, Murakami and
Miyasaka;®® and Gritzel and Park[®” simultaneously, not only was this stability issue solved

but device efficiencies were pushed above 10% for the first time.

40,41

These high efficiencies are the result of large visible light absorption cross-sections %41 and low

exciton binding energies, *>*3] giving rise to efficient free charge-carrier generation; while their
long carrier lifetimes and reasonable carrier mobilities *+*® result in long diffusion lengths[46:47]
which, combined with their solution processability, allow the facile fabrication of printed SCs.
The low temperatures involved in fabrication result in a much higher defect density than c-Si,
but the alleged defect tolerance of perovskites (elaborated upon in Section 2.5) minimises their
impact on carrier dynamics. The remarkable optoelectronic properties of halide perovskites have

since galvanised the research community, with the rate of publications and device improvements

increasing rapidly in the last decade (Figure 1.3). The current record PCE for a single-junction

LHP SC now stands at 26.1%. 48l

Four main challenges need to be overcome for LHPs to become a key PV market player: cost,
scalability, stability and toxicity. The first two are intertwined to some extent — the promise
of solution-processed printable electronics ought to make perovskites cheaper to produce than
c-Si, but controlled laboratory-measured properties need to be tested in mass-manufacture. If
this is achieved, economies of scale should bring the cost down further. LHP devices also need

to display the same ‘real-world’” product lifetimes as those of ¢-Si competitors (~25 years),
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Figure 1.3 — Record power conversion efficiencies for c-Si and perovskite SCs over time.
Perovskite-based devices have experienced a rapid rise in laboratory-tested efficiency. Adapted
from Ref. [48].

likely with scrupulous encapsulation of the active layer to protect it from moisture and oxygen.
However, perhaps the foremost concern with the wide-scale deployment of LHP devices is the
toxicity of Pb and the issues this may cause if it leaches into biological ecosystems via rivers and
fields. 95U That said, a full-stack device may need only contain a small amount of perovskite
and so could remain below regulatory thresholds for Pb content; [’ and the precise transport

mechanisms and bioavailability of Pb are non-trivial, demanding extensive further research. 3!

Another strategy to evade the issue is substituting Pb entirely, for example with Sn or Ge. >
However, to date these devices have not reached the same performance as their Pb-based
counterparts and suffer from low stability under ambient conditions.® Ag/Bi-based double
perovskites (with formula AyAgBiXg) offer better stability but their indirect band gaps and

low-dimensional structure inhibit free carrier generation, limiting SC performance. °6-57]

1.3 Nanomaterials

Nanomaterials are those with characteristic length scales that fall between ~1 and ~100 nm
(1 nm = 10 m). When Ekimov & Onushchenko ™ first reported the nucleation of CuCl “mi-
crocrystals” in a glass medium in 1982, they showed that their optical spectra depended on the

growth temperature, and therefore the size of the inclusions: the absorption lines were blue-
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Figure 1.4 — Schematic diagrams of confinement in (a) 0D, (b) 1D and (c) 2D semiconductors.
(d-g) Schematic diagrams of selected semiconductor nanomaterial architectures.

shifted with respect to the bulk for smaller crystallites. Efros & Efros® then showed how the
optical gap depended quantitatively on the extent of this quantum confinement. Simultaneously,
Brus et al.!®) were developing the solution-based synthesis of colloidal CdS nanocrystals (NCs),
noting that the absorption onset could be tuned across the entire visible light spectrum altering
only the size of the few-nm crystallites. This recipe was later improved with the use of ‘arrested
precipitation’ through molecular additives that not only passivated the NC surface (lowering
non-radiative losses through mid-gap states caused by dangling bonds), but also allowed func-
tionalisation of the NC.[61:62 If 4 NC is much smaller than the bulk Bohr radius of the material
(R < ap), a ‘strong confinement’ regime is established and the three-dimensionally confined

system is referred to as a quantum dot (QD, Figure 1.4a). 53]

The ‘hot-injection method’ first formulated by Bawendi et al.,!®¥ wherein a cold precursor
solution is rapidly added to a hot solvent to produce highly monodisperse NCs, proliferated
their use and has since become a mainstay in the synthesis of many other NC classes. [

66,67 which involved passivation of the core

Later, core-shell NCs (Figure 1.4d) were reported!
NC material with another inorganic semiconductor, further improving stability and expanding

their functionality.®® Colloidal NCs now pervade many technologies, in particular as light-
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emitting diodes (LEDs) due to their high electro/photoluminescence efficiencies, tunability and
colour purity from scalable solution-based fabrication routes. % NCs also have applications in
photocatalysis owing to their large and functionalisable surface, " as well as bio-imaging. [
By 2015, reports on the synthesis of colloidal LHP NCs (Figure 1.4e) were beginning to
emerge. ™78 From relatively simple procedures, the NCs formed were monodisperse and highly
emissive; and their band gap could be tuned over the entire visible region through control over
their size and composition — immediately offering promise as cheap and scalable LEDs, while
efficient optical gain was also reported in LHP NC lasers. 8% Although NCs have traditionally
not been a viable option as SC absorbers due to the poor charge transport that arises from the
organic passivation layers, early work by Swarnkar et al. achieved >10% PCE in a CsPbl; NC
device. ] While the soft ionic bonding present in LHPs means syntheses can be carried out at
lower temperatures than their inorganic counterparts, this can also present other challenges. (52
For example, the ligand-surface binding is highly dynamic and can affect long-term stability. [*3!
The departure from ideal tolerance factor found in iodide LHPs makes them unstable to phase
transitions, ¥4 initially limiting the use of NCs as infrared emitters. ®° Since their inception, im-

[86-90

provements to the stability and utility of LHP NCs have been extensive I due to fine-tuned

post-synthetic treatments!®2 and better choice of ligand. 9394

Confinement may instead only be imposed in two dimensions (Figure 1.4b), as in the case of
nanorods;* or one dimension (Figure 1.4c), as in the case of quantum wells (QWs). Indeed,
QWs were first proposed by Esaki & Tsul® in 1970 (thus pre-dating QDs), suggesting that
excitations could be strongly quantum-confined within few-atom-thick, epitaxially grown layers
of GaAs inter-digitated with Al;_ Ga,As, whose wider gap would provide the energetic barrier
to delocalisation. While this necessitates the use of bulky, high-vacuum deposition chambers,
pseudo-2D colloidal semiconductor nanoplatelets (NPLs) can also now routinely be synthesised
in solution (Figure 1.4f). Schmidt et al.l’"l are credited with the first method to successively
grow colloidal perovskite NPLs; with Tyagi et al.l%®! showing the extent of blue-shifting in the
absorption and emission spectra depended on the thickness of the NPL. Here, the MAPbBr3

precursor was grown in a solution containing long-chain octylammonium ligands, which termi-
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nated the growth of the NPLs by being too large to fit within the bulk A-site cavity, breaching

the Goldschmidt tolerance factor described in Equation 1.1.

‘Layered’ 2D Ruddlesden-Popper (RP) perovskites represent a subtly distinct class of materi-
als with the nominal formula Ly[ABXj;], 1PbX, (L = ligand). The inorganic Pb-X sub-lattice
effectively becomes confined by the organic spacer layer, and are therefore deemed the closest
analogue of the traditional QW structures (Figure 1.4g).[*1°U By removing the A-containing
precursor, n = 1 RP LHPs (where n refers to the number of monolayers, MLs, of lead halide
octahedra) are somewhat more facile to isolate than their low-n counterparts, which undergo
rapid growth and result in greater thickness heterogeneity. ' The n = 1 RP perovskites ex-
hibit a very high degree of spatial confinement, and carriers are also restricted by the dielectric
confinement imparted by the exact choice of ligand for a given n thickness. Higher-dielectric
spacers such as aromatic molecules reduce confinement over lower-dielectric aliphatic spac-
ers. 19 Tt might be expected that the excitonic character of RP LHPs would limit their use
in SCs where free charge generation is paramount. However, their addition to bulk poly-
crystalline LHP 194107 and PbS QD[ films has been shown to dramatically improve device
stability without forfeiting efficiency. The consensus here is that the hydrophobicity of the

spacer ligands minimises moisture ingress that would otherwise lead to degradation.

All in all, the properties of LHPs and their nanoscale derivatives are thus highly tunable
through control over composition, size and dimensionality. Combined with their promising
optoelectronic properties from facile synthesis routes, they are excellent candidates for next-

generation devices and their photophysics demand further interrogation.

1.4 Ultrafast spectroscopy

The LHP properties described thus far are largely predicated on the behaviour of its electrons
following absorption (or preceding emission) of light. These behaviours, in turn, are brought
about by a balance of dynamical processes, a subset of which will be more thoroughly described

in Chapter 2.
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The ability to take a snapshot of any process within its duration is invariably key to understand-
ing it. The earliest example of this endeavour is usually attributed to Eadweard Muybridge’s
1878 use of high-speed photography to time-resolve the mechanics of a running horse that were
otherwise imperceptible to the naked eye. While this relied on the generation of short bursts of
light to illuminate the subject at distinct periods of time, modern video cameras are equipped
with sufficiently high-speed electronics so as to keep track of fast-moving objects. However, the
dynamics of photophysical phenomena in LHPs are considerably faster, usually necessitating
the return to optical detection. The universally adopted method of time-resolving these pro-
cesses is pump-probe (PP) spectroscopy. Here, one brief pulse of light (the ‘pump’) initiates a
dynamical process, before its evolution is tracked using a second delayed pulse (the ‘probe’).
An early example of this was the ‘flash photolysis’ method employed by Norrish and Porter
in 19501109:110] t5 measure the absorption spectra of intermediates in photochemical reactions.
Since then, the advent of few-femtosecond (1 fs = 107'° s) light sources has permitted the study
of a rich array of ‘ultrafast’ processes occurring on sub-picosecond (1 ps = 10712 s) timescales,

beginning with the work by Zewail and co-workers in the 1980s. [111-113]
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Figure 1.5 — Light-matter interactions across the electromagnetic spectrum. EUV: extreme
ultraviolet; NUV: near-ultraviolet; Vis: visible; NIR: near-infrared; MIR: mid-infrared; FIR: far-
infrared; 1 eV = 1.602x101° J.

The power of ultrafast spectroscopy lies in being able to control the precise nature of the optical
excitation, and interrogate its evolution on timescales relevant to the mechanisms that decide its
fate. "' As shown in Figure 1.5, this can be achieved by tuning the wavelength /energy of light

used to induce or observe a particular energy transition. Furthermore, the materials’ intrinsic
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properties can be divulged without needing to build full working devices. The electromagnetic
spectrum spanning the visible (Vis), near-infrared (NIR) and terahertz (THz) regions will be
of particular relevance for this thesis and used, respectively, to study interband and intraband

electronic dynamics; as well as lattice vibrations in response to electronic excitation.

1.5 Aims and motivations for the thesis

LHPs are a class of highly promising optoelectronic materials, particularly as regard to their
potential for supplanting the market dominance of ¢-Si in PVs devices. Their relatively simple
fabrication routes and favourable immunity to defects have permitted a rapid rise in device
efficiencies, which are now approaching the single-junction limit that largely originates from
the relaxation of above-gap photocarriers (i.e. “hot carrier cooling”, described in Section 2.3).
Therefore, a fundamental understanding of the properties and dynamics governing this process
is required in order to push efficiency towards, and even above, this threshold. Herein, hot
carrier cooling dynamics in a range of emerging material systems are isolated and studied

through the lens of their density-dependent response to a novel spectroscopic approach.

Chapter 2 provides an overview of the key photophysical mechanisms operating within LHPs
and other optoelectronics. Together, these govern the production and potential utilisation of

charge-carriers.

Chapter 3 presents the key steady-state and time-resolved methods employed in order to
investigate hot carrier cooling dynamics in a range of LHP systems. Three variants of ultrafast
‘pump-push-probe’ spectroscopy are described, each tailored to understanding a particular

aspect of hot carrier dynamics.

Chapter 4 tackles the disputed effect of quantum confinement on hot carrier dynamics in
LHP nanomaterials. This is achieved by studying a large span of confinement regimes with
a NIR probe, and kinetic modelling of the results points to the dominant role of a previously

unaddressed carrier-carrier coupling mechanism.

In Chapter 5, the study of trap states in LHP NCs is extended to their effect on hot carrier

10
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dynamics via a visible light probe. By systematically introducing defects to the surface of LHP
NCs, the hot carrier lifetime is suppressed in Br-based NCs, but no effect is observed in I-based

analogues.

Chapter 6 then shifts the focus to single-crystalline LHPs. Using a THz probe, the mobility
dynamics of hot carriers are assessed. The results suggest that the removal of excess energy held
within hot phonons dominates the transient response, momentarily suppressing the mobility of

carriers after intraband relaxation.

Finally, the main findings from this thesis are summarised in Chapter 7, before potential

further research avenues are suggested to address unanswered questions.

11



2 Perovskite photophysics — from the

ground, up

Myriad dynamical processes govern the generation, loss and extraction of charge-carriers follow-
ing light absorption in optoelectronic materials. Ultimately, the rational design of paradigm-
shifting materials will only be possible through a fundamental understanding of how factors
such as composition, process engineering, and load conditions impact these processes on micro-
scopic time- and length-scales. In this Chapter, a review of these physical processes is presented
which can be applied generally to all semiconductors, but with a particular focus on LHPs which

form the cornerstone of this thesis.

2.1 Electronic structure of solids

The time-independent Schrodinger equation is HVU = EV. For the simplest atom, hydrogen,

. . . a 2 2 2 .
the Hamiltonian operator is H = —;—Vg — =% — -~ where each succesive term accounts
Me 2my dmegr

for the kinetic energy of the electron, the nucleus (proton), and the Coulomb potential between
them, respectively. Solving the Schrodinger equation —i.e. finding the wavefunctions W(r) that

satisfy the Hamiltonian — gives the series of allowed hydrogen atomic orbitals (AOs).

With consideration to the simplest molecule — two protons bonded by one electron — Hy™, the

2

Hamiltonian then becomes H = —2}2; V2 - 4;0 <% + é — é), where 7 /p is the distance of the

electron from each nucleus, and R the internuclear separation. This Schrédinger equation can

be solved analytically to give the Hy™ molecular orbitals (MOs). However, for any system more

12
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complex, there are no exact solutions to the Schrédinger equation and thus an approximation
must be used. One such approximation is that a MO is a linear combination of AOs (LCAO-
MO): o+ = N(1pa £10p) where N is a normalisation factor, and ¢» and g are the 1s AOs of the
two hydrogen atoms. The 4 operator arises because the two AOs may interfere constructively

or destructively.

Constructive interference of the two AOs gives rise to a ¥, MO with probability density
|Yy]? = N? (Y% + ¥ + 2¢athp). That the last term — arising from the owverlap of the or-
bitals on different H atoms — is positive, means that there is a greater electron density between
them, and a bonding MO is formed. Conversely, an antibonding MO with probability density
[Y_|* = N? (% + % — 2¢ptbp) is formed due to destructive interference. It follows that the
energies of the bonding and antibonding MOs are lower and higher than an isolated H 1s orbital,

respectively, with a (de-)stabilisation energy that depends on their separation, R.

While simple, LCAO-MO theory can help explain the electronic structure of solids. Hypo-
thetically, by adding n atoms successively in a line, each interacts with its immediate and
distant neighbours to different extents and so the (de-)stabilisation energies of the resulting
(anti)bonding MOs also vary. As a result, the emerging picture is that of filling in the range of
allowed energies with orbitals that become closer and closer in energy such that, in the limit of
n — oo, the difference in energy between adjacent orbitals is zero. In other words, individual
orbitals become indistinguishable from the next and a continuous band of electronic states is

formed in solids. 11!

The probability of an electron residing in a state follows the Fermi-Dirac distribution, which
is analogous to the Maxwell-Boltzmann distribution but accounting for the fact that only one

electron (fermion) may occupy each state:

1
" exp [(E — Ep)/kpT] + 1

F(E) (2.1)

where Ep is the Fermi level, corresponding to a hypothetical state with F(E) = 50%. The

product of the Fermi-Dirac distribution and the density of states (DOS, g) gives the population

13
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distribution (n):

n(E)dE = F(E) g(E)dE (2.2)

This is a vital parameter in categorising the conductivity of a solid. For metals, the Fermi
level lies within a band and so electrons are delocalised in a large number of thermally acces-
sible states at room temperature and are thus able to conduct electricity. For insulators and
semiconductors, the Fermi level lies between bands — i.e. in the band gap — localising valence
electrons which results in low (dark) conductivity (Figure 2.1). The highest occupied band is
termed the valence band (VB); and the lowest unoccupied band the conduction band (CB);
the smallest difference in energy between them is termed F,. In LHPs, the band gap becomes
larger for smaller A-cations67118 and halides[''* 1?2 due to changes in lattice parameter and

octahedral tilting.

Ene Higher T Higher E
— DOS(E) g9 g F

——F(E)

Energy

Figure 2.1 — Modelled effect of temperature and Fermi level (Eg) on band population distri-
bution. When EFf lies between bands, the VB is fully occupied. Increasing either temperature
or the Ef results in a partially occupied CB and higher conductivity.

While pure semiconductors have no intrinsic electrical conductivity at absolute zero, and gen-
erally have low conductivities at room temperature, they can be made to conduct by doping.
For example, if an impurity atom with an extra valence electron is added to the crystal struc-
ture, this can delocalise into the CB and increase conductivity.['?3! Charge-carriers can also
be injected into the CB via an external electrical bias. Of most relevance for this thesis, the
band gap can instead be surmounted by transferring sufficient energy to a VB electron via a

photon. The physics of charge-carrier generation, and their ensuing loss processes, upon light

14
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absorption are explored in the following sections.

2.2 Light absorption

The net rate of transition (r;_,f) between any two electronic states (i and f) separated by E
is described by Fermi’s Golden Rule, given in Equation 2.3, under first-order time-dependent
perturbation theory. 24 The transition matrix element describes the selection rules for coupling
between the two states: for example, optical excitation must be direct, i.e. not involve a change
in momentum (k; = k). That LHPs generally have a nearly direct band gap!!2>1?7 gives rise
to their superior light absorption properties over the indirect-gap c-Si. 1287139 The second group
of terms accounts for the population of ¢ and f: the transition rate is greater when there is a

high density of occupied states around 7, and high density of vacant states around f.

1 -
s = [ WL D [F(B) — F(EY) g B)gy(Ey) dE, 2.3)
m;t,rix populatio;lrdensity of
element initial and final states

When a photon with energy hv > E, is absorbed by the material, an electron is excited into
the CB and a hole left in the VB. The electron and hole are then coupled by an essentially
Coulombic interaction, whose strength depends on the charge screening properties of the lattice.
For materials with a low dielectric constant (€), this coupling is large and thus the electron-hole
pair are bound as an exciton quasi-particle with a characteristically large exciton binding energy
(Ey, > kgT). Conversely, high ¢ materials generally have a low Ey, (~kgT) and the electron

and hole readily dissociate as free charge-carriers at room temperature.

As described in Section 1.3 and depicted in Figure 2.2, spatial confinement in NCs also leads
to increased F},. Equation 2.5 describes how quantum confinement alters the optical gap of a

NC (of radius R) relative to the bulk.

Eopt ~ Eg,bulk + Econf - Eb (24)
h? e?

~ B,y 185 2.5

g,bulk + 80 2 R (2.5)
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-

Figure 2.2 — With decreasing NC size, the band gap (E,), exciton binding energy (E,) and
optical gap (Eopt) increase due to quantum confinement.

The second term assumes a spherical ‘particle-in-a-box’ model to calculate the confinement
energy, where p%, is the electron-hole reduced effective mass; and the third term accounts for
Ey,.131 That these terms scale differently with R predicts that the optical gap becomes larger
for smaller NCs. The partitioning of excited states (ESs) between free carriers and excitons
can be quantified under the assumptions of the Saha model,'3>133 as will be elaborated upon

in Chapter 4.

In materials such as LHPs, characterised by soft bonding between the constituent atoms, the
lattice can undergo significant structural distortion in the presence of a charge. The charge
and the lattice distortion become coupled to the extent that they may be described by a dis-

tinct quasi-particle, the polaron, depicted in Figure 2.3. 134135

This lattice ‘dressing’ inevitably
impacts — and most likely enhances!™% — the charge transport properties of LHPs. Polaron
existence has generally been inferred from optical spectroscopy, 137138 before direct evidence
of charge-coupled lattice distortion was recently found through ultrafast structural probes. 3%
Among other facets, polaron protection has been touted as a possible cause for the reasonably
high carrier mobilities observed in LHPs.["% As will be described in more detail in Chapter
6, carrier mobility depends inversely on both its effective mass (m*) and phonon scattering
rate. While a polaron has a larger m* than a bare charge, this is compensated for by screening

carrier-phonon scattering. 41
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Figure 2.3 — Polarons are formed in LHPs by the distortion of the lattice (black circles) around
the charge (green circle).

2.3 Thermalisation and hot carrier cooling

Following above-gap (hv > E,) excitation, photocarriers are initially formed with a non-thermal
distribution of energies determined by the spectra of the light source (e.g. the Sun or a laser)
and the material absorption (Figure 2.4). The electrons and holes then thermalise rapidly
(<100 fs!'*?) via inelastic carrier-carrier scattering to yield a Fermi-Dirac distribution with
a characteristic temperature greater than that of the surrounding lattice (75, > Ti). This
‘hot carrier’ distribution then cools to the band edge on ~1 ps timescales — conventionally
understood to proceed through longitudinal-optical (LO) phonon emission via Fréhlich cou-
pling 1431451 — yntil T, /h = T;.1146] This has important practical ramifications: the finite band
gap of the absorber layer means any photon impinging on a PV device with (i) hv > E, pro-
duces above-gap carriers whose excess energy is ultimately lost as heat prior to extraction;
while any photon with (ii) hv < E, will not be absorbed. The compromise between these losses
under solar illumination leads to an ideal band gap of ~1.1 eV, corresponding to a theoretical

limit of ~33% PCE for any single-junction SC.[147]

Methods of utilising more of the solar spectrum to improve PCEs include development of
tandem SCs. Here, two or more absorbers with differing band gaps are stacked in the device,
meaning low-energy photons are absorbed efficiently by the narrow-gap material; and high-

energy photons by the wide-gap material. While this presents engineering challenges that can
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Figure 2.4 — Hot carrier cooling in LHPs proceeds by a three step mechanism: (i) Above-gap
light absorption produces non-thermal distribution; (ii) Thermalisation via carrier-carrier scat-
tering forms hot thermal distribution; (iii) Intraband relaxation to form band-edge distribution.

ultimately make tandem devices more expensive, perovskite-Si tandem cells have recently been

reported with PCEs greater than that possible in a single-junction c-Si SC. [148:149]

Light absorbers may instead be coated with an organic sensitiser-emitter system which under-
goes upconversion of two sub-gap photons to one of sufficient energy to excite the absorber
layer, typically via triplet-triplet annihilation.'®) Alternatively, if hot carriers could be ex-
tracted prior to cooling, more of the initial above-gap photon energy could be harvested to
improve open-circuit voltage (V,.);*®! or the excess energy may be used to excite a second car-
rier across the band gap in a process called carrier multiplication or multiple exciton generation,
thereby improving short-circuit current (Ji.)."*>71%6l This latter process is akin to singlet fission
reported in some organic materials, which yields two triplet states from an initial excitation to

a singlet. [157:158]

To realise a working hot carrier SC, the absorber needs to exhibit long cooling times to allow
the excess energy to be harvested; and suitable energy-selective contacts must be used to
minimise energy dissipation after extraction. [1**16% Indeed, it has been proposed that under 1-
Sun illumination with a contact bandwidth of 0.1 eV, cooling times would need to be slowed to
1 ns to see any improvement over the single-junction limit; ['" while rapid carrier thermalisation
[162]

would also be necessary in order to efficiently re-populate the vacant levels after extraction.

Such a device would also require all the ‘typical’ optoelectronic performance parameters such
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as a suitable band gap, high absorption coefficient, long carrier lifetime and good stability. For
these reasons, a working example of a hot carrier SC has thus far remained elusive. Practical
limitations aside, studying hot carrier cooling dynamics provides fundamental insight into the
carrier-phonon and carrier-carrier coupling at play in optoelectronic materials, % which forms

the main motivation for this thesis.

The first results from optical measurements of hot carriers were published by Shah & Leite
in 1969114 studying the steady-state hot photoluminescence (PL) spectra of GaAs. With the
advent of sub-picosecond laser sources, 1% Shank et al.'%6 published the first time-resolved
measurement, of hot carrier cooling in GaAs in 1978, with multiple further examples from
various groups in the following years. 16717 A key observation was that hot carrier cooling was
slower for higher excitation densities, with Shah et al.['"6177 the first to ascribe this to a ‘large
non-equilibrium phonon population’, in agreement also with early calculations for CdSe. 7!
This hot phonon bottleneck effect is now understood to result from the continuous emission and

re-absorption of phonons at higher excitation densities, '™ sustaining the population of hot

carriers over longer timescales (Figure 2.5a).

(a) Low excitation density: High excitation density: (b) High DOS: Low DOS:
'Intrinsic cooling’ Hot phonon bottleneck Fast cooling Phonon bottleneck

w@z::lil; :c::::o ;?

Figure 2.5 — (a) A hot phonon bottleneck is formed at high excitation densities due to con-

tinuous emission and re-absorption of hot LO phonons. (b) A phonon bottleneck is formed

when the spacing between successive electronic states is greater than the energy of the coupled
phonon.

Hot carrier cooling dynamics have now been studied extensively in LHPs. In the first dedi-

cated works, a pronounced hot phonon bottleneck was observed in MAPbI; by Price et al.['8%
and Yang et al.'"®! To explain this, multiple mechanisms have been invoked, such as polaron
screening which partially decouples the carriers from LO phonons;'®2 inefficient Klemens!'®?!

decay (the conversion of a LO phonon into a pair of counter-propagating longitudinal acoustic
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phonons); " and acoustic phonon upconversion, '*° both of which would prolong the popula-
tion of hot LO phonons, and therefore hot carriers. Sekiguchi et al.['86) showed that ‘pre-heating’
phonons using a THz pulse prior to optical excitation magnified the hot phonon bottleneck in
time-resolved photoluminescence (TRPL) experiments. There have been some reports in Sn-
based LHPs of extremely long (few-ns) hot carrier lifetimes, '®" although this may be an effect

of state filling at high carrier densities.

As described in Section 2.2, quantum-confined systems such as NCs often acquire fine structure
or discrete regions in their band continua, which ought to also impact their hot carrier dynamics.
In 1980, Nozik et al.!'%¥ postulated that if the separation between electronic states becomes
greater than the energy of the coupled phonon, a multiphonon cooling mechanism is required
which should prolong the lifetime of an injected hot carrier — ergo, a phonon bottleneck is
formed (Figure 2.5b). Simulations by Bockelmann & Bastard'®?) predicted the same effect
when comparing InGaAs QWs and QDs. However, later experimental investigations by Efros
et al.) showed that cooling is in fact faster in CdSe QDs due to the stronger electron-
hole overlap: the low CB DOS of the hot electron is circumvented by Auger-type energy
transfer to its coupled hole, which then cools rapidly via the high VB DOS. Klimov et al.[**!
ruled out the effect of surface coupling because the same dynamics were observed in both
colloidal and glass-embedded QDs; and later showed the dynamics were indifferent to the
choice of passivating ligand. 92l This was shown conclusively by deliberately sequestering the
hole through surface trapping, which led to longer electron cooling times. 193194 Guyot-Sionnest
et al.") then showed that in this regime, hot electron lifetimes were limited by surface effects,
for example via energy transfer to ligand vibrations. By encapsulating the CdSe QDs with
a ZnSe shell, the electron and hole could be decoupled while still limiting energy transfer to
the surface, and long carrier cooling times were observed. % The controversies surrounding
the effect of confinement on hot carrier cooling in LHP nanomaterials will be the subject of

investigation in Chapter 4.
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2.4 Recombination
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Figure 2.6 — Electron-hole recombination mechanisms are strongly density-dependent.

There are multiple possibilities for the fate of a nascent photocarrier that largely depend on
its nature (exciton or free carrier), material properties (crystalline or amorphous) and the

2.6. [197,198]

excitation density (high or low n), as depicted in Figure In general, these loss

processes can be described by:

d
0 mt an R’ (2.6)

Naturally, terms of higher order in n dominate at higher excitation densities. For low n,
monomolecular decay processes such as trap-assisted recombination dominate. This is first-
order because it involves the scattering of a mobile carrier or exciton with an immobile trap,
which then facilitates non-radiative recombination. Geminate exciton recombination dominant
in excitonic systems is also monomolecular because it involves the (usually radiative) recombi-

nation of a bound electron-hole pair formed by the same photoexcitation event.

At higher excitation densities, bimolecular (o< n?) processes such as non-geminate free electron-
hole recombination dominate, which is particularly prevalent in low FEj, materials. Despite

their soft ionic structure, LHPs exhibit comparable bimolecular recombination rates to high-
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Chapter 2. Perovskite photophysics — from the ground, up

performing covalent semiconductors such as GaAs.[™% This has been attributed to the afore-
mentioned polaron screening, which may even make electron-hole interactions repulsive at short-
range. ! For excitonic systems, high excitation densities can give rise to non-radiative exciton-
exciton annihilation, wherein the energy released by the decay of one exciton is transferred to

another nearby.

At the highest free carrier densities, Auger recombination may dominate which (analogous to
exciton-exciton annihilation) involves the transfer of energy from a non-geminate electron-hole
pair to a nearby third carrier, and is therefore trimolecular (o< n®). While the excitation den-
sities required are not particularly relevant to the operation of a SC under 1-Sun illumination,
they can be routinely achieved using pulsed lasers and so often require separation from other
processes of interest in spectroscopic measurements. Higher order recombination processes tend

to be faster, and can be discerned by their dependence on the intensity of the light source used.

Stimulated emission (SE) occurs when the presence of a photon of suitable energy and phase
initiates the radiative recombination of a carrier. This becomes more apparent as the ES
population approaches that of the ground state (GS), and is the basis of the operation of the

laser described in Section 3.1.

2.5 Defects and trapping

The solid state theory introduced thus far is built upon the assumption of an infinite periodic
array of atoms. However, the structure of any real solid invariably contains interruptions to this
otherwise perfect crystal structure, termed defects.?°) As summarised schematically in Figure
2.7, these may come in the form of ‘point defects’ due to an atom not residing in its intended
lattice site; or larger scale defects such as grain boundaries, where the atoms at the surface of
a crystal experience a different chemical environment to those in the bulk. If the energy levels
that arise from these defects lie between bands, they can act as traps which localise charge
carriers, shortening their lifetime and preventing them from doing useful work. In general,
this is detrimental to PV device performance and much effort goes into minimising trap state

density through careful fabrication methods (although they can also be beneficial where a short
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2.5. Defects and trapping

carrier lifetime is required, such as in fast-switching diodes). 20!
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Figure 2.7 — Schematic diagram showing different types of defects, adapted from Ref. [200].

In contrast to traditional inorganic semiconductors such as c¢-Si and GaAs, the low-temperature
fabrication methods used for LHPs endows them with a much higher defect density. ®? However,
these seemingly do not impede their optoelectronic properties owing to their reported defect
tolerance, which is said to arise from their unique band structure. Most semiconductors have
a valence band maximum (VBM) mainly comprised of bonding MOs, and a conduction band
minimum (CBM) comprised of antibonding MOs. As a result, any defect likely gives rise to
non-bonding orbitals which lie between bands, forming trap states (Figure 2.8a). However, early
calculations on LHPs suggested that the dominant defect type instead results in states that are
buried within bands (Figure 2.8b) for the following reasons: (i) the VBM is mainly comprised
of antibonding states formed by the hybridisation of Pb(6s) and X(np) AOs, meaning VB
vacancies are buried within the band; (ii) vacancies that would otherwise form ‘shallow’ traps
just below the CB, are instead buried due to relativistic effects on the Pb(6p) AO that lower

the energy of the CBM; %% and (iii) anti-site and interstitial defects that form ‘deep’ traps,
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have a high formation energy and therefore only exist in low concentrations. [203:204

Defect-intolerant Defect-tolerant

(a) (b)

Pb(6s)

Figure 2.8 — (a) Defect intolerance in conventional semiconductors. (b) Defect tolerance in
LHPs arises from the antibonding (o*) nature of the VBM, meaning dangling bonds formed by
vacancies are buried within the band. Adapted from Refs. [202] and [205].

The surface atoms form a much larger proportion of nanoscale structures and thus often have a
sizable impact on their properties. Defect tolerance has also therefore been invoked to explain
the promising properties of LHP NCs, which often demonstrate a high photoluminescence
quantum yield (PLQY) from solution-based methods, without the need to resort to complicated
core-shell architectures seen in traditional analogues. %! In analogy to the predictions for bulk
LHPs, interstitial atoms may be the only defect found in significant concentrations due to their
low formation energy, but tend to form shallow traps.?°! The defect tolerance of LHP NCs is
still somewhat controversial. For example, it was recently posited that extrapolation from bulk-
like arguments is dubious because under-coordinated AOs experience a different electrostatic
environment at the surface that may push their energies into the band gap.!?” The defect
tolerance of LHP NCs, extended to its role on hot carrier dynamics, will be the subject of

Chapter 5.
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3 Methods

The utility of LHPs as optoelectronics is predicated on their electronic transitions being op-
tically allowed. By the same token, their interaction with light can therefore be used as a
powerful tool to probe their underlying electronic structure through spectroscopic methods.
As described in Chapter 2, a material’s characteristics is governed by dynamical processes and
thus time-resolved methods are required to study them. The most fundamental light-matter
interactions in LHP systems occur in transiting charge-carriers between bands and therefore
visible light is commonly used. However, by employing NIR light, the intraband structure
can be assessed and used to elucidate device-limiting processes. Furthermore, THz radiation
can be used to study lattice dynamics in response to electronic excitation. The central theme
for the approach used in this work is based on ultrafast intraband spectroscopy, expanded to

multi-pulse approaches which can manipulate, and therefore study, sequences of distinct ESs.

3.1 Basic principles of a laser

As described in Section 2.2 and depicted in Figure 3.1, the transition rate between two states
(“0” and “1”) depends on their relative populations. Thus, at thermal equilibrium where, by
definition, the lower state is more highly populated, a photon traversing a medium is more
likely to be absorbed than to stimulate emission of another photon. The net result is that the
incident radiation is attenuated. For a medium to amplify a light source, a population inversion
must be formed wherein the higher-lying state is more highly populated. This is infeasible for

a two-level system because, at best, 79,1 = r1_0. 2%
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Chapter 3. Methods

In a three-level system, another energy level (“2”) is introduced which can rapidly depopulate
— and has a longer lifetime than — state 1, establishing a population inversion between 0 and
2. The first working example of a laser by Maiman in 196012°! made use of ruby (Cr:Al,O3)
as the lasing medium, which amplified light of ~690 nm. This was later expanded to four-level
systems, such as in Nd-doped yttrium aluminium garnet (Nd:YAG) lasers, which can also more

effectively depopulate the lower energy state (“3”), improving lasing efficiency. [21°)

2-level 3-level 4-level
-00000- 100, ey
e || e | Wit Wie § W
-00000- —000—— — 008

o1 = o1 o2 < I 3, <3

N

Figure 3.1 — Lasing requires a population inversion to be achieved via a multi-level system.

In a working laser, a ‘cavity’ is formed by placing the active medium between two mirrors
with near-unity reflectance at the desired wavelength. A pump source is required to establish
a population inversion in the active medium, and can be electrical or optical (e.g. an intense
‘flash lamp’ or, indeed, another laser) in nature. The nascent emitted light makes many passes
between the two cavity mirrors, wherein the constructive interference of the travelling photons
forms standing waves if the wavelength matches the cavity modes (nA = 2L, where n is an
integer and L is the cavity length), being amplified with each pass. A greater number of modes
satisfy this relationship with a wider emission line and longer cavity. As the laser operates on
the basis of SE, the emitted light has a high degree of spatial coherence, producing beams with

low divergence that can be sent over long distances in the laboratory without loss in intensity.

While lasing can occur continuously over time, in this case only a small population inversion
is sustained and the laser power remains relatively low. The peak amplification can be much
greater if lasing is forced into brief bursts. One method of doing so is Q-switching, wherein the
exit mirror is initially made transparent (low @) such that optical feedback is suppressed and a

high population inversion can be created by the pump; the mirror is then made reflective (high
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3.1. Basic principles of a laser

()) and lasing occurs rapidly from far above the gain threshold, producing short and intense
light pulses. This is typically achieved using a shutter or electro-optic modulation of the cavity

mirror, producing light pulses a few nanoseconds in duration. 21°!

While the pulse duration achieved through @-switching is limited by the lifetime of the emitting
state and the rate of the modulating bias, few-femtosecond pulses can be produced through mode
locking in the laser cavity. As per the Fourier transform described in Section 3.3.3, bringing
modes spanning a wide range of frequencies into phase results in amplified pulses that are short
in duration. This is readily achieved in titanium-doped sapphire (Ti:AlyO3, Ti:sapphire) lasers,
whose Ti*" ion dopants offer a very large gain bandwidth, generally centred at ~800 nm. The
Ti:sapphire medium also affords the additional benefit of passive mode locking via the Kerr
lensing effect, wherein the refractive index change is non-linear in intensity and thus self-focuses

only the most intense modes.

A critical issue with the generation of ultrashort light pulses is degradation of the active medium
due to extremely high peak irradiance. This can be circumvented by the use of chirped-pulse am-
plification first described by Strickland and Mourou in 1985, ') wherein light is first stretched
temporally by dispersive optics prior to amplification, before being re-compressed to afford
high intensity, ultrashort laser pulses (Figure 3.2). This has since permitted the development

of table-top ultrafast laser systems that pervade much of research and industrial applications.

Stretch Amplify Compress

 — —_—  —
Low {)ower Low power High power High power
Short pulse Long pulse Long pulse Short pulse

Figure 3.2 — During chirped pulse amplification, ultrashort, low power pulses are temporally
stretched prior to amplification, before being re-compressed to produce ultrashort, high power
pulses.

Key to their utility in the laboratory is the ability to manipulate the wavelength of light emitted
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by a laser source. This can be achieved through the use of non-linear optics, involving multiple
simultaneous light-matter interactions. For example, optical parametric amplifiers (OPAs)
generate two low-energy photons — termed the ‘signal” and ‘idler’ — from a single higher-energy
‘fundamental’ input. For the experiments described later, this is used to down-convert the
800 nm Ti:sapphire laser emission into NIR photons then used to probe intraband dynamics.
Through up-conversion, two lower-energy photons can be used to produce a single higher-energy
photon, for example in the generation of visible light used to initiate band-to-band transitions.
Focusing an ultrashort narrowband laser pulse can also lead to ‘self-phase modulation’, thereby

generating broadband white light.

3.2 Steady-state methods

3.2.1 Ultraviolet-visible absorption spectroscopy

Detector AN
Iy(A I+(\
nght source \I oM D 7(A) ' /
SI|t Sample

Dlsperswe
Lens optic A

Figure 3.3 — (a) Schematic diagram of a UV-vis absorption spectrometer. (b) Schematic
example of LHP UV-vis absorption spectrum.

As described in Section 2.2, a photon is only absorbed when its energy matches that of a
transition between two quantum states of the material. Under equilibrium conditions, this cor-
responds to transitions from the material GS to higher-energy ESs. Many of the optoelectronic
materials described in this thesis interact with light spanning the ultraviolet-visible (UV-vis)
portion of the electromagnetic spectrum. As such, UV-vis absorption spectra are a central pillar
in their characterisation, yielding insight on their electronic structure through widely available

istruments.

The material’s attenuation of a particular wavelength of light is assessed by comparing the

incident light intensity (/o) with that transmitted through the sample (Ir). The two values are
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related to absorbance (or equivalently, optical density, OD) by the following equation:

Ip(\)
Iy(N)

A(N) = OD(\) = — log (3.1)

In practice, this is generally achieved using a white light source (e.g. Xe lamp), with the
wavelength of light selected by combining a dispersive optic and a thin slit. Rotating the
optic or translating the slit alters the wavelength of light impinging on the sample, and an
absorbance spectrum can be generated. The width of absorption features correlates with the
vibrational coupling to the electronic states involved and/or, in the case of LHP NCs, crystallite

size dispersion across the sample.

3.2.2 Photoluminescence spectroscopy

€) Sample
Aex
Light source D
@ Sit

Dispersive
Lens Cl)OPt'C )\PL
Detector V
Figure 3.4 — (a) Basics of a PL spectrometer. (b) Schematic example of LHP PL spectrum.

While steady-state absorption spectra describe transitions from the GS, initial insight into the
fate of a particular ES can be extracted from a material’s emission spectrum. The emission
of light from an ES can follow energy transfer via a chemical reaction (chemiluminescence) or
electrical bias (electroluminescence), however emission following light absorption (photolumi-

nescence, PL) is the most instructive for the systems described in this thesis.

Typically, a monochromatic light source (e.g. a laser, LED or a broadband source in combina-
tion with a monochromator, as in Section 3.2.1) is used to excite the sample. The resulting PL
spectrum is generated by scanning the detection wavelength, either through another monochro-

mator paired with a photodiode (PD), or a wavelength-calibrated pixel array (i.e. a camera).
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While absorption can occur from any GS to any ES, emission predominantly occurs from the
lowest-lying ES, according to Kasha’s rule.?'? In LHPs, the Stokes shift between the absorption
onset and PL maximum is thought to arise from lattice relaxation around the carrier (polaron
formation) after excitation,?'3 in analogy to the solvent reorganisation energy exhibited by
isolated molecules.?'¥ The widths of the PL peaks, as in absorption spectra, are also related

to (in)homogeneous broadening.

The PLQY (¢p) of a material can give initial insight into the relative efficiencies of its under-

lying radiative (k;) and non-radiative (k) processes:

Ky
kr + knr

dpr, = (3.2)

For example, carrier trapping at defects lowers PLQY, which can be used to assess character-
istics of a sample such as grain boundaries of polycrystalline films or the passivation of NC
surfaces. As PL is a spontaneous process, emission occurs in all directions and thus PLQY

measurements benefit from the use of an integrating sphere to capture all of the nascent light.

3.3 Pump-push-probe (PPP) spectroscopy

In the study of ES dynamics in optoelectronics, a very commonly applied variant of the PP
scheme is transient absorption spectroscopy (TAS). Here, the system is pumped into an ES,
and then probed by a broadband (usually visible) light source. The differential absorption

spectrum with (A,) and without (A.r) the pump can be used to investigate a wide range of

overlapping ES species: [195:21%]
AA(t, ) = Aon(t, A) — Aog(N) (3.3)
Iton It
IO ]0
IT on(t, )\)
=) 3.5
& IT,OH()\) ( )

Transient absorption (TA) features for LHPs can be broadly classified into three types:
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3.3.  Pump-push-probe (PPP) spectroscopy

e Ground state bleach (GSB), AA < 0:
When the pump is absorbed by the sample, electrons transit from the GS to an ES
and the GS is “bleached”. The sample is therefore rendered more transmissive to the
probe, which is manifested as a negative feature in the TA spectrum at the steady-state

absorption edge.

e Stimulated emission (SE), AA < 0:
Following pump excitation, the probe may stimulate emission from the ES to the GS.
This results in additional light intensity at that wavelength reaching the detector, and a

negative feature in the TA spectrum near the steady-state PL peak.

e Photoinduced absorption (PIA), AA > 0:
The population of an ES by the pump means the subsequent probe can transit carriers to
an otherwise inaccessible higher-lying ES, rendering the sample less transmissive to the

probe at those energies and yielding a positive feature in the TA spectrum.

The wide number of spectrally and temporally overlapping features in a TA spectrum can
complicate their interpretation. For example, the presence of band-edge carriers in the CB can
increase the band gap energy through the ‘Burnstein-Moss effect’, [2'6) resulting in a blue-shifted
GSB; conversely, the photoinjection of carriers into the CB has also been shown to decrease the
band gap via ‘band gap renormalisation’ (BGR).["® The competition between these effects is
sample-dependent and thus the net effect can be hard to predict a priori. Debate over the effects

of photoinduced refractive index changes can also obfuscate the interpretation of results. 7]

BGR leads to a sub-gap PIA feature in the TA spectra which, after above-gap photoexcitation,
diminishes as the hot carriers cool and fill these band-edge states. As such, tracking the
changes in this sub-gap PIA is one method employed to study hot carrier dynamics. 218219
Another approach is by following the early-time rise in the band-edge kinetics: under resonant

conditions, the band-edge states are filled promptly within the pump pulsewidth; while under

above-gap excitation, the GSB onset is delayed by hot carrier cooling. 22

By far, the most common approach to studying hot carrier dynamics is through the shape
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of the GSB after above-gap excitation.[!80:184221-225] After thermalisation, the carriers form
a pseudo-Fermi energy distribution and this is manifested as a high-energy tail in the GSB.
Fitting this tail yields an effective carrier temperature whose evolution over time relates to hot
carrier cooling. Due to spectral overlap with other features, the inherent difficulty with this
approach is that the fitted region cannot be assigned solely to the presence of hot carriers and
there is not a definitive method for choosing the relevant spectral window, potentially yielding

s.1226 Moreover, the definition of an effective temperature is somewhat unclear

inconsistent result
at low carrier densities!??”) and/or in quantised band structures such as those in NCs. 228 More
elaborate methods that take into account a wider range of spectral contributions have now been

developed by Sum et al.?%0]

The vast majority of hot carrier studies are based on a PP scheme with all carriers produced
by a single common excitation event. Increasing the pump fluence increases the initial carrier
density, leading to longer cooling times via the hot phonon bottleneck effect (Section 2.3).
However, higher carrier density also leads to a higher likelihood of Auger recombination (Section
2.4), during which hot carriers are formed as a by-product. The ‘intrinsic’ hot carrier lifetimes
typically fall on sub-ps timescales, and Auger recombination >10 ps. Therefore, the hot carrier
lifetime falls into two distinct regimes of intraband cooling and ‘Auger heating’, with the relative
contributions of each difficult to disentangle at intermediate excitation densities. In this regard,
three-pulse ‘pump-push-probe’ (PPP) spectroscopic approaches described herein offer more

rigorous control of hot carrier density.

The PPP scheme was first used by Guyot-Sionnest et al. in 1999.193 Here, a visible pump
was used to excite CdSe QDs, and their ES dynamics probed by a NIR pulse tuned to the
1S5-1P transition. A third, more intense NIR pulse arrived ~10 ps after the pump, ensuring
it interacted exclusively with the lowest-lying ES (1.5), bleaching the probe absorption by re-
excitation to the 1P state. The recovery of the probe absorption could be solely assigned to
the intraband relaxation from 1P to 15, and used to elucidate the role of Auger-type electron-

[229]

hole energy transfer in overriding the phonon bottleneck. Klimov et al. later used a similar

scheme for CdSe QDs capped with a hole acceptor. By introducing the push at later delays after
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the pump, a larger proportion of holes became spatially decoupled from the electrons, prolonging
intraband relaxation by suppressing electron-hole energy transfer. PPP spectroscopy was also
then used elsewhere in other notable works on CdSe QDs, %519 and expanded to PbSe 3"

and InP [ QDs soon after.

Variants of PPP spectroscopy have now recently been applied to LHPs. 231239 In the following
Sections, the optical setups and analysis procedures used to obtain the results presented in

Chapters 4-6 are described in detail.

3.3.1 Pump—push—NIR-probe (PPP-NIR) spectroscopy

>_. X
LP Push ND \. PD
-»—- % S [
OPA-II BS Pump oM

BBO ND
P —— Lock-in
OPA-I SpP Amplifier

2

Pump | | Probe
DS DS

Figure 3.5 — Schematic diagram of PPP-NIR setup. BBO: B-barium borate; BS: beamsplitter;

DM: dichroic mirror; DS: delay stage; FM: focusing mirror; LP: long-pass filter; ND: neutral

density filter; OPA: optical parametric amplifier; PD: photodiode; S: sample; SP: short-pass
filter; X: beam-block.

The output (A. ~ 800 nm, T ~ 35 fs, f = 4 kHz) of a Ti:sapphire regenerative amplifier
(Astrella, Coherent) seeds two OPAs (TOPAS Prime, Light Conversion) for tunable-wavelength
NIR light generation. TOPAS-I light is further upconverted (by frequency-mixing or second
harmonic generation (SHG)) in a [-barium borate (BBO) to produce a visible pump with

hv ~ E,. This then passes through a mechanical chopper modulated at f/2 = 2 kHz, an
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optical delay line (controlling the pump-push time delay), and a neutral density (ND) filter
wheel on its path to the sample. TOPAS-II light is tuned to a wavelength within the range of
intraband transitions, and split by a R:T=10:90 beamsplitter. The more intense portion forms
the push and passes through a separate ND filter wheel; while the other arm forms the probe
and is sent through another optical delay line (controlling pump(-push)-probe time delay).
Pump and probe are introduced collinearly at the sample via a 100 mm focusing mirror; with
the off-axis push superimposed via a 300 mm focusing mirror — the position of which is moved
to achieve a fluence that gives sufficient signal-to-noise, with minimal sample degradation. The
probe is detected by an amplified PbSe PD (PDA20H-EC, Thorlabs), and the differential signal

read-out to a lock-in amplifer (MFLI, Zurich Instruments).

3.3.2 Pump-—push—Visible-probe (PPP-Vis) spectroscopy

Spectro-
graph
= Pump
nm —Push PC
=== Probe

Figure 3.6 — Schematic diagram of PPP-Vis setup. BBO: B-barium borate; BS: beamsplitter;
DS: delay stage; FL: focusing lens; ND: neutral density filter; OF: optical fibre; OPA: optical
parametric amplifier; S: sample; SP: short-pass filter; X: beam-block.

All measurements were performed using a commercially available setup (Helios, Ultrafast Sys-
tems) with home-built adaptations for three-pulse experiments. The output (A. ~ 800 nm,
T~ 100 fs, f = 1 kHz) of a Ti:sapphire regenerative amplifier (Solstice, SpectraPhysics) is split

into three arms. One arm seeds an OPA (TOPAS Prime, Light Conversion) and a frequency
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mixer (NirUVis, Light Conversion) to produce a NIR push, where it passes through a variable
ND filter before being focused onto the sample. The second arm of seed laser light is coupled
into an optical delay line which ultimately controls the pump(-push)-probe delay time, before
then being focused into a sapphire crystal to generate the broadband visible probe. The probe
is collimated before it then passes through a beamsplitter to form the ‘sample’ and ‘reference’
beams. While the reference is focused directly into an optical fibre, the sample probe is first
re-focused onto a spot on the studied system, before the transmitted probe is passed into a
second optical fibre. Next, the light passes through a dispersive optic to spatially separate it
according to wavelength. The dispersed light impinges on a camera, whose pixel positions are
calibrated to probe wavelength. The use of sample and reference beams means shot-to-shot
laser instability is accounted for and the resulting data are less noisy. The third arm of the
seed laser passes through a BBO to generate a 400 nm pump, where it makes a double pass
through a retroreflector mounted on a translation stage whose position controls the resulting

pump-push delay. The pump is chopped at f/2 = 500 Hz before being focused onto the sample.

Introduced in Section 3.1, the chirp experienced by a laser pulse means that longer-wavelength
probe photons arrive at the sample fractionally earlier than those of shorter wavelength. As
a result, the ‘time-zero’ position of maximum temporal overlap with the pump is wavelength-
dependent and chirp-correction needs to be performed on any TA surface prior to data analysis.
This is done by hand-picking a selection of (¢, A) points corresponding to the half-rise of the
kinetics at that wavelength. A polynomial is fitted to these points and subtracted from the data
set, such that the half-rise occurs consistently at time-zero across all parts of the spectrum.
Any residual ‘pre-pump’ (¢ < 0) signal amplitude is also background subtracted to ensure only
ES dynamics are present. These corrections are made in the Surface Xplorer software package

(Ultrafast Systems).

For PPP-Vis experiments, the kinetics are integrated over a wavelength range slightly to the
low-energy side of the GSB maximum. This is to minimise the effect of spectral line shape
change of the high-energy GSB tail due to the presence of hot carriers upon push re-excitation,

as described earlier; while also ensuring minimal contamination from the sub-gap PIA feature.
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The initial carrier density ((n)) can be calculated from the pump conditions as follows:

Epum
Fpump - ﬂ_}p%z/; (36)

(n) = (1 —10"") X Fyump (3.7)

where Epymp, is the pump energy per pulse, R is the pump beam radius of ~250 pm, A is the

sample absorbance at the pump wavelength.

The average cold carrier density immediately prior to the push, and the hot carrier density

immediately following the push, can be calculated as follows:

AAGSB pre-push
co = —_— 3.8
(nea) = () x oo 35)
0(AA
(Mhot,0) = (Neold,0) X HTiipﬂ (3.9)

3.3.3 Pump-—push-THz-probe (PPP-THz) spectroscopy

The PPP-THz optical setup, electronics and LabVIEW control software were built by Dr. Xijia
Zheng and Dr. Andrei Gorodetsky (Imperial College London). The output (A. ~ 800 nm,
T ~ 35 fs, f = 4 kHz) of a Ti:sapphire regenerative amplifier (Astrella, Coherent) is first aligned
through a pair of cage-mounted irises, which makes alignment of the entire setup more facile.
The 800 nm beam is split, with one portion forming the THz probe, and the other the ‘gate’.
THz radiation is generated by defocusing 50 mW of 800 nm light through a photoconductive
antenna (PCA, Tera-SED, Laser Quantum) with a pulsed bias (f = 2 kHz, V' = 40 V) applied
by an external power supply (2231A-30-3, Keithley)-microcontroller (Arduino) pair. The THz
probe is focused onto the sample using parabolic mirrors, with the transmitted light collected at
a ZnTe crystal. The gate pulse initially passes through an optical delay line, before overlapping
with the transmitted THz at the ZnTe crystal. The THz waveform is produced via electro-optic
sampling — that is, the presence of the THz induces a rotation of the 800 nm gate electric field
vector. The extent of rotation determines the relative magnitudes of the s- and p-polarised

vector components, which are separated by a Wollaston prism before each are detected by a
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Lock-in
Amplifier P

Figure 3.7 — Schematic diagram of PPP-THz setup. BS: beamsplitter; DL: defocusing lens;

DM: dichroic mirror; FL: focusing lens; FM: focusing mirror; OPA: optical parametric amplifier;

PCA: photoconductive antenna; PD: photodiode; PM: parabolic mirror; S: sample; A/4: quarter-
waveplate.

pair of PDs. The PDs are ‘balanced’ under zero THz field by rotating a quarter-waveplate
mounted on the ZnTe crystal. Thus during data acquisition, the difference in signal between
the PDs, as read out to a lock-in amplifier (MFLI, Zurich Instruments), is related to the THz
field amplitude. By controlling the THz-gate delay, the time-varying THz waveform can be

extracted (Figure 3.8).

The time- to frequency-domain conversion of the THz waveform is achieved via Fourier Trans-

formation, the basic principles of which are described further here. It can be shown that any

continuous function may be represented by an infinite sum of sine and cosine waves: 24!

flz) = %ao + i a, cos(nz) + i by, sin(nzx) (3.10)
n=1 n=1

= i A, e (3.11)

Here, Equations 3.10 and 3.11 are the sine-cosine and complex forms of the Fourier series,
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Figure 3.8 — Time- to frequency-domain conversion of THz spectrum via Fourier transformation

respectively, where:

a, = %/ﬂ f(z) cos(nz) dx
b, = %/W f(z)sin(nz) dz

1 [7 ,
A, = —/ f(x)ye "™ dx
2 ) .

For a function that is periodic in [~L/2, L/2], Equation 3.11 can be written as: (24
fla)y= > A e/t (3.12)

The Fourier transform is a case of the Fourier series where . — oo and the discrete A, is

replaced by the continuous f (k) dk with n/L — k, to give the relationship between a conjugate

pair of functions, f and f:

flz) = / f(k) 2k q; (3.13)
F(k) = / F(z) e2mike 4y (3.14)

where z and k are the reciprocal domains in which each function operates. Schematically, this
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3.3.  Pump-push-probe (PPP) spectroscopy

A

amounts to finding the average amplitude (f) of an input signal (f) after rotation through the
complex plane, where f will only be non-zero when the frequency of rotation (k) matches a

component of the input signal.

Any signal that is non-zero in only a small region of one domain, is non-zero in a large region
of its reciprocal domain. This has powerful and far-reaching implications for signal processing
— most notably, in the context of this thesis, for the interconversion between the time and
frequency domains of an electric field: as outlined in Section 3.1, for an optical pulse to be
short in time duration, it must be comprised of photons spanning a broad range of frequencies
(energies). The well-known Heisenberg Uncertainty Principle (Equation 3.15), which describes
the fundamental limit of precision to which both the position (z) and momentum (p, “spatial
frequency”) of a particle can be known simultaneously, is also a direct consequence of Fourier

transformation.

h
AzAp > — (3.15)
4m

For PPP-THz measurements, the gate delay was fixed at the THz field maximum. TOPAS (as
in Section 3.3.1) is detuned to transmit as much of the 800 nm seed as possible, from which the
400 nm pump is generated via SHG in a BBO and residual seed light removed using a 450 nm
shortpass filter (FESH0450, Thorlabs). The pump is mechanically chopped at f/4 = 1 kHz
and passed into an optical delay line whose position is fixed to determine the pump-push delay.
The NIR push is derived from either the ‘signal’ or ‘idler’ of TOPAS II, depending on the
wavelength required, and made collinear with the pump before entering the THz setup. Figure
3.9 shows the measured signal spectrum, with the idler spectrum predicted from the energy
difference between the signal and fundamental input, due to limited spectrometer bandwidth
(950-1700 nm, Qneo, Broadcom). Both pump and push pass through another optical delay
line to control pump(-push)-probe time delay. They are then focused through a lens onto the
sample. The intensity of the pump and push are separately controlled by continuous variable

ND filters.
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Figure 3.9 — Push spectra for PPP-THz. The signal is measured using a spectrometer; due
to limited spectrometer bandwidth, the idler spectrum is predicted based on the signal.

3.4 Kinetic modelling

The kinetics of a photophysical species are defined in terms of the rate of change of their density
with respect to time, the first-order derivative dn/dt. The kinetics often depend on multiple
different interactions with (i) the environment; (ii) other members of the same species; and
(iii) members of other species that have their own time-evolving population. This system of
coupled differential equations therefore cannot be solved analytically and so numerical approxi-
mation methods are valuable in extracting physically meaningful parameters from the transient

spectroscopic data.

The definition of the first derivative of a function y(x), for a small step Az, is:

W _ ) = tim y(r + Ax) —y(z)

= 3.16
dx Az—0 Az ( )

A subset of numerical approximations to differential equations, described herein, are based on

the Taylor expansion:

(Ax)"
!

n

y(x 4+ Azx) = y(x) + Z y™ () (3.17)

n=1
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3.4. Kinetic modelling

The Euler method approximates y(z) by truncating at the 15 term of the Taylor expansion:

y(x + Ax) = y(x) +¢'(z)Ax (3.18)

Adding successive terms in the expansion gives a better approximation of y(z) but requires
knowledge of the explicit form of its n'® derivative. The Runge-Kutta (RK) methods are based
on the Taylor expansion but simplify computation by reducing higher order derivatives. The

20d_order RK method has the form:

o+ 8a) o)+ (+ 55 yl) + /057 ) B (3.19)

Geometrically, this amounts to propagating from y(z) to y(z + Ax) using the gradient at the
point halfway between them (z + 2%, y(z + &%), and is therefore also called the Midpoint
method. As shown in Figure 3.10, this converges to y(z) faster than the Euler method and so

is more accurate, but marginally more expensive computationally, for a given Ax.

< 150] ]
< X X+Ax

Euler
— Midpoint

T x+Ax/2

Figure 3.10 — Euler and Midpoint methods for the numerical approximation to the exemplar
polynomial y = 2x3 + 3x? + 4x + 5 (circles). The Midpoint method converges to y(x) faster
(i.e. at a larger step size Ax) than the Euler method.

Kinetic modelling of the experimental results was performed using custom-made Python codes

41



Chapter 3. Methods

in interactive Jupyter Notebooks.

3.5 Exciton binding energy via Elliott model

Ey, is an important parameter in characterising the nature of the ES present in a semicon-
ductor. Multiple methods for calculating Fj, are available, including temperature-dependent

247 and first-principles calcula-

PL, 4224 magneto-optical spectroscopy, 119245:246] ellipsometry |
tion. 2*8l Modelling steady-state absorption spectra using the Elliott formula is another common
approach, 922 and is the one chosen here due to its accessibility. Modelling of absorption

spectra was performed using custom-made Python code in interactive Jupyter Notebooks.

Within the Elliott model, the absorption spectra can be decomposed into a linear combination

of exciton (e, ) and continuum (c.) states:

a(E) = a,(E) + a.(F) (3.20)
where:
o, (E) = AxZ%-5<E—Eg+%) + B, §(E — E) (3.21)
and:

au(E) = A, - 0(E), 6 = {OV E= £ Ei 5 2 gi (3.22)
The sub-gap exciton states are modelled in the first term of Equation 3.21 by a series of delta
functions at F = E, — Fy,/n* (which thus converge at E,), with intensities that scale with 1/n?.
As such, expanding the series to n < 5 is typically sufficient in practice. The second term of
Equation 3.21 describes an exciton-like transition found above the band gap at £ = F5 in the

more confined systems.

The continuum is modelled in Equation 3.22 as a Heaviside function, 6, that scales with

E — E; above E,, which assumes a parabolic band structure near the band edge.

A,, B, and A, are scaling factors to fit the model to the experimental data. Line broaden-
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3.5.  FExciton binding energy via Elliott model

ing due to static and dynamic disorder is modelled by convolving the exciton and continuum

contributions with a Gaussian function, G(F, o). The final fitted spectra thus have the form:

Qotal (F) = [0 (E) * G(E, 0,)] + [ae(E) * G(E, 0.)] (3.23)
E
Ax/8
@ (b) 4 %Z (0
X 1
E > a(E) £,/16 A(E)
I
Eg-Eb X
o [EE, *GIE,0)
-\N DOS £, E ,_ég £

Figure 3.11 — The Elliott model assumes the band structure depicted in (a). The contributions
of excitons and the continuum to absorption spectrum are depicted in (b). Gaussian convolution
to account for line broadening yields modelled absorption spectrum depicted in (c).
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4 Hot Carrier Confinement in Lead

Halide Perovskite Nanomaterials

Thus far, the photophysics of LHPs and their nanomaterials have been introduced, with hot
carrier cooling highlighted as an important energy loss pathway that warrants a thorough
understanding for novel device design. Hot carrier cooling is governed by their interactions
with the lattice and neighbouring carriers. Here, these are assessed in a range of nanomaterials
using the first of three variants of the multi-pulse approach described in Chapter 3, where the
use of a NIR probe directly interrogates intraband dynamics. Through this, it is shown that

the carrier-carrier scattering pathway becomes more dominant in confined systems.

The contents of this Chapter are adapted from work described in Ref. [234]:

B. P. Carwithen, T. R. Hopper, Z. Ge, N. Mondal, T. Wang, R. Mazlumian, X. Zheng,

F. Krieg, F. Montanarella, G. Nedelcu, M. Kroll, M. Albaladejo-Siguan, J. M. Frost, K. Leo,
Y. Vaynzof, M. I. Bodnarchuk, M. V. Kovalenko, A. A. Bakulin, Confinement and Exciton

Binding Energy Effects on Hot Carrier Cooling in Lead Halide Perovskite Nanomaterials, ACS
Nano, 2023, 17, 66386648

4.1 Background and motivation

As discussed previously, the variety of potential applications for semiconductors has been greatly
enhanced by the development of facile synthesis routes to quantum-confined structures. Nat-

urally, understanding the underlying (photo)physics at play in these systems can help guide
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4.1.  Background and motivation

their applicability.

The manner in which increased confinement affects hot carrier cooling dynamics in nanomateri-
als is still largely contested. Based on the phonon bottleneck picture, wherein the discretisation
of electronic states requires that carriers relax via a multiphonon mechanism (Figure 2.4), cool-
ing ought to be intrinsically slower™® and exhibit a more severe hot phonon bottleneck in
quantum-confined materials than their bulk analogues. Indeed, some early reports on GaAs
showed slower cooling in QWs than bulk systems, 7172253 Hhut cooling times were found to
be similar elsewhere.'® This was also contested on the grounds that any differences observed

[254-256]

could instead be explained by the variation in carrier densities used for each. In other

words, this was a hot phonon bottleneck effect that should display a dependence on carrier

[257,258

density. Nozik et al. I would then later show that the hot phonon bottleneck is in fact

stronger in QWs than in bulk GaAs.

Debate around the effects of confinement on hot carrier dynamics is also prevalent for LHP NCs.

Sum et al. 259

showed that cooling times were longer in MAPbI; NCs — crucially also showing
the protracted cooling process enabled efficient extraction of these carriers by a 4,7-diphenyl-
1,10-phenanthroline acceptor. Conversely, Wu et al.[?"l observed a subtle increase in cooling
rate for progressively smaller CsPbBrs NCs; while Hodgkiss et al.??!) observed faster cooling
in CsPbBr3 NCs than the bulk yet with, intriguingly, no size-dependence between the ~8 and
~4 nm NCs despite clear spectral signatures of discrete states only appearing in the latter. A
lack of observable difference between the cooling behaviour of bulk and nanocrystalline LHPs
has also been reported elsewhere in the literature, 26262 including in work by Hopper et al.[?3%
comparing bulk and 8 nm cuboidal CsPbBr3 NCs. This may also be explained by considering the
weak confinement experienced by the carriers in NCs of this size (dg ~ 7 nm in CsPbBr3[™). In
this latter work, achieved through the same pump—push—-NIR-probe (PPP-NIR) scheme as used
later in this Chapter, the hot carrier dynamics were shown to depend not only on the hot carrier
density due to the hot phonon bottleneck, but also on the background cold carrier density. At

higher cold carrier density, cooling was faster, which was attributed to an alternative cooling

pathway mediated by the scattering of hot and cold carriers. This provides a key mechanistic
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Chapter 4. Hot Carrier Confinement in LHP Nanomaterials

basis for the results described hereinafter.

In NPLs, whose anisotropic shape mean they are strongly confined in one dimension, carrier
cooling has been shown to be density-independent and faster than in the bulk, which was
attributed to a reduction in screening of carrier-phonon interactions. 293264 Meanwhile, QW-
type perovskites have seen contrasting reports of both faster 292661 and slower 267268 cooling

with increased confinement.

In this Chapter, the hot carrier cooling dynamics in a range of LHP nanomaterials spanning
weak to strong confinement regimes are systematically investigated by ultrafast PPP-NIR spec-
troscopy. The results reveal the effect of quantum confinement and highlight the importance
of studying hot carrier density-dependence when making comparisons between the dynamics of

different systems.

4.2 Specific experimental details

4.2.1 Sample preparation and characterisation

5 nm CsPbBrs NCs, prepared by Dr. Franziska Krieg (ETH Zurich)

Chemicals: CsaCOj3 (Fluorochem), Pb(OAc),.3H20 (99.99%), Brs (99.9%), 1-octadecene (ODE,
technical grade), 3-(N,N-dimethyloctadecylammonio)propanesulfonate (ASC18, >99%), oleic
acid (OA, 90%, Sigma-Aldrich/Merck), toluene, acetone (HPLC grade), ethyl acetate (HPLC
grade, Fischer) and trioctylphosphine (TOP, >97%, STREM).

Cs-oleate precursor, 0.4 M in ODE: Cs;COj3 (1.628 g, 5 mmol), OA (5 mL, 16 mmol) and ODE
(20 mL) were evacuated at 25-120 °C until gas evolution was complete.

Pb-oleate precursor, 0.5 M in ODE: Pb(OAc),.3H,0 (4.607 g, 12 mmol), OA (7.6 mL, 24 mmol),
and ODE (16.4 mL) were mixed in a three-necked flask and evacuated at 25-120 °C until com-
plete evaporation of acetic acid and water.

TOP-Bry precursor, 0.5 M in toluene: TOP (6 mL, 13 mmol) and Bry (0.6 mL, 11.5 mmol)
were mixed under an inert atmosphere. Once the reaction was complete and cooled to room

temperature, TOP-Bry was dissolved in toluene (18.7 mL).
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4.2. Specific experimental details

Synthesis of 5 nm CsPbBrs-ASC18 NCs: Cs-oleate (4 mL, 1.6 mmol), Pb-oleate (5 mlL,
2.5 mmol) and ASC18 (0.215 g, 0.512 mmol) were dissolved in ODE (10 mL) and heated
to 130 °C under vacuum, whereupon the atmosphere was changed to argon and TOP-Bry in
toluene (5 mL, 5 mmol Brs) was injected. The reaction mixture was cooled immediately in an
ice bath. The crude solution (24 mL) was precipitated by the addition of ethyl acetate (20 mL)
and acetone (21 mL) in a Ny-filled glovebox, followed by centrifugation at 29500¢ for 10 min.
The precipitated fraction was dispersed in toluene (3 mL) and then washed three more times.
Each time the solution was mixed with two volumetric equivalents of acetone and centrifuged
at 1300¢ for 10 min before being dispersed in progressively smaller volumes of solvent (1.5 mL,
then 0.75 mL). After the final precipitation, NCs were dispersed in toluene (3 mL) and cen-
trifuged at 1300g for 1 min to remove non-dispersed residue. Z-cut single-crystalline quartz
substrates were cleaned by sonication in soap water and water stream and then blow-dried
(sequence repeated twice), sonicated in ethanol and acetone — blow-drying between steps —
and covered with a monolayer of hexamethyldisilazane before annealing in a No-filled glovebox.

Films were prepared by drop-casting from a 0.8 mg/mL NC solution.

Figure 4.1 — Scanning tunnelling electron micrograph of 5 nm CsPbBr3 NCs, scale = 10 nm.

CsPbBr3 NPLs, prepared by Dr. Federico Montanarella (ETH Zurich)

Chemicals: CsoCO3 (Aldrich, 99.9%), OA (Sigma-Aldrich, 90%), ODE (Sigma-Aldrich, 90%),
oleylamine (OAm, Acros Organics, 80-90%), PbBry (ABCR, 98%), mesitylene (Aldrich, 97%)
and toluene (Fischer Scientific, HPLC grade). All materials were used without any further
purification except OA and OAm, which were pre-dried for 1 h under a vacuum at 125 °C and

stored in the glovebox.

Cs-oleate precursor: CsyCOgz (0.4075 g), OA (1.25 mL) and ODE (20 mL) were added to a
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Chapter 4. Hot Carrier Confinement in LHP Nanomaterials

50 mL three-neck flask and vigorously stirred under vacuum for 1 h at 120 °C, forming a
transparent yellow solution. Cs-oleate was preheated to 100 °C prior to injection to avoid
precipitation.

Synthesis of CsPbBrs NPLs: PbBry (138 mg) and pre-dried OA and OAm were loaded into
a 25 mL three-necked round-bottom flask under N, atmosphere. The flask was transferred to
a Schlenk line and mesitylene (5 mL) was added to the reaction mixture. The system was
flushed (Ng/vac.) three times at room temperature, after which the temperature was raised to
130 °C under N, flow. Cs-oleate (0.8 mL) was swiftly injected and the reaction was immediately
stopped by immersing the reaction flask in a cold-water bath. After the reaction, 1 mL of crude
solution was centrifuged for 3 min at 5000 rpm. The obtained precipitate was dispersed in 1 mL

of toluene and centrifuged again for 10 min at 13400 rpm, before the supernatant was filtrated.

Figure 4.2 — Transmission electron micrograph of CsPbBr; NPLs, scale = 50 nm.

(PEA).Pbl,, prepared by Dr. Martin Kroll (TU Dresden)

The precursor solution was prepared by dissolving PEAT (GreatCell Solar) and Pbl, (TCI) in
a stoichiometric ratio in dimethylformamide (DMF, Acros) to obtain a 0.25 M solution. Prior
to deposition, quartz substrates were sequentially cleaned in acetone, ethanol and isopropanol
by ultrasonication for 10 min, followed by an oxygen plasma treatment at 100 mW for 10 min.
The drop-cast films were prepared by dropping 100 pL of the solution on a substrate, followed
by 10 min of annealing at 100 °C. A home-built setup was used for fabrication of zone-cast
films. The substrates were placed on a 100 °C aluminium block and moved slowly (0.02 mm/s)

using stepper motors below a nozzle, which supplied a meniscus of the perovskite solution.
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Figure 4.3 — Optical microscope images of (a) drop-cast and (b) zone-cast (PEA),Pbl, films.

4.2.2 PPP-NIR

PPP-NIR experiments were performed using the setup described in Section 3.3.1. A 490 nm
pump was generated by frequency-mixing of the 800 nm fundamental and ~1200 nm TOPAS-I
signal output in a BBO. The ~2000 nm push and probe were derived from the TOPAS-II idler

output. Measurements were taken from multiple spots from three replicas of each material.

4.3 Results and discussion

In order to resolve the ongoing debate regarding the effect of confinement on the hot carrier
cooling dynamics of LHP nanomaterials, a selection of systems with a range of sizes and di-
mensionalities are studied herein. The use of ultrafast PPP spectroscopy allows independent
control of the cold and hot carrier sub-populations via the pump and push fluences, respec-
tively. The upshot of this is two-fold: (i) the hot carrier density-dependence of cooling may be
investigated in a total carrier density that precludes significant effects of Auger recombination
which can obscure hot carrier dynamics; and (ii) allows separation of the cooling pathways
mediated by carrier-carrier and carrier-phonon scattering. Here, carrier cooling dynamics are
investigated through the framework of their hot phonon bottleneck behaviour. As such, most
systems are based on the CsPbBr3 perovskite as their monatomic cation imbues them with a
[218,231,269]

more pronounced hot phonon bottleneck than other compositions such as MAPDI;,

and thus any confinement effects between materials will be more apparent.

49



Chapter 4. Hot Carrier Confinement in LHP Nanomaterials
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Figure 4.4 — Normalised absorption and PL spectra for each of the material systems studied.

Figure 4.4a shows the steady-state absorption and PL spectra of the studied materials. The
spectra for the 5 nm NCs and 3.5 nm-thick NPLs are blue-shifted with respect to the bulk
and 8 nm NCs, which are manifestations of the increased confinement experienced by carriers.
While the lowest-lying exciton absorption and PL peak of the NPLs are closely aligned with
that of the 5 nm NCs, the CBM of the former lies higher in energy due to its greater Fj,, as
shown later in this Chapter. The strongest confinement is apparent in the RP-type (PEA),Pbly,
whose optical spectra are strongly blue-shifted with respect to that typically found in bulk lead

iodide-based perovskites.

The action of the pump, push and probe pulses on carriers is summarised schematically in
Figure 4.5a, and the resulting effect on exemplar kinetics in Figure 4.5b. The pump produces
free carriers whose time-evolving population is monitored by a ~2 pm probe within the broad
featureless intraband NIR. absorption observed in LHPs. 27927 At a fixed delay (~12 ps), an
intense ~2 pm push pulse arrives at the sample, optically re-exciting a portion of the band-
edge carriers to form a new population of hot carriers, and bleaching the transient response.

Increasing the push fluence results in an increase in the bleach magnitude, corresponding to a
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4.8. Results and discussion

higher hot carrier density. Fitting the bleach and its recovery to the ‘pump-only’ baseline with
a Gaussian-modified (o = 100 fs, see Figure 4.5¢) monoexponential allows extraction of a time
constant associated with cooling, te.o. In all cases, the push fluence is limited so as to avoid

interband transitions via multiphoton absorption. As the effective masses of electrons and holes

s, [272

are expected to be similar in LHP I the discussion of their dynamics is generalised for both

carrier types.
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Figure 4.5 — (a) The action of the pump and push pulse on carrier populations and (b)

Exemplar PPP-NIR transients, also showing calculation of nnot/ncod- (c) The push-induced

bleach rise is most accurately described by a Gaussian convolution with a width (o) of 100 fs,

and is used for all fits to the PPP-NIR transients. (d) Monte Carlo simulation of cooling within
strictly confined NCs gives the same trend as that observed in bulk systems.

In this Chapter, the cooling time is investigated as a function of 7y /ncoiq — that is, the push-

induced hot carrier density (ny), normalised to the pump-induced cold carrier density (7co1q),
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Chapter 4. Hot Carrier Confinement in LHP Nanomaterials

as described in Figure 4.5b and Equation 4.1.

A

S(AT/T)| B
AT ’ - (4.1)

nhot/ncold - ‘

This metric is advantageous because (i) it eliminates the need to calculate exact absolute values
of npet, which would require accurate measurement of the pump and push/probe absorptivity
across different areas of inhomogeneous films; and (ii) it includes the effects of both ny., and
Neola ON the cooling dynamics, such that different material classes can be directly compared,

232] While this might suggest a population inversion is achieved

assuming Neeq is not too high.
for npet/Neola > 0.5, that some cooling inevitably occurs within the push pulse duration ensures
vacant hot states are replenished and more than half of the cold carrier density may be optically
re-excited. Strictly speaking, a 200% bleach would be expected for a total population inversion
due to the added effect of SE, requiring a correction factor not accounted for here. The implicit
assumption in adopting e /Neolq as the metric by which to compare the different materials is
that the nanomaterials also exhibit a spatially averaged bulk-like carrier density, as opposed
to describing their average population within each crystallite (i.e. “per dot”). To justify this,
a Monte Carlo algorithm was employed to model the action of the push pulse on an array of
strictly confined NCs. N, push photons are randomly assigned to a test set of 10000 already-
pumped NCs. As N, (equally, push fluence) increases, the probability distribution of forming
0, 1 or 2 hot carrier(s) in each NC shifts to a higher average value. Assuming cooling within
singly occupied NCs takes 11, and 19 in doubly occupied NCs (where 11 < 1o due to the hot
phonon bottleneck), the weighted average cooling time across all NCs increases smoothly with

Ny, as shown in Figure 4.5d. The result obtained is very similar to a bulk free carrier model

and therefore both classes of system may be treated in the same way.

Figure 4.6a shows the pump fluence-dependence of the PP transients for cuboidal CsPbBrs NCs
with edge lengths of 5 nm. At low fluence, the kinetics are described by a single component
ascribed to radiative electron-hole recombination with >>1 ns lifetime. A second, faster compo-
nent (t ~ 10 ps) is apparent at higher fluences, ascribed to the three-body Auger recombination

process. PPP measurements were carried out at a low pump fluence (Fyuymp < 10 pJ em™, nom-
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inally corresponding to an average NC occupation of (N) ~ 0.3, assuming all light is absorbed
within 100 nm of the NC film) so as to remove Auger effects, thereby isolating the hot phonon
bottleneck behaviour by varying the push fluence. Figure 4.6b displays the push-induced bleach

after subtraction of the PP ‘background’ in PPP measurements, |§(AT /7).

: : : 0.6 ——
Foump (1J/cm?) (c)
. 64 0.5}
° 44 04t
18 A

7.9

(=)
0.2 * 5nmNGCs |
0.1} °© 8 nm NCs |
""""""""" o Bulk
. ) . ) . : 0.0 . . . . . .
0 200 400 600 800 1000 11 12 13 14 15 0.0 0.1 0.2 03 04 05 0.6 0.7
Atpump»probe (pS) Atpump—probe (pS) nhot/ncold

Figure 4.6 — (a) Pump fluence-dependent PP kinetics of CsPbBr; NCs. (b) Push fluence-

dependent PPP kinetics around the region of the push-induced bleach. (c) Hot carrier density-

dependent hot carrier dynamics in CsPbBr;. The 5 nm NCs exhibit a slightly suppressed hot
phonon bottleneck (B) than larger analogues.

Figure 4.6¢ shows how . in 5 nm NCs increases with increasing hot carrier density due to
the hot phonon bottleneck. This is analogous to the behaviour exhibited by the bulk and 8 nm
NCs (measured by Dr. Thomas Hopper, Imperial College London [?32273) " Hereinafter, the
parameter {3 is chosen to represent the strength of the hot phonon bottleneck, and is calculated
from the slope of t(npet/Neola) for each system, normalised to that of bulk CsPbBrs. The y-
intercept can be ascribed to the intrinsic cooling time of an isolated hot carrier. In contrast to
the 8 nm NCs, the 5 nm NCs analogues exhibit a slightly suppressed hot phonon bottleneck
(B =0.73 £ 0.07) and similar intrinsic cooling time, which suggests that the phonon bottleneck
is not present, or at least does not have a dominant effect on cooling dynamics in LHP NCs of
this confinement regime. This is in keeping with other studies on hot carrier cooling in LHPs

which saw minimal deviation from bulk-like behaviour in NCs larger than ~4 nm. [221,260,261]

To extend this study into stronger confinement regimes, CsPbBrg NPLs of ~3.5 nm (or 6 MLs)
thickness, and lateral dimensions of ~11 x 14 nm, were studied. As described in Figure 4.7a, the
PP transients for the NPLs follow a similar dependence on £, as the NCs: at low fluence,

the kinetics can be described by a single exponent corresponding to band-edge recombination;
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and a faster Auger-type component becomes apparent at early times for the higher fluences.
All PPP measurements were undertaken at Fum, < 10 pJ cm™ to remove the effect of higher-
order recombination pathways, and the resulting transients exhibit the same characteristic

push-induced bleach and recovery as all other systems (Figure 4.7b).

As can be seen from Figure 4.7c, the hot phonon bottleneck is suppressed (f = 0.42 £ 0.08)
with respect to the 5 nm NCs. In principle, there may be three underlying causes for this
effect: (i) increased carrier-phonon coupling due to the intrinsic confinement of the NPLs;
(ii) increased carrier-phonon coupling to the surface and/or ligands in the NPLs, owing to
their greater surface area:volume ratio and differing ligands (OA/OAm versus ASC18); or (iii)

increased hot-cold carrier coupling.
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Figure 4.7 — (a) Pump fluence-dependent PP kinetics of CsPbBr3 NPLs. (b) Push fluence-

dependent PPP kinetics around the region of the push-induced bleach. (c) Hot carrier density-

dependent hot carrier dynamics in CsPbBrz NCs and NPLs. The NPLs exhibit a suppressed
hot phonon bottleneck () due to enhanced carrier-carrier scattering.

On (i), other studies have predicted minimal changes in phonon spectra?™?™! and Fréhlich
coupling constant 2 for NPLs of this thickness. While the accelerated cooling observed else-
where in NPLs was attributed to changes in the carrier-phonon coupling, 293264 these studies
were carried out on thinner (3 ML) NPLs via two-pulse TAS, which is not sensitive to the effect
of carrier-carrier coupling. On (ii), other works have suggested that the dimensionality of the
nanosystem has far greater influence on its cooling dynamics than the choice of ligand. [228:260]

While Liu et al.?™ observed a modulation of the cooling time in CsPbBrs NCs through substi-

tution of the OAm ligands by a cross-linked polysiloxane, this represents a much more drastic
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4.8. Results and discussion

shift in the nature of the ligand and its surface coupling than between the NC-ASC18 and

NPL-OA/OAm systems discussed here.

Therefore, this leaves (iii) as the more likely explanation: the greater confinement in NPLs
causes an increase in hot-cold carrier coupling. This, in turn, provides an alternative cooling
pathway which increases the hot phonon density required to slow cooling and thus flattens the
observed dependence of Teoo1 0N Nhe. Herz et al.1?3% and Kahmann et al.?™ both highlighted
the role of the background cold holes formed by the self-doping of Sn-based perovskites; and a
similar effect of ‘spectator’ excitons has been observed in PbS NCs by Ruhman et al.?™ This
cooling pathway mediated by carrier-carrier scattering has similarities with the ‘Auger cooling’

190,191,280] Here, the hot electrons circumvent any phonon

mechanism reported in CdSe QDs.!
bottleneck by instead transferring their excess energy to cold holes; the nascent hot holes then
cool rapidly due to the higher VB DOS. However, as mentioned, the electrons and holes are

expected to have similar effective masses in LHPs, and so the precise mechanism presumably

differs slightly to this case.
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Figure 4.8 — The hot phonon bottleneck is completely suppressed (B < 0.2) in the RP-type
(PEA),Pbly due to its highly excitonic character.

The study was then extended to the RP-type perovskite (PEA),Pbly, whose single-ML thickness
results in a much higher F} than the previously discussed systems. All ultrafast spectroscopic
measurements for (PEA),Pbly were carried out by Ziyuan Ge (Imperial College London). The

experimental approach followed a similar protocol to the aforementioned systems: the PP
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Chapter 4. Hot Carrier Confinement in LHP Nanomaterials

dynamics were evaluated to find an excitation regime in which many-body recombination is
suppressed, and then used to study the push-fluence dependence of the PPP-NIR response. A
full discussion of the PP dynamics found in this system can be found in Ref. [234], and only
the hot phonon bottleneck is discussed herein. As can be seen from Figure 4.8, there is no
correlation (B < 0.2) between npo; and Teoo1, implying the total lack of a hot phonon bottleneck.
This is ascribed to the further enhanced electron-hole coupling in this highly excitonic system,
arising from the reduction in screening and resulting stronger Coulombic interaction between
charges. This behaviour is the same in both drop-cast and zone-cast samples, despite the quite
dissimilar film morphologies between the two, adding support to the notion that the differences

in hot carrier dynamics between systems is not due to an effect of carrier-surface coupling.

The behaviour of (PEA),Pbl, also differs from the other ABX3 nanomaterials in that its intrin-
sic hot carrier lifetime is consistently longer (~550 fs). This may allude to there being, some-
what paradoxically, a phonon bottleneck even in the absence of a hot phonon bottleneck. That
is, the electronic state distribution of (PEA);Pbl, may contain quasi-discrete regions which
slows hot carrier cooling due to the requirement for multiphonon coupling; but the enhanced
carrier-carrier scattering due to increased confinement suppresses the density-dependence of
Teool- While the spacer ligand is expected to contribute more to the photophysics of 2D per-
ovskites, a recent report observed only modest exciton coupling to phonons derived from the
organic moiety in a RP iodide-perovskite. ?*!] The difference in intrinsic cooling time is partly

231]

determined by the choice of halide, 23! however this effect alone is not sufficient to explain the

difference observed here. Even longer (>1 ps) timescales have been reported elsewhere, 6%
however this was observed in multiple-QW structures which exhibit the charge cascade effect

from wide- to narrow-gap layers, obscuring the intrinsic intraband relaxation time of each.

The demonstration of a suppressed hot phonon bottleneck in more strongly confined LHPs is
consistent with reports elsewhere. Cassette et al.??®! showed that RP perovskites exhibit a
stronger hot phonon bottleneck as solid films than colloidal dispersions; and Wang et al. >

observed the absence of a hot phonon bottleneck in isolated CsPbBrs NPLs which became acti-

vated upon formation of a layer-stacked ‘superlattice’. Conversely, Pb-chalcogenide QDs were
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4.4. Kinetic modelling

shown to exhibit slower cooling with a greater inter-dot spacing, either through dispersion in
a solvent!?®3 or control over solid film growth.?#% Therein, the authors attributed the differ-
ences to the ability of carriers to access phonons on neighbouring QDs, alleviating the phonon
bottleneck within each QD. A comparison of solution- and solid-phase systems was beyond the
scope of the current work due to issues with solvent effects under intense push illumination,
but it is likely that the determining factor in the LHP nanomaterials is different as the phonon

bottleneck is not as strong.

It should be noted that hot carrier “cooling” in this context — despite its name — is not a
thermal process because the timescales involved are too fast for thermal equilibrium of carri-
ers and the lattice to be achieved, as exemplified by time-resolved microscopy measurements
wherein thermal transport was observed on timescales of several nanoseconds. ?% For the same
reason, any heat from the push pulse will dissipate fully between laser pulses separated by
250 ps (f = 4 kHz), meaning its effect will not “build up” over the course of an experiment.
Furthermore, the differences in cooling dynamics between nanomaterials are unlikely to be a
consequence of thermal conductivity as thermal transport is primarily governed by acoustic

286 (rather than Frohlich-coupled LO phonons that mediate intraband relaxation);

phonons!
and the lower conductivity of 2D perovskites?®” ought to give the opposite trend if thermal
effects were dominant here. Taking these factors combined, it can be assumed that the action of

the push pulse is solely to optically transit cold carriers to hot states, and its recovery governed

by hot carrier-LO phonon and hot-cold carrier scattering dynamics.

4.4 Kinetic modelling of confinement effect on cooling

dynamics

In order to more rigorously quantify the observations described thus far, a numerical kinetic

model was developed based on the following system of coupled differential equations, and
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Figure 4.9 — Schematic diagram depicting the various loss pathways for hot carriers modelled
in this work. o: hot-cold carrier scattering; ¢: carrier-phonon scattering; x: exciton cooling.
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described schematically in Figure 4.9:

dnpe

dlzz b = — Mot Meold — ONhotNph — XTUHX (4.2)
dne,

i 4 — ot Neola + PNhotNph + XTHX (4.3)
dn h

dllfj = —gzﬁnhotnph (44)

Here, nyo and neqq are the total hot and cold state densities, respectively, and the hot states
are further sub-divided into hot free carriers (HCs) and hot excitons (HXs), i.e. npos = nuc +
ngx. Vacant phonon modes (those that are available to receive excess carrier energy) have a
density npn, and become occupied upon scattering with hot carriers whereupon they no longer
contribute to cooling. « and ¢ are coefficients describing hot-cold carrier and hot carrier-
phonon scattering, respectively. This assumes that HCs and HXs cool via these mechanisms
with identical efficiencies, and the coefficient y therefore represents a cooling ‘enhancement
factor’ due to cooling within an exciton. Band-to-band recombination and occupied phonon

freeing rates are assumed negligible on timescales relevant for hot carrier cooling.

The partitioning of total ES density between free carriers (n.) and bound excitons (ny) can be
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4.4. Kinetic modelling

described by the Saha equation: [132:133:288-290]

ne _ 1 here €= % and A— (4.5)
= _¢ where ¢ = an = :
Ny A3 kgT \2mpk, kT

289] B values are extracted from the optical absorption spectrum of each

where pf = 0.2m..
system using the Elliott model (Figure 4.10), as outlined in Section 3.5. This portion of work
was carried out with the assistance of Rozana Mazlumian (University College London). The
fitted E}, values show good agreement with the literature3:193:291.292 wwhen used alongside the
fitting parameters shown in Table 4.1. The value used for the bulk CsPbBrj3 was taken from the
literature and not verified further here as a result of the morphological effects in bulk perovskites
that can lead to prominent excitonic peaks in their absorption spectra despite having a low

E,. 1291293294 Ty the case of (PEA)yPbly, spline subtraction in the region between the exciton

and continuum contributions yielded a better fit to the model.

g O Abs
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8 0Ltotal
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Figure 4.10 — Elliott model fits (lines) to LHP nanomaterial UV-vis spectra (open circles),
showing excitonic and continuum contributions.

Here, Equation 4.5 is modified for the case of ny.t, nuc and nyx, becoming:

2
T 1 ¢

= 4.6
11—z nhotA3e (4.6)
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Chapter 4. Hot Carrier Confinement in LHP Nanomaterials

Ey E, A, O B, E, A, o.
(eV) (eV) | (arb.u.) (eV) (arb.u.) (eV) | (arbau.) (eV)
8 nm NCs | 0044 252 | 048 005 n/a n/a | 007 043
5 nm NCs 0.055 2.63 0.43 0.19 0.02 2.79 0.08 0.30
NPLs 0.11  2.68 0.24 0.04 0.08 2.90 0.02 0.59
(PEA),PbL, | 024 265 | 045 007 n/a  n/a | 003  0.55

Table 4.1 - Elliott fitting parameters for UV-vis absorption spectra.

where x = nyc/nne. Rearranging in the form ax? + bx + c yields:

67g 676

2% + =0 (4.7)

€T — =
Nhot )\3 Nhot )\3

e~¢ 1 eV de ¢
= — + — 4.8
v 2nhot )\3 2 \/(nhot )\3 ) * Nhot )\3 ( )

In Equation 4.8, each term is dimensionally consistent with that expected. Furthermore, ¢ <

0 < a,b and thus b* — 4ac > 0 (so roots are real) and b < /0% — dac

, meaning there is exactly
one positive solution which is taken as the true value of x. Rate equations 4.2 and 4.3 can then

be re-expressed in terms of x:

dnpe

d}]; : = —ONhotMNcold — ¢nhotnph - X(l - :U)nhot (49)
dn

dC;ld = QMpotNeold + (bnhotnph + X(l - ‘I)nhot (41())

As described in Section 3.4, the Midpoint method is a convenient numerical approximation
used to solve coupled differential equations. The initial boundary conditions imposed for the

simulations are:

nhot(i = O) = lpush X Npump
ncold(i - O) - (1 - Ipush) X Npump

npn(i = 0) = Npp

where Npump is the carrier density produced by the pump and a portion thereof is instanta-
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4.4. Kinetic modelling

neously re-excited by the push (0 < Iy < 1). Npp is the total available phonon density at the
instant immediately prior to the push arrival. For a given initial hot carrier density, hot carrier
cooling within a system with a higher F}, is faster due to the exciton cooling term in Equation

4.9, as exemplified in Figure 4.11a.

The simulations were looped over a range of I,,q,, and the cooling time extracted by fitting
an exponential decay function (e~*/Tce!) to the simulated kinetics. The dependence of the
predicted Teoor 0N Jpyen — ie. B — was then calculated for a range of Ej,. As summarised in
Figure 4.11b, the kinetic model accurately reproduces the experimental hot phonon bottleneck
dependence on F}, using parameters displayed in Table 4.2. The values for o and ¢ are based on
a previous kinetic model of cooling within larger CsPbBr; NCs, 2%! with y tuned to give good
agreement with experiment. The results of the kinetic model add further strength to the notion
that cooling is more strongly influenced by carrier-carrier scattering in systems with greater
excitonic character, leading to a suppression of the hot phonon bottleneck. The observation
of efficient carrier-carrier scattering mediating the cooling of hot carriers also gives tentative
insight into the prior thermalisation step (Section 2.3). While this process falls within the
instrument response function (IRF) of most experimental setups, it may guide first-principles

investigations into carrier thermalisation, such as those reported recently. 29!
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Figure 4.11 — (a) For a given initial hot carrier density, cooling is faster in systems with higher
Ey,. (b) The kinetic model accurately reproduces the experimental trend of a reduced hot
phonon bottleneck in the more excitonic systems; error bars denote 99% confidence intervals.
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Fit parameter Value
Pump carrier density  npump (em™®) | 2.0 x 10"7
Carrier-carrier a (cm? pst) | 2.0 x 10718
Carrier-phonon o) (cm? pst) | 1.8 x 10717
Exciton cooling X (ps) 5.1
Total phonon density Ny (em™) | 1.0 x 107

Table 4.2 — Kinetic model fitting parameters for confinement effect on hot carriers in LHP
nanomaterials.

4.5 Conclusions

In this Chapter, the effect of quantum confinement on the hot carrier dynamics of LHP nano-
materials has been investigated through the use of multi-pulse PPP intraband spectroscopy.
This technique allows control over the hot carrier density in a regime that precludes many-body
Auger recombination that would otherwise obscure cooling dynamics. The density-dependent
cooling times are evaluated, revealing that in more confined systems characterised by a higher
exciton binding energy, the hot phonon bottleneck effect becomes increasingly suppressed. This
is attributed to the enhanced influence of hot-cold carrier scattering in more confined systems,
which provides an efficient alternative cooling pathway and diminishes the role of carrier-phonon
interactions. This work represents the first systematic comparison of hot carrier dynamics in
such a range of confinement regimes, and highlights the critical importance of evaluating the
carrier density-dependence of the response when drawing comparisons between systems. As
such, it should help resolve disparities surrounding the precise effect of confinement on hot
carrier dynamics, which have generally arisen through comparing a limited range of systems

under a single excitation condition.

In the RP-type system, the intrinsic hot carrier lifetime is longer, suggesting that a phonon
bottleneck arises due to the discretisation of the electronic DOS. Based solely on this obser-
vation, this might suggest the RP LHP is the best candidate for a hot carrier SC absorber.
However, the cooling times are still rapid and likely to out-compete carrier extraction, while the

large band gap of this strongly confined system will undoubtedly limit SC efficiency under solar
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illumination. While hot carrier solar cells still remain a somewhat distant prospect owing to
the rapid cooling observed, the results herein offer fundamental insight into the carrier-carrier
and carrier-phonon interactions that govern all applications of lead halide perovskite nanoma-
terials, including those that operate under similar carrier densities as used here, such as lasers

and concentrator PV.
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5 Hot Carrier Trapping in Lead Halide

Perovskite Nanocrystals

Having interrogated the effect of size and dimensionality on hot carrier dynamics, this Chapter
aims to present insight into the reported defect tolerance of LHPs by extending its focus to hot
carriers. An open question remains over whether the trapping dynamics of band-edge carriers
can be extrapolated to those of their above-gap counterparts. Here, defects are introduced to
a range of CsPbX3 NCs via a post-synthesis treatment, and their hot carrier dynamics studied
via a PPP variant employing a visible light probe. The results suggest defect tolerance is not

retained in Br-based LHPs for band-edge nor above-gap excitation.

The contents of this Chapter are adapted from work described in a manuscript that is currently
under preparation:

J. Ye*, N. Mondal*, B. P. Carwithen, Y. Zhang, L. Dai, X. Fan, P. Ghosh, C. Otero-Martinez,

Z. Yu, Z. Chen, N. C. Greenham, S. D. Stranks, L. Polavarapu, A. Rao, A. A. Bakulin,
R. L. Z. Hoye, Extending the Defect Tolerance of Halide Perovskite Nanocrystals to Hot Carrier

Cooling Dynamics, *authors contributed equally

5.1 Background and motivation

The tolerance of LHPs towards defects is widely reported, as introduced in Section 2.5, and
is one facet that has led to an impressive rise in PV and LED efficiencies from simple synthe-

sis routes. While the earliest studies were primarily conducted for the then-archetypal LHP,
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5.1. Background and motivation

MAPDI3, later studies showed that defect tolerance was not a general characteristic. For ex-
ample, wide-gap Cl-containing LHPs are highly susceptible to defects,?*” which limits the

s,129829] and has ramifications for the use of wide-gap LHPs in

performance of blue emitter
tandem SCs. 390301 In CsPbX; NCs, defects not only limit carrier lifetime, but can also impact

stability by acting as nucleation points for degradation. [58!

Trapping dynamics are generally discussed in the context of band-edge (cold) carriers. [200:302-307]

This is often achieved through analysis of their PLQY as well as TRPL dynamics. As suggested
in Equation 3.2, a higher rate of non-radiative carrier loss, e.g. by trap-assisted recombination,
lowers the PLQY of the sample. Similarly, faster PL. dynamics are observed in time-resolved
methods where competition with fast trapping is present. The most widely used TRPL method
is ‘time-correlated single-photon counting’ (TCSPC), which usually has a resolution limited to
several hundred picoseconds by a combination of the laser diode pulsewidth and the electron-
ically gated detector. As such, the investigation of trapping and/or defect tolerance is often

blind to effects on the ultrafast (sub-ps) hot carrier dynamics.

Early work by Bonn et al. observed trap-free hot carrier cooling.®® Conversely, Jiang et
al. B9 suggested that although band-edge carriers in MAPbI; were defect-tolerant, the same
could not be said of the hot carriers, finding their lifetime was diminished due to trapping at
the grain boundaries of polycrystalline films. Similarly, state filling at high excitation density
was found to increase hole trapping at LHP NCs surfaces by surmounting an energetic barrier,
which would have ramifications for lasing applications. ') This hot carrier-activated trapping
was also observed in MAPbX; NCs by Sum et al.?*¢ using a variant of PPP spectroscopy.
A common theme in other notable works is that trap removal increases hot carrier lifetime,
e.g. by grain boundary®''35] or halide vacancy®'¥ passivation in polycrystalline films, or
surface passivation in NCs.*1 In addition to prolonged lifetimes, Huang et al.*'% showed

defect passivation by alkali cation substitution also improved hot carrier transport.

Here, the effect of defects is further expanded to the case of hot carriers in LHP NCs. This
is achieved here by intentionally and systematically introducing surface defects to a range of

CsPbXj3 NCs, namely: CsPbBrs, CsPb(Br/I); and CsPbls. The results show that the defect
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Chapter 5. Hot Carrier Trapping in LHP Nanocrystals

tolerance of iodide-based NCs is retained for cold and hot carriers, but lost upon bromide

substitution.

5.2 Specific experimental details

5.2.1 Sample preparation and characterisation

Samples were prepared by Dr. Junzhi Ye (University of Cambridge) according to previously
reported procedures. #7318 Briefly, colloidal dispersions of CsPbBrs, CsPbls and CsPh(Br/I)s
NCs were obtained by ligand-halide exchange of OAm and purified by centrifugation before
being re-dispersed in toluene. These are denoted the ‘pristine’ samples hereinafter. In the
case of CsPb(Br/I)s, the initial precursor PbX, salts were mixed in a Br:I ratio of 30:70. To
create surface traps, halide ions were stripped by centrifugation in methyl acetate (MeOAc),
and termed the ‘washed’ samples hereinafter. The edge lengths of the cuboidal NCs were 10, 11

and 12 nm for CsPbBrj, CsPb(Br/I); and CsPbls, respectively, as confirmed by transmission

electron microscopy (TEM) images in Figure 5.1.

Figure 5.1 — TEM images for (a) CsPbBrs, (b) CsPb(Br/l); and (c) CsPbls.

5.2.2 PPP-Vis

The ultrafast spectroscopy experiments were performed by Dr. Navendu Mondal (Imperial
College London) using the setup described in Section 3.3.2. The pump wavelength was 400 nm,
ensuring sufficient photon energy to photoexcite all samples used. The push wavelength was

1300 nm in all cases, within the broad featureless NIR PIA of the samples. The laser pulsewidth
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was o ~ 100 fs, and was therefore used for all fits to the cooling dynamics. To ensure comparable
excitation density across the measured samples, all NC solutions were diluted in hexane to give

~0.6 OD at the pump wavelength, and measured in a 1 mm-thick quartz cuvette.

5.3 Results and discussion

CsPbBr; CsPb(Br/l); CsPbl;
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Figure 5.2 — (a-c) UV-vis absorption and PL spectra (legend: number of post-synthetic anti-
solvent washes); and (d-f) Compositional analysis from XPS for CsPbX3 NCs. Data provided
by Dr. Junzhi Ye (University of Cambridge).

The absorption and PL spectra for each of the studied NC systems are presented in Figures
5.2a-c. The narrow PL peaks in each case suggest the NCs are highly monodisperse; while the
spectra for the as-synthesised (‘pristine’) samples exhibit no discernible excitonic features and
a minimal blue-shift relative to that expected for their respective bulk systems!*3l. This attests
to the weak confinement experienced by carriers in NCs of these sizes, as measured through
TEM images shown in Figure 5.1. As such, the systems studied herein could reasonably be

described as bulk-like but with a much greater susceptibility to surface defects.
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The synthesis of LHP NCs often includes a solvent wash for purification. However, care needs
to be taken to ensure this does not lead to reconstruction of the highly ionic and dynamic NC
surface, nor ligand removal. 331 Here, this washing is directly used to control the level of
defect density in the CsPbX3 samples. Upon post-synthetic antisolvent washing with MeOAc,
the absorption and PL peak for CsPbBr3 and CsPbl; NCs remained fairly constant. Meanwhile,
a clear shift was observed for the CsPb(Br/I); NCs, becoming more reminiscent of the pure Br
NCs. This suggests the surface I ions are more labile to the washing step than Br, in keeping

e.BY This is further corroborated by compositional analysis via X-ray

with reports elsewher
photoelectron spectroscopy (XPS), as shown in Figures 5.2d-f. Upon washing, the relative
decrease in I content in CsPbls is considerably greater than that of Br in CsPbBrs, and I is

preferentially etched from CsPb(Br/I)s.

In the pristine samples, the PLQY follows the trend CsPblz > CsPb(Br/I); > CsPbBr; (Figure
5.3). Upon washing, the PLQY is lowered in each of the three compositions due to the introduc-
tion of further trap states via surface halide removal, but this is least apparent in CsPblz. This
contravenes predictions from an early theoretical work, which suggested CsPbBrs remained
trap-free even after several (simulated) wash cycles. ®?’) Therein, it was posited that the drop
in PLQY upon washing was in fact due to aggregation of NCs, however this is hard to ver-
ify here given their large size and bulk-like absorbance and PL spectra. The PLQY of the
CsPb(Br/I); NCs is lowered dramatically by the washing step, more closely resembling that of
the washed CsPbBrs NCs. The higher PLQY in both pristine and washed CsPbls NCs despite
their higher defect density ascertained from compositional analysis, suggests the CsPbl; NCs
exhibit a higher defect tolerance than their Br-containing counterparts. These observations
are consistent with those found elsewhere, wherein wider-gap LHPs are more susceptible to
the formation of deep traps. 2?$29%315] Tt should be noted that the stoichiometry of the pristine
CsPbl; NCs implies a certain amount of excess iodide which is then removed upon washing.
However, the twice-washed samples do show a clear iodide deficit, yet with minimal impact on

the PLQY, validating discussion around defect tolerance of carriers in this work.

As a first glimpse into the effect of defects on hot carrier dynamics, the excitation energy-
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Figure 5.3 — (a-c) Absolute and (d-f) normalised excitation energy-dependent PLQY of CsPbX3
NCs. Data provided by Dr. Junzhi Ye (University of Cambridge).

dependence of the PLQY for each system is investigated. For the CsPbBrs and CsPb(Br/I)s3
NCs, the washed samples show a more obvious decrease in PLQY for excitation further above
the band edge. For the I-based NCs, there is minimal dependence of the PLQY on excitation
energy for both the pristine and washed samples. Taken together with the compositional
analysis after each washing, it appears that the introduction of surface trap states via the
removal of surface halides does not influence the hot carrier dynamics of the I-based NCs; but

does impact those of the Br- and Br/I-based NCs.

In order to elucidate the differences in hot carrier dynamics between systems in more detail,
PPP spectroscopy measurements employing a broadband visible probe (PPP-Vis) were carried
out, with the experimental setup described in full detail in Section 3.3.2. In each case, a 400 nm
(3.1 eV) pump and a 1300 nm (0.95 eV) push are used. The push arrives 10 ps after the pump,

ensuring that it interacts with a purely band-edge (cold) carrier distribution despite the varying
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Figure 5.4 — (a) Exemplar TA spectra before, during and after the push arrival; arrows represent

direction of change due to push; dashed coloured lines are slices whose kinetics are shown in

panel (b). (c) Normalised push-induced bleach kinetics for each region of interest — the bleach
recovery time is independent of spectral region chosen for analysis.

band gaps of the studied materials, and thus the nascent hot carriers are formed with the same
excess energy in all cases. Figures 5.4a-b exemplify the effect of the push on the TA spectra.
The push causes a transient depletion of the GSB and above-gap PIA signal, as well as a change
in spectral shape: the GSB momentarily extends to higher energies and the sub-gap PIA feature
reappears, in keeping with the early-time signal found in two-pulse TAS measurements upon
above-gap excitation described in Section 3.3. The region of the spectrum corresponding to
the low-energy portion of the GSB for each sample was integrated, and their kinetics analysed.
The same bleach recovery time constant is extracted regardless of the portion of the spectrum
chosen, as shown in Figure 5.4c, but the GSB is analysed hereinafter to maximise signal-to-noise
ratio (SNR). Upon absorption of the push, the GSB is diminished, before recovering to the PP
baseline. These temporal and spectral characteristics combined point to the push pulse having
the effect of re-exciting a portion of the cold carriers to hot states, and the bleach recovery is
attributed to hot carrier cooling. By varying the push fluence, and therefore the hot carrier
density, the role of defect density is observed through the hot phonon bottleneck effect. As in
Chapter 4, the band-to-band recombination dynamics depend on the pump excitation density
and thus PPP-Vis measurements were carried out at a low pump fluence (~1x10'? ¢cm™?) to

remove the effect of Auger recombination on the hot carrier dynamics.

Figure 5.5 shows how the hot carrier lifetime varies with hot carrier density for the three
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Figure 5.5 — Hot carrier lifetimes as function of initial hot carrier density for (a) CsPbBr3, (b)
CsPb(Br/l)3 and (c) CsPbls.

material systems under study. In Chapter 4, the calculation of precise carrier density was largely
precluded by the use of thin-film samples with a NIR probe, however it may be calculated to
reasonable accuracy for the solution-phase samples when using a visible light probe here (see
Section 3.3.2). Irrespective of composition, all materials show a longer hot carrier lifetime
at higher density due to the hot phonon bottleneck. In the case of the Br- and Br/I-based
NCs, the hot carrier lifetime is generally shorter for a given hot carrier density in the washed
(higher defect density) samples. This effect is attributed to hot carrier trapping, which offers an
additional relaxation pathway and thus shortens their lifetime. The difference between pristine
and washed samples is diminished at the highest hot carrier densities as the trap states become
saturated. ®?! In the I-based NCs, the introduction of traps upon washing does not alter the

hot carrier dynamics, in keeping with the trends observed for the PLQY measurements.

5.4 Kinetic modelling of hot carrier trapping dynamics

To explain the experimental observations, a numerical kinetic model was developed based on

the following system of differential equations, and described schematically in Figure 5.6:
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Figure 5.6 — Hot carrier trapping model in CsPbX3 NCs. Labels denote coefficients for o
hot-cold carrier; @: carrier-phonon; y: carrier-trap scattering; and n: LO phonon freeing.

d?;:m = —QNhotNeold — PMhotTph — VMot (N — 1) (5.1)
% = QNpotNeold T PNhot ph (5-2)
dgzlf)h = —@NnotNph + 17(Nph — Npn) 53)
d(;f = Yot (Ny — 1) o4

where «, ¢, v and 7 correspond to rate coefficients for hot-cold carrier, hot carrier-phonon and
hot carrier-trap scattering, as well as phonon freeing, respectively. Phonon freeing refers to the
process by which LO phonons, after scattering with a hot carrier, dissipate their excess energy to
the wider lattice (e.g. via Klemens decay). The total trap density is given by Vi, and occupied
trap density by n;. Just as in the kinetic model in Chapter 4, the hot carrier, cold carrier,
vacant and total phonon densities are given by nnet, Ncold, pn and Npp, respectively. Therefore,
band-to-band and trap-assisted recombination rates are assumed negligible on the timescales
relevant for hot carrier cooling. This is reasonable given the experimental push-induced GSB

bleach returns to the PP baseline in all cases.

The Midpoint method was employed for the simulations, where the numerical approximations

to Equations 5.1-5.4 are:
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Nhot (tiz1) = Nnet(ts) + dié"t (ti + %, Thot (ti+ %))At + I(t;)neota(ts) (5.5)
Neold(Li1) = MNeold(ts) + dzctom <ti + %, Neold (tH— %))At — I(ti)neona(ts) (5.6)
non(tic1) = npn(t;) + dgih (ti+%, Tph (ti+%>)At (5.7)
niltin) = ni(t) + o (m%, n: (m%))m (5.8)

where n(ti + %) =n(t;) + dz(:i) %, and T (t:) = Lpush exp(—;i) represents the Gaussian push

envelope. The initial boundary conditions imposed for the simulations are:

nhot(i = 0) = 0
ncold(i = O) = Npump
nph(i = 0) = Nph

ni(i=0)=0

For each data set, I, was varied to simulate the push fluence, and V; increased for each
antisolvent washing step. The results of the kinetic model are shown for each system in Fig-
ure 5.7 with their respective fitting parameters in Table 5.1. The kinetic model reproduces the
experimental results for all systems: in the Br- and Br/I-based NCs, the hot carrier lifetime is
shorter in the presence of a higher defect density, but this effect is diminished with sufficient

hot carrier density due to trap saturation; and defect density does not affect the I-based NCs.

N,

pump Was calculated from Fj,n,, via Equation 3.7. The values are very similar across the

three different NCs because a similar Fp,,mp, was used, and each solution was diluted to give
approximately the same absorbance at the pump wavelength. The carrier-carrier coupling
strength («) was the same for each material, under the assumption that the choice of halide
does not have an effect here in these large NCs, which have similar and small E.?*4 The

exciton cooling term in the model for Chapter 4 is excluded here for the same reason.
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Figure 5.7 — Results from kinetic model of trapping effect on hot carrier dynamics in (a)
CsPbBrs3, (b) CsPb(Br/l); and (c) CsPbls.

Fit parameter CsPbBr3 CsPb(Br/I); CsPblg
Pump carrier density  Npump (x10" cm™) 1.1 1.0 1.0
Carrier-carrier o (x107'2 ¢cm? pst) 1.3 1.3 1.3
Carrier-phonon 0] (x107'% cm? pst) 7.0 3.5 3.5
Carrier-trap v (x107'% cm? pst) 1.5 1.5 0.0
Phonon freeing n (pst) 0.15 0.15 0.03
Total phonon density Ny (x10'2 cm™) 8.0 8.0 5.5

Table 5.1 — Kinetic model fitting parameters for hot carrier trapping in CsPbX5 NCs.

The choice of halide will, however, have ramifications on the lattice structure, and therefore
phonon behaviour in each system. The heavier I ions imbue the CsPbly NCs with lower fre-
quency phonon modes, 23! represented as a lower phonon density (Npn), and which also results
in lower carrier-phonon scattering (¢) and phonon freeing (1) rate constants than in CsPbBrs.
The closest fit to the data for mixed-halide CsPb(Br/I); NCs is obtained when ¢ and 7 are equal
to that found in the CsPbBrs NCs, tentatively suggesting the phonon spectra are dominated by
the presence of Br. However, the carrier-phonon coupling constant extracted for CsPb(Br/I);
is the same as CsPbls NCs, and this inconsistency may therefore represent a limitation of the

model.

The carrier-trap scattering coefficient («y) is negligible in CsPblj, accounting for the similarities
in cooling times between pristine and washed NCs. The value for v extracted for CsPbBrs

and CsPb(Br/I); NCs is non-zero and equal in both cases, tentatively suggesting that LHP
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defect tolerance is lost for small inclusions of Br — the precursors for the mixed-halide NCs were
mixed at Br:I = 3:7, although compositional analysis from XPS (Figures 5.2d-f) suggest the
final (pristine) products have a ratio closer to 4:3. In general, the trend in trapping efficiency
follows that of carrier-phonon scattering due to the nature of the halide: lighter halides result
in a wider band gap and thus reduced defect tolerance, while also increasing phonon frequency.
The caveat to the conclusions herein is the difficulty in accurately extracting trap densities
from experimental data, and so this is likely to have a moderate bearing on the final fitting
parameters obtained. While the fit to the mixed-halide NCs is the poorest, the qualitative
trends are reproduced for physically reasonable fitting parameters. Overall, these results suggest
that hot carrier defect tolerance is retained in CsPbl; NCs, and thus makes them more suitable
candidates for hot carrier devices. This is fortuitous given their smaller band gap means hot

carriers are formed more readily from any given light source.

5.5 Conclusions

In this Chapter, the defect tolerance of LHP NCs has been assessed and extended to its im-
pact on hot carrier dynamics. This was achieved through a three-pulse variant of the typ-
ical broadband visible transient absorption spectroscopy used elsewhere, in order to isolate
the hot carrier dynamics from other overlapping spectral and dynamical contributions. The
density-dependent hot carrier lifetime was investigated for a range of CsPbX3 nanocrystal com-
positions: CsPbBrs, CsPb(Br/I); and CsPbl;. In each case, additional antisolvent washing
steps introduced a greater defect density by stripping halide ions from the nanocrystal surface.
The reduced band-edge emission, and shorter hot carrier lifetime of Br-containing nanocrystals
suggest that neither cold nor hot carriers are defect tolerant. Conversely, defects in I-based
nanocrystals had minimal impact on band-edge emission and hot carrier dynamics, suggesting
defect tolerance is retained in these systems. By applying a kinetic model which accounted for

hot carrier trapping, the differences in experimental hot carrier lifetime were rationalised.

The results presented suggest care should be taken when employing the commonly used post-

synthetic washing steps for CsPbX3 NCs, so as to not impede carrier extraction. Furthermore,
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the results offer input for the rational design of PV and LED devices based on CsPbX3 NCs.
For example, upon electrical injection above the band-edge, a portion of hot carriers in CsPbBrj
NCs of this size will undergo trapping, thereby lowering the efficiency of blue/green emission. A
possible way to circumvent this may then lie in blue-shifting CsPbls emission by using smaller
NCs. In this regard, an extension of the study herein could investigate whether the defect
tolerance is retained in smaller NCs where surface effects are magnified further. Furthermore,
the dependence of the dynamics on carrier excess energy should be extended to the three-pulse

transient measurements through variation in push wavelength.
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6 Hot Carrier Mobility in Lead Halide

Perovskite Single-Crystals

Up to this point, hot carrier dynamics have been studied in the context of their time-evolving
population density. For working devices, it is also important to understand charge transport
characteristics such as carrier mobility. To this end, the final variant of PPP spectroscopy
employed in this thesis makes use of a THz probe, which offers a non-contact measurement
of the hot carrier conductivity. The dynamics observed are distinct from those observed in
the NIR-based variants described earlier, alluding to the existence of a previously unaddressed

electronic state which suppresses carrier mobility even after intraband relaxation is complete.

6.1 Background and motivation

The performance of a full-stack device is greatly determined by the (opto)electronic proper-
ties of the ‘active layer’ materials discussed in this thesis. The mobility of charge-carriers is
one such key performance parameter: in PV devices, a higher mobility in the photo-absorber
layer means they may transport over a greater distance prior to recombination, thus a thicker
layer can be used which improves light harvesting and therefore PCE; in field-effect transis-

tors (FETs), a higher mobility permits a greater possible switching rate. 322

Myriad techniques
exist to measure carrier mobility, such as those based on space-charge-limited current, 323329
Hall effect, 34125:326] time-of-flight 327:328] and FET measurements. 329330 All these have partic-
ular demands in terms of device architecture and charge injection conditions which can make

the experiments time-consuming and the reported results inconsistent. 3!
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2
€0 Wy Ts

p(w) = N i) (6.1)

Charge-carrier mobility is determined by phonon scattering on sub-picosecond timescales, ac-
counted for in the Drude model in Equation 6.1 as 7y (€p: vacuum permittivity, w,: plasma
frequency). Therefore, 7.°! lies on the order of 1012-10' s! and mobile charges show a strong
response in the THz frequency range. In other words, while the methods described above are all
largely based on applying an electric field in the form of a direct-current (DC) bias in order to
perturb carrier transport, the electric field may also be applied optically, removing the need for
complex electrical contacts. Moreover, while DC methods measure macroscale transport which
can be influenced by film morphology and defects, carriers have a few-nm displacement over
a THz cycle and thus the intrinsic mobility may be measured.?*?) THz radiation can now be
routinely produced from table-top ultrafast laser sources, making THz spectroscopy a powerful

non-contact probe of material conductivity. [333-336]

While the transient spectroscopies introduced thus far based on visible and NIR probes are
sensitive to the population of electronic states, combining an ultrafast pump with a delay-
controlled THz probe, as in optical pump—THz probe (OPTP) spectroscopy, yields insight into

how a system’s photoconductivity evolves over time. The photoconductivity (A&) of a thin-film

sample measured from an OPTP transient (AE/E) can be expressed as: [337:338]
A5 (1) = e () - Npuaup(t) (6.2)
_eoc(na+my) AE(L, w) (6.3)
B L B(w) '

where n, and ny, are the refractive indices of the media immediately before and after a thin-film
of thickness L, respectively. Combining Equations 6.2 and 6.3, the THz mobility (urm,) can be

calculated, in practice, as follows:

hC2€0(na + nb) AEyax
(@) = e A R-T) B (6.4)
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6.1. Background and motivation

where ¢ is the free carrier generation efficiency, often assumed unity for bulk perovskites at
room temperature; and A, F,ump, /2 and 7" are the pump wavelength and fluence, and sample
reflectance and transmittance at that pump wavelength, respectively. The mobility is calcu-
lated from the early-time peak THz response (AFE.x/F) of the sample, as carrier density is
most accurately calculated from experimental conditions prior to recombination, and thus so
too is the mobility. Comparing calculations from OPTP with the analogous time-resolved mi-
crowave conductivity (TRMC) approach — where recombination occurring within the few-ns
microwave pulsewidth obfuscates calculation at high carrier density, but which samples mobil-
ity over longer distances — can give valuable insight across multiple time- and length-scales in
polycrystalline films. #3934 The early-time OPTP response has been used elsewhere to study

342 carrier-phonon coupling#*-3%! including polaron

processes such as free carrier generation,
formation, 333467348 and hot carrier cooling. #4350 The THz probe waveform can also be sam-
pled in the time-domain, yielding spectral information on the amplitude and phase (via Fourier
transformation, as described in Section 3.3.3) of the carrier response. The frequency-dependent
response can be used to infer the extent of localisation of charges. !

Extending the OPTP technique with the use of an intraband push represents a natural pro-
gression for studying hot carrier dynamics. Indeed, three studies have been reported (at the
time of writing, to the best of the author’s knowledge) employing an optical-pump-NIR~push—
THz-probe (PPP-THz) scheme in this pursuit. Wang & Bonn et al.!%2 reported a transient
increase in conductivity in the double perovskite CsyAgBiBrg upon push re-excitation. This
was ascribed to hot holes having a higher mobility than when electronically cold, on account
of their reduced momentum scattering (longer 7) extracted from photoconductivity spectra.
This is in contrast to other band-transport semiconductors which generally display increased
mobility after carrier relaxation;®*¥ while the time-invariant plasma frequency (w,) indicated

the observations were not due to a change in effective mass (i.e. DOS), presumably due to the

specific band structure in these materials.

Meanwhile, Herz & Johnston et al.[?* studied the hot carrier dynamics in the tin-based per-

ovskite FAqg3Csg179nl3 using PPP-THz, observing a decrease in the transient THz response

79



Chapter 6. Hot Carrier Mobility in LHP Single-Crystals

upon push re-excitation. Following analysis of the Lorentzian line shape in the photoconduc-
tivity spectra, it was concluded that hot carriers undergo stimulated THz emission. That is,
rather than any effect of the relative mobility of — and therefore THz absorption by — hot and
cold carriers, it was deemed that the emission of THz by hot carriers enhanced the detected
transmission (in analogy to the SE features described for broadband TAS in Section 3.3.2).
Furthermore, the hot carrier lifetime was found to depend inversely on excess energy: cooling
from 0.6 eV or 1.1 eV above the band edge had time constants of 0.9 and 0.2 ps, respectively.
This ostensibly conflicts with a phonon-limited carrier cooling model wherein the dissipation of
greater excess energy ought to be slower due to the need to couple to more phonons, and so was
attributed to the effect of the large reservoir of cold hole states that arise from the oxidation of
Sn?T — a greater energy difference creates a stronger driving force for cooling via hot-cold carrier
scattering. However, it should be noted that Wang & Bonn et al.[*®? suggest this can also be
explained by “the enhanced density of charge states and efficient phonon emission before hot

carriers reach full thermalisation”.

While the assumed origin of the push-induced bleach differs between these two studies, they
both ultimately depend directly on the presence of hot carriers. As such, the bleach recovery
time should increase with higher push fluence due to the hot phonon bottleneck effect described
earlier, which prolongs the population of hot carriers. However, no such effect was reported

1.233] reported a comparison of

in either case. Shortly after their publication, Bakulin et a
the dynamics from PPP-THz and PPP-NIR on MAPbDI3, observing a decrease in transient
photoconductivity upon push re-excitation (& la Herz et al.?*!). Under similar pump and push
conditions (i.e. energy, fluence), the dynamics of the THz and NIR bleach recovery differed in
two important ways: (i) the THz recovery was consistently longer, suggesting carrier mobility
remains suppressed for some time after intraband carrier relaxation has occurred; and (ii) did
not show the clear push fluence-dependence observed with a NIR probe, meaning the THz probe
is not directly sensitive to the hot carrier density. To explain this, the authors invoked a three-
level model described schematically in Figure 6.1, wherein intraband relaxation of hot carriers

(state “A”) via phonon emission leads to an increase in temperature of the lattice immediately

surrounding the charge. This hot local lattice (“B”) then sustains the low mobility of the
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nascent cold carrier, before equilibration of temperature with the wider lattice returns the

carrier mobility to the ‘pre-push’ level (“C”).
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Figure 6.1 — Energy state diagram for PPP-THz. Intraband relaxation loads energy into
phonons directly coupled to the carrier. Carrier mobility is suppressed until the resulting hot
lattice state further dissipates excess heat.

In this Chapter, the hot carrier dynamics obtained from PPP-THz of high-quality single-
crystalline CsPbBrs are reported in order to further address the discrepancies above. The

very large domains (~1 mmB>)

formed in these vapour-deposited films mean carriers are less
encumbered by grain boundaries, ?¥ leading to a higher average mobility and thus a greater
THz response. Along with high intrinsic stability and well-characterised hot carrier dynamics,

these materials are a useful model system to investigate further.

6.2 Specific experimental details

6.2.1 Sample preparation and characterisation

Samples were prepared by Dr Vladimir Bruevich (Rutgers University) via a procedure described
in Ref. [353]. CsBr and PbBr, precursors (Sigma-Aldrich, 99.999%) were mixed in a 1:1 molar
ratio and reacted by heating in an alumina boat at 380 °C for 12 h in an inert atmosphere.

Muscovite mica (Electron Microscopy Sciences) was cleaved in air just prior to growth. Separate
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alumina boats containing the precursor and mica substrate were loaded into a custom-designed
chemical vapour deposition reactor consisting of a quartz tube in a tube furnace. The apparatus
was evacuated and purged several times with the ultra-high purity He carrier gas, after which
the gas flow and pressure were stabilised at 100 sccm and 0.1 bar, respectively. The precursor
was then melted at 560 °C, with the mica placed downstream and heated to 500 °C, resulting
in sublimation of contaminants and deposits from its surface. After stabilising the temperature
and its gradient along the furnace, epitaxial growth of CsPbBr3 on mica was initiated by shifting
the precursor and furnace position with respect to the mica by 1 inch in the opposite direction
to gas flow, thereby cooling the mica slightly while maintaining the precursor temperature.
The growth duration was 15 min. The growth was terminated abruptly by withdrawing the
precursor from the heated zone without moving the mica substrate. The furnace was then

turned off and the substrate allowed to cool gradually to room temperature.

6.2.2 PPP-THz

Ultrafast experiments were conducted using the setup described in Section 3.3.3. A 400 nm
pump, generated by SHG of the 800 nm fundamental laser output, was used to photoexcite
the sample. The signal wavelength from TOPAS-II was tuned to ~1325 nm, corresponding
to an idler wavelength of ~2020 nm. Both were used in the PPP-THz experiments presented,
and were chosen as they gave reasonable difference in hot carrier excess energy (~0.94 eV
vs ~0.61 eV) while also being near the peak of the OPA tuning curve and therefore yield-
ing sufficient light intensity. Temperature-dependent measurements were performed using a
cryostatic sample stage (HFS600E-PB4, Linkam) and the entire sample area was encased in
a dry air-purged enclosure. This lowered the humidity to ~0%, preventing ice build-up on
the stage window at low temperatures, while also minimising THz transmission losses due to
water vapour absorption and limiting sample degradation. The push-induced bleach recovery

is convolved with a Gaussian of width ¢ = 200 fs for all fits.
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6.3 Results and discussion

As with all PPP schemes in this thesis, the first port of call is to carry out preliminary two-pulse
PP measurements to understand the underlying recombination kinetics of band-edge carriers.
Figure 6.2a shows exemplar time-domain THz waveforms at selected pump-probe delays. Op-
tical excitation alters the photoconductivity of the material, and therefore its interaction with
the THz probe. Fourier transformation yields the complex photoconductivity spectra shown
in Figure 6.2b. The peak at ~1 THz can be tentatively assigned to the non-Drude behaviour

2331 A full analysis of the

observed in LHPs as a result of strong carrier-phonon coupling.
frequency-resolved response will be the subject of a separate investigation, and the remainder

of this Chapter will focus on hot carrier dynamics.
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Figure 6.2 — (a) Time-domain THz waveform at selected pump-probe delays. (b) Frequency-
domain THz spectra at selected pump-probe delays. (c) OPTP kinetics for CsPbBr3 single-
crystals. Dashed reference line denotes push arrival time in PPP-THz transients below.

Figure 6.2¢c shows the PP transient obtained at room temperature under a pump fluence of
200 pJ cm™. The THz-gate delay was fixed at the maximum field point and thus the kinetics
are effectively ‘integrated’ across the probe spectral bandwidth. While this ostensibly represents
a higher pump fluence used than for PPP measurements in Chapters 4 and 5, this is justified
for the following reasons: (i) due to limitations of the experimental setup described later, the
SNR is intrinsically lower and so this may be boosted by using a higher pump fluence; and (ii)
the fast Auger component that has hitherto been avoided by employing a low fluence, is not as
dominant as expected if an equivalent fluence were used on the NIR- and visible-probe setups

described in Chapters 4 and 5, and so is clearly not manifesting as correspondingly high carrier
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densities. This may be due to a difference in beam profiles between setups.

As described in Section 6.1, the principal aim of this portion of the thesis is to re-inspect the
discrepancies between the currently existing works employing PPP-THz, while complementing
these studies by investigating the dependence of the system response to the amount of excess
energy imparted to the carriers. Figure 6.3 displays the response of the transients separately to
a ~1325 nm and ~2020 nm push pulse. In both cases, the push arrived 30 ps after the pump to
minimise the impact of early-time Auger dynamics. The transient THz response is diminished

upon push re-excitation, in keeping with observations employing a NIR probe.
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Figure 6.3 — PPP-THz transients for CsPbBrj3 single-crystals with (a) 1325 nm and (b) 2020 nm
push. Solids lines are Gaussian-convolved exponential decay fits to push recovery.

By altering the fluence of the push, and therefore the resulting hot carrier density, two clear
differences are observed with regards to the subsequent recovery of the transient to the ‘pre-
push’ regime depending on the choice of probe, as summarised in Figure 6.4: employing a
THz probe here, the extracted time constants show negligible push fluence-dependence and
are consistently longer than with a NIR probe, irrespective of excess carrier energy. This is in
keeping with the work reported earlier on polycrystalline MAPbI; by Bakulin et al,>*3 which
suggests separate states are being probed under THz and NIR illumination. Concretely, the
results here for single-crystalline CsPbBrj suggest that the energy dissipated during intraband
relaxation of hot carriers is initially contained in the lattice immediately surrounding the carrier.
This local heating effect prolongs the suppression of the carrier mobility, and therefore the push
bleach recovery, until the excess energy is further dissipated to more distant lattice sites that

are decoupled from the carrier. At the same push energy, the recovery time obtained here for a
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Cs-based LHP is also longer than that of the MA-based LHP in Ref. [233], which is consistent
with another report that tracked the initial rise in two-pulse OPTP transients.®>® This may
be attributed to the faster dissipation rate of the hot local lattice provided by the MA cation.

While the intrinsic intraband relaxation rate is faster in Br-based LHPs than their I-based

counterparts, 23! this is clearly not rate-limiting in the THz response.
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Figure 6.4 — (a) Fluence-dependent push-induced bleach recovery lifetimes at 1325 and
2020 nm push; and (b) corresponding energy dissipation rates.

Notably, the bleach recovery time is consistently shorter when using the higher-energy 1325 nm
push (0.9 &+ 0.1 ps) than at 2020 nm (1.1 + 0.1 ps, Figure 6.4a), corresponding to a two-fold
increase in energy relaxation rate, as shown in Figure 6.4b. This holds similarities with the
work of Herz et al.,1?3” who attributed this effect to the background cold holes: higher-energy
carriers experience greater hot-cold carrier scattering rates, thereby increasing the rate of energy
dissipation. Across the same span in energies, the relative difference was instead a factor of
four, which may be due to the greater prevalence of hole-doping in the Sn-based perovskites
studied therein. The use of more stable, high quality Pb-based perovskite single-crystals may

explain the weaker dependence observed here.

The assumption above is that the same effect could not be accounted for if carrier-phonon cou-
pling dominated the relaxation mechanism: greater excess energy ought to require interaction
with a larger number of phonons, thereby slowing intraband carrier relaxation and showing the
reverse dependence to that observed. In the absence of direct evidence for this, an alternative

explanation could be that in creating carriers with greater excess energy, they may then cou-

85



Chapter 6. Hot Carrier Mobility in LHP Single-Crystals

ple to higher frequency phonon modes inaccessible to lower-energy carriers, instead leading to
higher relaxation rates. Both of these contrasting hypotheses are also built within the frame-
work that the hot carrier mobility is directly responsible for the THz response, rather than the
hot lattice model proposed herein. In principle, the hot local lattice model is more consistent
with a hot-cold carrier scattering effect given the results obtained: if more of the ‘heat’ from
intraband relaxation is instead deposited into the reservoir of cold carrier states, the coupled
lattice ought to then be able to more efficiently dissipate this energy, and the bleach recovery

time shortened.

To resolve the contributions of carrier-carrier and carrier-phonon scattering, the temperature-
dependence of the bleach recovery dynamics was investigated. In principle, at lower tempera-
tures the higher carrier mobility found in these band-like semiconductors ought to yield higher
carrier-carrier scattering rates. Meanwhile, lower temperatures should simultaneously depopu-
late phonon modes, making energy dissipation via a carrier-phonon scattering mechanism less
efficient. As such, the bleach recovery lifetime should be shorter at low temperature if the hot-
cold carrier scattering mechanism were dominant, but longer if dominated by carrier-phonon

coupling.

Some preliminary insight can be obtained from the temperature-dependent early-time PP (‘push
off’) dynamics following above-gap excitation. At lower temperatures, a smaller proportion of
excitons dissociate which diminishes free carrier density. However, those free carriers have a
higher mobility due to the band-transport exhibited by bulk LHPs. Figure 6.5a shows how the
relative contributions of these factors results in a net increase in peak photoconductivity at
lower temperature. The dynamics also become noticeably faster on <10 ps timescales due to
the higher rate of Auger-type scattering that also arises from the higher carrier mobility. (35
At the very earliest times (<2 ps), Figure 6.5b shows how the ingrowing component of the rise
becomes slower at lower temperature. Within the model described above, this can be attributed
to slower hot lattice cooling that results from the deactivation of the phonon modes that shuttle

heat away from the carrier. While this points to an effect of carrier-phonon coupling on the

differences observed between push energies in three-pulse PPP-THz measurements, it does not
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6.3. Results and discussion

rule out the role of cold carriers in and of itself. As mentioned previously, the single excitation
scheme used in two-pulse PP creates all carriers with the same energy, and thus three-pulse

PPP is required to discern the effect of the reservoir of cold carriers.
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Figure 6.5 — Temperature dependence of the PP-THz dynamics under A,ymp = 400 nm,

Foump = 100 pJ cm™2.

Figure 6.6 shows the PPP-THz transients from 270 to 120 K, obtained with a 2020 nm push.

2

Foump and Fuq, were kept constant at 200 pJ em™? and 18 mJ e¢m™, respectively. Due to
the faster early-time PP dynamics at low temperature just described, the push is adjusted to
arrive earlier (~10 ps) than the previous experiments conducted at room temperature, ensuring
ample free carrier density for interaction with the push on its arrival. The higher mobility of
band-edge carriers at lower temperature also leads to an increase in the pre-push PP transient

signal.

At 273 K, the push-induced bleach recovers to the PP trajectory, which is reminiscent of the
transients described earlier in Figure 6.3. However, with decreasing temperature, the bleach
recovery departs from this behaviour: rather than solely returning to the PP baseline, there
is an overshoot followed by a fast decay. This points to the presence of additional dynamics
induced by the push at lower temperatures. In principle, multiphoton push absorption could
produce more carriers in the CB, increasing the photoconductivity of the sample and thus THz
absorption. However, there is no clear reason why this would become more apparent at lower
temperature given the minimal change in band gap, and absence of phase transitions in this

[357

temperature range for CsPbBr;.?" Another possible source for this behaviour is the larger
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Figure 6.6 — Temperature dependence of the PPP-THz bleach recovery timescales under
Apump = 400 nm, Fpump = 200 pd cm2, Ayush = 2020 nm, Foush = 18 mJ em™.

presence of bound excitons at low temperature. In this case, the push may also induce exciton
dissociation, producing more free carriers and increasing photoconductivity; while simultane-
ously re-exciting already-free carriers to give the characteristic absorption reduction seen thus
far. The difference in timescales between re-forming excitons and cold carriers would explain
the observed derivative-like shape of the transient response. This push-induced exciton dis-
sociation has also been used to study free charge generation in organic PV systems via PPP

spectroscopy. [3°8-361]

6.4 Kinetic modelling of T-dependent PPP-THz

To test the above hypothesis regarding excitonic effects in lower temperature PPP-THz tran-
sients, a kinetic model was derived, as described schematically in Figure 6.7 and in the following

set of coupled differential equations:

dan

dt = jc<t)nCC + jx(t)nX - kcoolnHC (65)
d ~

Z(;C = —I.(t)ncc + kanx — kence + kinar (6.6)
dn
THL = kel — KinpL (6-7)
d .
% = —IL(t)nx + kence — kanx (6.8)
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Figure 6.7 — Schematic diagram for the kinetic model used to simulate exciton contribution
to temperature-dependent PPP-THz transients.

where I(t) =1 exp(—w) The following initial boundary conditions are imposed:

202

ncc(t = O) = Npump (69)

The simulated kinetics are performed using the Euler method. At each time point, the photo-

conductivity is calculated from the sum of the contributions by each species:

Ao(t)=e Z pini(t) (6.11)

= ¢ [uncnuc(t) + pocnce(t) + puinu(t) + pxnx (¢)] (6.12)

Representative photoconductivity kinetics for ‘high-77 and ‘low-7" are given in Figure 6.8. In
the case of high-T', kq > k¢, denoting the propensity for exciton dissociation; and at low-T',
kq < k¢, denoting the propensity for exciton formation. The simulations are allowed to run
from 0 ps, assumed to be the point of photoinjection by the pump, at which point all ESs
exist as cold carriers. Subsequently, the cold carriers equilibrate with excitons according to
the balance of k4 and k¢, leading to an initial decrease in photoconductivity. The push arrives

after 10 ps, optically re-exciting a portion of excitons and cold carriers according to I, and
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Figure 6.8 — Simulated temperature-dependent photoconductivity transients from the kinetic
model described herein. The contributions of exciton dissociation and formation may explain
the experimental characteristics observed.

1., respectively, which represent the relevant absorption cross-sections to the hot carrier state.
I, < I, is assumed due to the lower density of exciton states than at the band-edge, and both
temperature-independent. Alongside the parameters displayed in Table 6.1, the qualitative
experimental trends are reproduced: lower temperatures increase the pre-push photoconduc-
tivity due to the net effect of higher carrier mobility despite lower free carrier density; and the
post-push dynamics exhibit the typical bleach, followed by a pronounced rise and decay feature
with respect to the pre-push baseline. Within the model described, this can be attributed
to push-induced exciton dissociation and subsequent re-formation via a step-wise mechanism:

X,CC - HC - HL — CC = X.

For simplicity, the exciton mobility is assumed negligible relative to free carriers in the simu-
lations. The hot carrier mobility is assumed to be marginally smaller®*! than the cold carrier
density calculated from FET measurements.3 The hot lattice state is assumed to have a
mobility intermediate of free carriers and excitons. At low temperatures, the mobilities of
free carriers are higher due to the expected increase in phonon scattering times. Intraband
relaxation is assumed temperature-independent and faster than the hot lattice cooling, whose
high-temperature rate constant is taken from the bleach recovery time extracted in Figure

6.4a, and becomes slower at low temperature due to phonon deactivation. At low temperature,
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6.5. Conclusions

Parameter Low T' High T
Pump carrier density Nopump  (x10Y em™) | 1.0 1.0
Free carrier push absorption I, (ps!) 0.3 0.3
Exciton push absorption I, (ps!) 0.1 0.1
Intraband relaxation Kool (ps!) 3.3 3.3
Hot lattice cooling Ky (ps!) 0.6 0.9
Exciton dissociation kq (ps!) 0.4 0.8
Exciton formation k¢ (ps!) 0.4 0.3
Hot carrier mobility 0ste (cm?/Vs) 40 25
Cold carrier mobility Heo (cm?/Vs) 50 30
Hot lattice mobility L (cm?/Vs) 10 10
Exciton mobility px (cm?/Vs) 0 0

Table 6.1 — Kinetic model parameters for temperature-dependent PPP-THz simulations.

exciton formation is still slower than hot lattice decay, leading to the additional post-push
rise and decay in photoconductivity. Adding band-to-band recombination would facilitate di-
rectly fitting the PPP-THz transients, and may allow extraction of physically meaningful hot
lattice cooling constants as a function of temperature. However, the difference in absorption
cross-sections, Iy and I., would need to be known a priori; the temperature-dependence of
the intraband relaxation rate calculated, possibly from PPP-NIR experiments; and the balance
of kq and k¢ quantitatively related to T" and E},, perhaps by the Saha equation described in
Chapter 4.

6.5 Conclusions

In this Chapter, THz radiation was used as a non-contact probe of the hot carrier mobility
dynamics in CsPbBrj single-crystals. The high-quality film morphology yields a strong response
due to the high average mobility of carriers. The push-induced bleach recovery was shown to
be density-independent, and consistently longer than when probed in the near-infrared. This
implies the existence of a hot local lattice state, which temporarily suppresses carrier mobility

even after intraband relaxation has occurred. At larger initial excess carrier energy, the recovery
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is faster — potentially due to strong scattering with the reservoir of cold carriers. To confirm
this, the temperature-dependence of the response was assessed, however this was complicated by

overlapping excitonic features at low temperature, as confirmed by the kinetic model developed.
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7 Summary and Outlook

In this thesis, novel ultrafast spectroscopic tools have been employed to elucidate the underlying
photophysics of lead halide perovskites (LHPs), which have recently emerged as forerunners for
next-generation optoelectronic devices. Specifically, the investigations targeted the mechanisms
through which energy is dissipated following the absorption of light with energy in excess of the
band gap. This “hot carrier cooling” imposes a limit on solar cell efficiency, and thus demands
comprehensive interrogation. Hot carrier dynamics have been shown to depend on their inter-
action with the lattice via phonons and trap states, as well as with other carriers. Therefore,
these investigations present vital insight for the rational design of devices that directly depend
on hot carriers, such as hot carrier solar cells and lasers; while the fundamental insight into

coupling between photophysical species is more broadly relevant for any application.

The vast majority of transient spectroscopies employed elsewhere use a two-pulse pump-probe
(PP) scheme. Therein, the pump pulse transits the system to an excited state, and its evolution
is then monitored by the probe. Hot carrier cooling has been shown to slow at higher excitation
densities due to the “hot phonon bottleneck effect”, however this can be obscured by many-body
Auger recombination which is also strongly density-dependent. The hallmark of this thesis has
been the application of multi-pulse pump-push-probe (PPP) spectroscopy to isolate hot carrier
dynamics from the various other processes occurring on similar timescales. Herein, the push
pulse optically re-excites carriers from the band-edge, modulating the transient signal, where-
after its recovery is dependent on hot carrier dynamics. As a result, many-body recombination
can be excluded by judicious choice of pump intensity; and the hot phonon bottleneck isolated
through controlling the push intensity. Compared to two-pulse methods, an additional benefit

of PPP lies in the ability to form hot carriers in an environment containing a background of
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cold carriers, and therefore elucidate the role of hot-cold carrier scattering. Furthermore, by
investigating the response of hot carriers across a wide range of the electromagnetic spectrum

(ultraviolet-terahertz), various aspects of their dynamics are divulged.

In Chapter 4, the effect of confinement on the hot carrier cooling dynamics of LHP nanoma-
terials was assessed using a near-infrared probe. Ostensibly, the discretisation of band continua
due to confinement ought to slow hot carrier cooling if the energy spacing is greater than that of
the coupled phonons. This phonon bottleneck would presumably then lead to a more pronounced
hot phonon bottleneck. In the results presented, the hot phonon bottleneck was instead shown
to be suppressed in more confined systems characterised by a larger exciton binding energy.
This suppression was attributed to an alternative cooling pathway mediated by energy transfer
to cold carriers, which becomes enhanced upon further confinement of charges. Through the de-
veloped kinetic model, this could be quantitatively related to the exciton binding energy. This
work therefore also highlights the importance of studying the density-dependence of hot carrier
cooling when comparing different systems. Discrepancies between works elsewhere may well be
due to the use of only a single excitation regime to study an intrinsically density-dependent
phenomenon. While this study used a sample of nanomaterial classes spanning weak to strong
confinement regimes, the ‘resolution’ could be improved in future work by studying a larger
sample set with smaller step changes in confinement. Work is currently underway in the group
in studying the hot phonon bottleneck behaviour in a range of 2D nanoplatelet systems with
monolayer-fidelity over their thickness. In principle, any inflection point in the hot phonon bot-
tleneck dependence on exciton binding energy could also be assigned tentatively to the 2D-3D

transition of optoelectronic behaviour in these systems.

In Chapter 5, the role of defects in LHP nanocrystals (NCs) was extended to their impact
on hot carrier dynamics. Antisolvent washing steps were used to systematically introduce
further defects by stripping halide ions from the NC surface. This was then surveyed over a
range of compositions: CsPbBrs, CsPb(Br/I); and CsPbls. In this case, a broadband visible
probe was employed, and the hot carrier lifetime was shown to be quenched in washed Br-
containing NCs, while no effect was observed in washed I-pure NCs. At the highest hot carrier

densities, the effect of trap states was diminished due to saturation. The composition-related
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trends were in keeping with the relative photoluminescence quantum yields of each system,
suggesting that both hot and cold carriers are defect tolerant in CsPbls, yet defect intolerant
in the wider-gap Br analogues. A potential avenue for future work is in determining the size-
dependence of the defect tolerance of CsPbls. If the hot carrier defect tolerance were sustained
in smaller NCs, this may be a promising pathway for blue-shifting the emission, particularly in
lasing applications where hot carrier dynamics are key. In analogy to other studies employing

hole scavengers as CdSe NC capping layers, 19319

it remains a possibility that a confinement
regime exists wherein trapping reduces carrier-carrier scattering and thus prolongs hot carrier
lifetime and/or the amplifies the hot phonon bottleneck effect. Finally, the interpretation of
broadband visible transient absorption data for both two- and three-pulse approaches should be
systematically compared for the current system, which may help explain current discrepancies

in the literature. 239

In Chapter 6, a variant of the three-pulse technique was employed using THz radiation as
a non-contact probe of the hot carrier mobility dynamics. Here, the push-induced bleach
recovery was prolonged and independent of fluence, suggesting a separate state was dominating
the response over that observed in Chapters 4 and 5. This was assigned to the formation of a
hot local lattice formed by the initial deposition of excess carrier energy, which lowered carrier
mobility until further dissipation had occurred. The excess energy-dependence was investigated,
which pointed to the influence of cold carriers. Temperature-dependent measurements were
performed to confirm this, however this was obscured by the additional contributions of excitons
at lower temperatures. The key limitation of this work was high noise levels, which meant
experiments needed to be averaged over extended time periods. To this end, the setup is
currently being upgraded with a new laser source (Pharos, Light Conversion) which should
offer better shot-to-shot stability and higher peak power in future work. The sample region
of the optical setup will also be increased in size, permitting the inclusion of bulky apparatus
such as the cryogenic stage to be positioned more ideally at the beam focal point. As a
result, signal convergence will be attained in shorter time periods, facilitating the extension of
measurements into the frequency domain, and hitherto inaccessible materials with intrinsically

lower THz response (carrier mobility), such as organics.
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