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Abstract

This thesis is entitled “Ultrafast charge dynamics in novel nanoparticles” and
submitted by ALI AL-OTAIFY in May 2015 for the degree of Doctor of Philosophy at The
University of Manchester.

The ultrafast charge dynamics in a number of nanostructured materials relevant to
the production of renewable energy are investigated using ultrafast transient absorption
spectroscopy. The materials include mercury telluride and cadmium mercury telluride
quantum dots, and gold nanoparticles loaded on titanium dioxide colloidal spheres. The
analysis of the resultant pump-induced transmittance change spectra and transients allow the
determination of charge relaxation routes including multiple exciton generation, trion
formation and direct-surface trapping.

The investigation of HgTe QDs passivated with thioglycerol, mercaptopropionic acid
and dodecanethiol ligands suggests that mercaptopropionic acid ligand results in better
passivation of HgTe QDs due to its carboxylic acid group. It allows more electron density
donation to the QD surface to passivate the traps related with unsaturated Hg bonds and
hence supresses the associated non-radiative processes. The decay lifetimes of the
thioglycerol/dodecanethiol-capped QDs in addition to the photo-induced absorption feature
in their spectra, are found to be consistent with surface charge trapping observed in CdSe
QDs. In comparison, the transients obtained for mercaptopropionic acid passivated QDs
coupled with the pump-induced transmittance change spectrum show no sign of any surface-
related processes. Therefore, our analyses allow the determination of multiple exciton
generation for the first time in these QDs with a quantum yield of 1.36 + 0.04 when photo-
exciting with photons of energy 3.1 times the band gap. Such result should turn researchers’
attention to those ligands which could improve the QD solar cell field.

The study of exciton dynamics in CdxHgu-xTe alloy QDs is also presented here.
Their pump-induced transmittance change spectrum show two bleaches: at the shoulder
position of the steady state absorption and at the PL peak. The exciton dynamics of these
materials are studied using four different wavelengths, two of them are above the MEG
threshold. The resultant transmittance transients and the pump-induced transmittance change
spectrum are free of any photo-induced absorption or long-lived surface trapping. Hence,
the decay of the transients obtained above the MEG threshold for well-stirred samples at low
pump fluences is attributed to biexciton recombination. The assessment of multiple exciton
generation reveals a quantum yield value of 1.12 + 0.01 when photo-exciting with 2.6 times
the band gap.

Finally, the investigation of the recovery of the plasmon bleach in TiO; colloidal
spheres decorated with different sizes of Au NPs is presented in this thesis. The pump-
induced transmittance change spectra obtained for two different wavelengths show bleaches
at the plasmon band maximum superimposed with two wings of absorption features at
shorter and longer wavelengths. The resultant transmittance transients for these samples are
well-described by bi-exponential decay with a very quick decline of a few ps associated with
electron—phonon scattering, followed by a slower decay over a few 10s of ps associated with
heat dissipation. Only the heat dissipation rate is found to be dependent on the size of the Au
NPs as it rises from 49 + 3 ps to 128 + 6 ps when the diameter of the Au NPs is increased
from 12.2 £ 2.2 nm to 24.5 + 2.8 nm, respectively.
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Chapter 1 Introduction and background

Chapter 1 Introduction and background

1.1 Introduction

Today, the earth is home to more than 7 billion people, all of whom contribute to
massive energy consumption (estimated to be about 410 exajoules in 2010 [1]). The sources
of this energy are varied, and include expendable resources such as fossil fuels and nuclear
power, and renewable energy sources, such as biofuels, solar energy, hydropower and wind
power [2]. However, in 2011, fossil fuels accounted for an estimated 78.2% of the global
total energy (see Figure 1.1), despite the risk of their exhaustion within decades [3].
Concerns about the limited amount of non-renewable resources remaining are recognised,
and changes made accordingly resulted in a shift toward the use of renewable sources in
2012 by about 8.5%, when compared with 2011 [2]. However, the global population is rising,
and this is coupled with an increase in per capita use energy, thereby necessitating an urgent
search for alternative natural energy sources or improvements to the utilisation of existing
renewables to guarantee the availability of sufficient energy to serve humankind in the

future.
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Figure 1.1 Estimation of energy consumption based on energy sources in 2011 (taken with
permission from [2]).
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Chapter 1 Introduction and background

Natural energy sources can be divided into stored energy (e.g. fossil and nuclear) and
energy derived from solar radiation [3]. The latter is a clean, renewable, and abundant source,
as every day the earth receives about 9x10%2J [4] with a spectrum covering the range from
0.5 to 3.5 eV (~355 to 2500 nm), as shown in Figure 1.2. This has motivated scientists to
conduct extensive searches to exploit this energy, for example in solar cells and hydrogen
production which are promising solutions with the potential to meet the future energy
demand. Solar cells have an advantage over other fuel supplies, because they are
environmentally friendly; however, for solar cells to compete economically with fossil or
nuclear fuels they needs to be cheaper and/or more efficient. Solvent-based synthesised
nanostructured materials have the potential to be both cheap and efficient. However, to
realise this potential, the sub-nanosecond charge dynamics in nanostructures needs to be
understood. This thesis will describe investigations into the sub-nanosecond charge
dynamics of two such important types of nanostructured materials relevant to the production

of renewable energy.
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Figure 1.2 Solar irradiance spectrum (taken with permission from [5]).
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Chapter 1 Introduction and background

To date, three generations of solar cells can be distinguished. The first generation
were crystalline silicon (Si) solar cells, but these were very costly. The second generation of
solar cells used were thin films and dye-sensitised, which reduced the cost, but these suffered
from comparatively low efficiency [6]. The third generation, including quantum dot (QD)
based solar cells [7], represent an attempt to reduce the cost of solar cells while
simultaneously increasing efficiency. Figure 1.3 compares the cost and efficiency of all three
generations of solar cells. Of the three generations described above, only third generation
solar cells exceed the critical limit, known as the Shockley-Queisser limit, which describes
the theoretical power conversion efficiency of a single p-n junction solar cell. This limit is
based on the calculation of maximum generated photo-current to input power, according to
four assumptions [8]. First, that the concentration used was 1 sun, and second, that the sun
and the solar cell were both assumed to be blackbodies at temperatures of 6000 and 300 K,
respectively. Third, that a semiconducting material can absorb photons with energy above
its band gap, and hence, can generate charges while photons with energies below its band
gap are not absorbed. The excess energy of an absorbed photon above the band gap raises
the temperature of the charges in the semiconductor over the lattice temperature, where it is
divided between electrons and holes according to their effective masses; more excess energy
goes to the lower effective mass charge [9]. It should be noted that excess energy here is lost
in the form of heat. Fourth, that the only loss in recombination is radiative loss. These
assumptions allowed a value of ~31% for the Shockley-Queisser limit [8]. Hanna and Nozik
[10] modified the detailed balance model used by Shockley and Queisser, by also taking into
consideration carrier multiplication or the multiple exciton generation (MEG) effect which
then led to an increase in the efficiency limit, to reach ~44%, at a band gap of 0.7 eV. The

band gap of a semiconducting material is optimum for harvesting the solar spectrum if it has
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Chapter 1 Introduction and background
an energy between 1 and 1.6 eV, and this point falls to lower values ~ (0.5 — 1.1 eV) in the

presence of MEG [6].
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Figure 1.3 Comparison of the cost and efficiency of the three different generations of solar
cells (modified from [6], Copyright (2009), with permission from Elsevier).

1.2 Background

1.2.1 Quantum dots

An object smaller than 100 nm in at least one dimension is usually classified as a
nanoparticle (NP) [4]. It can be classified as either one, two or zero dimensional, and
described as quantum wire, quantum well or thin film, or QD, respectively. When the size
of the NP decreases further, quantum confinement might be observed, and we must then
consider the QDs regimes. A QD is usually defined as an ultra-small particle of
semiconductor crystal, with dimensions smaller than, or comparable with, the size of the
exciton in the respective bulk material [11]. QDs lie between atomic-molecular and bulk
materials, and are sometimes described as artificial atoms, and their energy levels as atomic-
like. Figure 1.4 illustrates the change of density of states with energy for different

dimensions of semiconductors from bulk to QD [12]. It should be noted that electron-hole
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Chapter 1 Introduction and background
(eh) pairs in QDs are often termed excitons [13], even though they are not necessarily bound
by their Coulomb interaction. Rather, confinement by the nanoscale of the QD leads to a
particular electron being associated with a particular hole; for this reason, we sometimes use

the term ‘geminate charge’.

(a) (b) (c) (d)

() %] (7)) ()
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Figure 1.4 Illustration of the change of density of states (DOS) with energy in: (a) a bulk
material, (b) a quantum well, (c) a nanowire, and (d) a quantum dot (Reproduced from [12]
with permission of The Royal Society of Chemistry).

The characteristic distance between charges, known as the exciton Bohr radius (),

in a bulk semiconductor is defined as [4]:

Equation 1.1

where h, €, and m, and my, are the reduced Planck’s constant, optical dielectric constant and
the effective masses of the electron and hole respectively. However, in the quantum
confinement regime, exciton motion is confined to a very small dimension, which results in
discrete energy levels in comparison with the continuous bands in the respective bulk, as
shown in Figure 1.5. It also results in the modification of the band gap, so it is size-dependant

as follows [14]:

2

QD _ rbulk
Eg _Egu +8R2

( 1 N 1 ) 1.8e2
m, my 4megeR

Equation 1.2
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Chapter 1 Introduction and background
where E2” is the band gap of the QD, EZ“!* is the band gap of the bulk counterpart and R is
the radius of the QD. The second term, on the right hand side of Equation 1.2 is the extra
energy because of quantum confinement, which explains how the band gap energy changes
with 1/R?; meanwhile, the third term shows Columbic interaction. The energy levels are
classified using the principal quantum number (n=1, 2, 3 ...) and the angular momentum

(L=0, 1, 2...), which has the corresponding names (s, p, d...) [11].

Bulk semiconductor QD
1D{e)
1P{e)
Conduction
band
15(e)
Energy gap | E, (bulk) E, (QD)
j Valence f 15(h)
== band =4 1P{h)
1D(n)

Figure 1.5 The valence and conduction bands in bulk and QD semiconductors. Discrete
energy levels appear in the QD case and the bandgap expands [modified from [11]].

QDs have several applications; e.g. in light emitting diodes (LEDs) based on QDs
[15], QDs lasers [16] and solar cells [4] (the application most relevant to this thesis). In a
single junction bulk solar cell, efficiency is limited to the Shockley-Queissar conversion
limit, because the energy in excess of the band gap is wasted as heat, via electron-phonon
scattering, which is followed by phonon emission until the charges relax to their band edges.
For example, up to 47% of the incident energy upon a single-junction of a bulk silicon cell
is lost as heat [17]. Multi-junction solar cells can successfully overcome the Shockley-
Queissar limit, because different p-n junctions of different materials are built on top of each

other in layers, so that more wavelengths of the solar spectrum can be absorbed by the cell
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(higher band gap materials absorb photons with higher energies, while lower band gap
materials absorb photons of lower energies). Theoretically, efficiency can be increased up
to 66%, but practically, efficiencies of 32% and 42.8% have been reported [18]. However,
this technique is relatively expensive, and hence, attention has been directed toward impact
ionisation for the enhancement of the photocurrent [19]. However, its rate has to be greater

than all the other relaxation processes for hot charges.

QDs are useful in this matter for several reasons. Firstly, tuning the band gap of the
QDs by changing their size allows one to build a multi-junction solar cell comprised of the
same QD [20], but capable of absorbing a wide range of the solar spectrum covering UV,
visible, and NIR, in some cases for exciton generation. Secondly, quantum confinement can
reduce the relaxation rate of hot carriers [20]. Thirdly, it is possible, through the use of QDs,
to create MEG [21], which increases the limits of theoretical efficiency as previously
discussed. Fourthly, they show better stability and resistance to oxygen and UV radiation,
compared to polymers, and fifthly their solution processability reduces fabrication costs [4].
Efficiencies as high as 6% for PbS [22] and 8.55% for ZnO/PbS [23] QD solar cells have

been reported, and research is ongoing, due to the promise in this field.

QD’s near—infrared (NIR) band gaps are unique because their absorption edge is
specific and can be size-controlled to match the optimum spectral region for exploitation of
the solar spectrum, approximately 900-1100nm [10]. This is optimum, because the

maximum power conversion efficiency of a solar cell is given by [24]:

_ VocJscFF
P;
Equation 1.3

where V. and /. are the open-circuit voltage and short-circuit current density, respectively,

FF is the fill factor and P;, is the input solar intensity (typically 100 mW per cm?). The
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current was found to decrease when increasing the semiconductor band gap used, while the
voltage could be increased by increasing the band gap [25], which then leads to an optimum

value of efficiency for materials with an absorption edge in NIR at about 930 nm.

1.2.1.1 Relaxation dynamics and recombination in QDs

It is crucial to understand general charge dynamics in QDs before discussing the
results of the research, and thus, here we briefly discuss these processes. Following the
excitation of a QD, electrons and holes can be created with excess kinetic energy which is
then lost by one of the following different paths [4]. First, it can be dissipated as heat via
electron-phonon interactions, allowing the electrons to relax to the bottom of the conduction
band and holes to relax to the top of the valence band. Secondly, an additional ehp can be
created when the excess Kinetic energy is at least equal to the band gap of the QD; this is a
process known as carrier multiplication or MEG [4]. MEG happens via a process that is the
inverse of the Auger recombination, in which the first exciton created relaxes to the band
edges by transferring some of its energy to an electron in the valence band, promoting it to
the conduction band; the fraction of the initial excess energy not used in the MEG process
is lost by other processes, such as phonon emission. MEG is discussed in greater detail in
section 1.2.1.2. Thirdly, Auger relaxation can also result when the excess energy is given to
another charge, which could be the geminate; this charge can be later cooled by emitting
phonons [4]. Relaxation can also occur by the transfer of energy to the vibrational modes of
adsorbed ligands [26]. Surface states can also lead to non-radiative relaxation, as will be

explained in section 1.2.1.3.

Charge recombination typically has a longer time scale than relaxation, with non-
radiative recombination occurring over 10s of ps or longer, and radiative recombination
characterised by lifetimes measured in nanoseconds. Non-radiative recombination processes

include recombination via a surface state and Auger recombination. In Auger recombination,
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an electron recombines with a hole, transferring the energy to a third charge (electron or a
hole) in the process, which then loses its energy as heat [4]. Figure 1.6 illustrates some of

the processes discussed above. Surface state relaxation and recombination are illustrated in

Figure 1.8.
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Figure 1.6 Schematic of some charge dynamic process in QDs showing (a) phonon emission,
(b) MEG, (c) Auger relaxation, (d) energy transfer to the vibrational modes of ligands, (e)
radiative emission of photons, and (f) Auger recombination. Egq is the band gap and VB and
CB are the valence and conduction bands, respectively.

In bulk semiconductors, heat dissipation by phonon emission is very fast [19] and
can occur in a few ps if the exciton density is less than 5x10” cm®; when density is increased
above 5x10'® cm™, the cooling time can be increased by a factor of two. However, the

cooling time of hot carriers in QDs is relatively slow [18], especially at the low light
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intensities that correspond to solar intensity on earth. That is due to the discrete energy levels,
as the energy separation between them can be as high as several times the typical phonon
energy. Characteristically, the energy levels in QDs are separated by about 100 meV and 30
meV in the conduction and valence bands, respectively; while phonon energy is usually
about 30 meV [21]. Therefore, excited electrons in higher states can often only relax to the
next lower level, by emitting several phonons, in order to satisfy energy conservation; a

process called the “phonon bottleneck” [18].

Quantum confinement explains the prediction that hot charges would require multi-
phonon processes when the separation between energy levels is greater than the phonon

energy. The multi-phonon time was estimated using [20]:

T.~w lexp(AE /kT) L
quation 1.

where 7. is the cooling time of hot charges, w is the phonon frequency, and AE is the energy
separation between the energy levels. Note that AE > 0.2 eV for strong confinement, and
then 7. could be > 100 ps [20]. Experimentally, the cooling time of hot electrons in InP QDs
was increased from 200-300 fs to 2-3 ps; i.e. about 10 times that when the Auger cooling
channel was blocked, for example by extracting the holes immediately after generation [27].
Therefore, it is possible in principle to slow down hot electron cooling time in QDs, and
when charge cooling time is increased then relaxation channels other than phonons, such as
MEG, have a high probability of becoming dominant in QDs [18]. However, in this
experiment the phonon bottleneck in QDs is a disputed issue, as some results support it [28]
and others do not [29]. The confusion arises because, although the observed cooling time is
relatively long, that is 10s of ps, compared with bulk semiconductors, it is not as long as
theorised. However, Nozik [19] pointed out that the charge relaxation or cooling time (10s

of ps) needs to be compared with the electron transfer time, for example from the conduction
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band of GaAs to cobaltocenium redox acceptor (Co(Cp)2*) [30], (sub-ps to several ps), and
hence, if the relaxation times are greater than 10 ps then it can be stated that the cooling of
carriers in QDs has slowed sufficiently. Slow hot electron and hole cooling were both
reported in the literature [20] ranging from 10 ps to 1 ns for electrons in InGaAs QDs and
about 400 ps for holes. Furthermore, carrier relaxation for 11-VI CdSe colloidal QDs has
been reported, using intraband pump-probe spectroscopy to study the electron cooling
dynamics from the 1P to the 1S states [28]. The cooling time was in the order of 200 ps and
attributable to the phonon bottleneck. In determining the hot charge’s relaxation time and
bottleneck, it is important for the researcher to consider additional factors, including the
concentration, the type of QDs and the surface chemistry, all of which affect dynamics in

this field and could explain the controversy [20].

1.2.1.2 Multiple exciton generation (MEG) - phenomenology and
underlying physics

As mentioned above, MEG is a process by which the excess energy of charges can

be used completely or partially to generate an additional ehp, or even several, provided that
the excess energy is at least equal to the band gap, i.e. each new ehp requires an energy equal
to the band gap [17]. This is known as impact ionisation in bulk semiconductors, and was
observed in the photocurrent of p-n junctions in Si and Ge in 1959 [31]. The quantum yield,
I.e. the number of ehp generated was realised to exceed 1 when a photon, with energy of at
least 3 eV was used. Impact ionisation was also observed in other bulk materials, such as
InSb [32] and GaAs [33]. However, it has a low efficiency in general, because of its slow
rate compared with electron-phonon scattering [34]. It is also limited to a narrow material
choice, because the absorbed photon energy has to be much greater than the band gap of the
bulk semiconductor; for instance, it has to be five times the band gap in bulk PbS [35].

Furthermore, it only becomes significant in Si when the energy of the incident photon rises
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above 3.5 eV [36], which is beyond the energy levels of most photons that exist in the solar
spectrum. Hence, impact ionisation in bulk semiconductors has not significantly improved
photovoltaic cell efficiency [18]. However, interest in impact ionisation has been rekindled

since the introduction of QDs, due to the reduced rate of phonon emission.

MEG can only occur at pump energies above a certain value, termed the MEG
threshold (hv,y,); it is dependent on the band gap of the material used, and is given by [37]

m,
hUth = Eg(Z + e/m;kl)
Equation 1.5

where h is Plank’s constant, v, is the threshold optical frequency, E, is the band gap energy,
and m; and mj, are the effective masses of the electron and the hole respectively.
Equation 1.5 results from the conservation of energy and momentum [17] and how photon
energy in excess of the band gap is divided between charges. MEG is usually detected by

ultrafast transient absorption spectroscopy (UTA) (see Chapter 2 for more information).

Beard et al. [38] defined the efficiency for MEG (7,,.) as the band gap divided by
the energy required for generating a new exciton above the MEG threshold (E,,) i.e., we
can write 1. = E;/E.x. but also conservation of energy must be satisfied. That means the
number of excitons generated multiplied by their energy cannot exceed the absorbed energy
by photons N(exc)Eex. < hvNpporons - NOte that some of the absorbed photon energy is
converted to charge excess energy and is lost as heat unless if it is at least equal to E,,,. then
a new exciton can be generated. In an ideal case E,,. = E,, the energy loss is zero and
therefore n.,. = 1. Hence, if the absorbed photon has an energy of 2E4 then two excitons
can be generated while if it is 3 then the generated excitons are three. However, in between
2Eg and 3E4 only 2 excitons can be created and the rest of the energy is considered as an

excess energy (could be wasted as heat). Therefore, the energy loss is Ejpss = hv — mE,
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where m is defined as the number of created excitons and so at the case of E;,;; = 0 then

QY =m = hv/E, [38].

In contrast, a nonideal case means E,,. > E; and therefore ... < 1 giving the

energy loss this expression [38]

Ejoss = hv — [Eg + (m— 1)Eexc]
Equation 1.6

Solving Equation 1.6 at Ej,qc =0 when considering Egx. = E;/Nexc allows the

determination of the quantum yield as [38]

hv
QY =m = l<_ - 1) excl +1
m Eg n

Equation 1.7

But we know that MEG occurs at energies above photon threshold hv,;, and its QY increases
linearly above it. If Ejs = huy, — Eg = Eg/nexc, then solving Equation 1.6 gives the QY

the following expression [38]

Equation 1.8

Equation 1.8 tells us that the efficiency is extracted from plotting QY against (hv/E,) and

solving it gives the relationship between hv,;, and n,,. as [38].

hvy, = Eg + Eg/nexc
Equation 1.9

Here we see that the efficiency can be increased by reducing the threshold [17].

Debate is ongoing regarding what is more efficient; impact ionisation in bulk
semiconductors, or MEG in QDs made of the same material. When QY was measured

against hv, bulk PbSe [39] showed more efficient carrier multiplication than QDs. However,
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that study ignored the effect of the band gap, as it varies when tuning the size in QDs and is
always greater than that of its bulk counterpart, hence QY should be plotted against (hv/E;)

rather than hv. This strategy allowed Beard et al. [38] to compare QDs with bulk cases,
considering PbSe as an example. They found that the efficiency of the bulk case was 0.19,
which improved to 0.41 for the QDs. Moreover, they found the threshold had decreased from
4.2Eg, for the bulk to be 2.7E, for the QDs. Delerue et al. [40] also claimed the enhancement

of efficiency in QDs, when compared to the bulk of PbSe.

Regarding theoretical models that have described MEG, they include impact
ionisation, biexciton creation via a virtual exciton or biexciton and direct multi-exciton
creation [17]. Figure 1.7 illustrates these models when only two excitons are formed. Impact
ionisation, which is considered to be the most popular route to produce MEG, is based on
passing the excess energy of an exciton initially generated by a single photon to an electron

in the valence band which then jumps to the conduction band forming another exciton.

a) b) c)
g2.8. 2.8, g.s.
Real exciton Virtual exciton Direct
to to to
real biexciton real biexciton biexciton

Figure 1.7 The formation of biexciton from absorption of a single photon via: a) impact
ionisation, b) biexciton formation via a virtual exciton or biexciton states; and c) a
superposition of multi-excitons quantum states (taken from [17]).

MEG creation through virtual electron states was proposed for the first time in CdSe
and PbSe nanocrystals (NCs) [41] which can contribute to the overall QY. Two years later

a study [42] suggested that MEG by a single photon can be obtained via the generation of a
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virtual biexciton in intraband transitions which then is converted to a real biexciton. They
claimed that the efficiency by this process can be equivalent to or even better than the
efficiency of impact ionisation. However, a recent study [43] in bulk and nanocrystalline
PbSe and PbS reduced the photogeneration process to impact ionisation because of the
complete lack of interference between it and the virtual channels. MEG was also suggested
to be produced theoretically by a single photon through a coherent superposition of single
and multi-exciton channels generated by quantum confinement in 2006 [44]. Such a process
can contribute to the overall MEG QY however as mentioned earlier, this is contradicted
with the study suggesting that interference between the pathways is neglected. Another study
[45] based on crystalline and bulk PbSe also concluded that it has a weak contribution to the

QY and impact ionisation is the dominant process.

Tight-binding calculations were used by Allan and Delerue to assess carrier
multiplication in a number of materials. They succeeded to obtain the same measured
efficiency of carrier multiplication in bulk PbSe and PbS [39]. Their simulations also
explained successfully the efficient MEG observed for low photon energy in PbSe NCs [46].
The calculations were also applied successfully for InAs nanocrystal quantum dots (NQDs)
[47] Si NCs [48] and a-Sn QDs [49] and finally were used to assess MEG measurements in
HgTe QDs concluding that the theory agrees excellently with experimental results [50] (see

Chapter 3).

1.2.1.3 Sub-nanosecond trap-related charge dynamics
All multi-excitons created by the pump (either directly by multi-photon absorption
or via MEG) decay to a single exciton on a time-scale of 10s of ps [17] by a process of Auger
recombination, that cannot occur for single-excitons because of the need for a third charge
to receive the liberated energy. However, such a decay time is not only obtained for multi-

exciton recombination but also by two other processes: trion formation, sometimes known
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as photocharging, and direct surface-trapping [17]. In trion formation, a charge (electron or
hole) is trapped on the surface of the QD after photoexcitation by the pump for a period
exceeding that between successive pump pulses. During this time, the geminate charge (hole
or electron) is still in the QD, and thus, when a subsequent pulse of the pump generates a
new exciton it may then recombine by an Auger process, liberating its energy to the unpaired
charge in the QD created by the previous pulse. This Auger recombination process produces
a bleach decay with a ps lifetime at low fluence, which thus might then be mistaken for
MEG, which can also happen at low pump fluences [17]. However, researchers [51-53] have
found that vigorously stirring or flowing the sample can sweep out the initially excited QDs
from the excitation volume before the arrival of the subsequent pump pulse. This can prevent
double excitation of the same QD [54] and consequently the production of trions, which
avoids overestimation of the MEG quantum yield (QY). Figure 1.8 (a) shows a schematic of

trion formation.

Another process that can be mistaken for MEG is direct surface-trapping. Here the
surface of the QD becomes a route for exciton recombination, resulting in the electron
population of the conduction band minimum (CBM) decaying on a ps time-scale for low
pump fluences, again mimicking MEG [17]. However, direct surface-trapping can be
distinguished from MEG by two features. It usually coincides with a broad photo-induced
absorption near the 1S transition, and also the decay transients, are usually non-
monoexponential in form [55]. Unlike trion recombination, this process cannot be eliminated
by stirring or flowing the sample, but careful passivation of the sample surface was found to
be an effective method to eliminate this type of trapping. The surface-trapping process
explains why a study seemed to show MEG with a QY of 170% using a pump wavelength
with energy below the MEG threshold [55]. Figure 1.8 (b) illustrates surface-trapping of cold

and hot electrons.
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(a) Trion formation (b) Surface-trapping
N A\ :T.‘Z\
CBM— CBM \‘0\

hot
cold
VBM VBM 0.

— Jf _O,w

Figure 1.8 Schematic of (a) Trion formation (here a negative trion is shown but positive
trions can also form when an electron is instead trapped on the surface), and (b) Surface-
trapping in its two types - cold and hot; also shown is surface state recombination. Note that
the filled circles represent electrons, while the empty ones represent holes, VBM (valence
band maximum), CBM (conduction band minimun), and SS (surface state).

1.2.2 TiO2-Au system

In addition to directly generated electricity, clean and renewable fuels can be
produced using sunlight. For instance, hydrogen can be made by ‘water-splitting’, i.c.
photolysis of H20 by solar photons using a photocatalyst. Titanium dioxide (TiO) is a
common photocatalyst among semiconductors [56], and solar water splitting using an
electrode of TiO. has been considered an effective technique to generate clean hydrogen
energy since 1972 [57]. The principle is based on initially absorbing photons with energy
equal to, or higher than, the TiO2 band gap, to generate ehp. The electrons and holes created
then induce the splitting of water into hydrogen (Hz) and oxygen (O.) gas. To initiate the
water splitting reaction, the CB and the VB levels of the photocatalyst have to be favourable
for producing hydrogen and oxygen respectively [56], and this is the case in TiO2 as shown
in Figure 1.9. Only a very low percentage of photo-generated charges (less than 5%) reach
the TiO. surface before recombination, and these separated electrons and holes are
respectively responsible for the reduction and oxidation process to the reactants that the TiO>
adsorbs. Figure 1.9 shows the principle of hydrogen production (water splitting) by TiO>

photocatalysis.
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Figure 1.9 The principle of hydrogen production (water splitting) by TiO> photocatalysis
(Reprinted from [56], Copyright (2006), with permission from Elsevier). Ey, /p,o and
Eo,/n,0 are hydrogen production level and oxidation level, respectively.

TiO2 has largely suitable optical and electronic properties, good stability and low
cost [58] resulting in it being widely studied as a photocatalyst for the water splitting reaction
and in the development of dye sensitised solar cells [59, 60]. However, it has two significant
drawbacks: a large band gap (3.23eV (385nm) for bulk anatase TiO [61]), which demands
UV light for photo-excitation, and high recombination rates of the photo-created ehp, which
limits its photocatalytic and photovoltaic performances [58]. However, both of these can be
improved by decorating its surface with noble metal nanoparticles (NPs). These NPs have
Fermi levels lower than that of TiO., i.e., they can trap photo-generated electrons in the TiO-,
leading to the separation of electrons from holes, thereby improving the quantum yield [62].
Furthermore, some metals, such as silver and gold, support localised surface plasmon
resonance (LSPR) in the visible region of the spectrum, enabling the enhancement of charge
formation due to plasmonic effects [63]. When light interacts with metals it stimulates
delocalised electrons near the surface into oscillation, with the Coulomb attraction between
the electrons and the parent nuclei acting as the restoring force. This phenomenon is known

as a surface plasmon and has a resonance that occurs when the light frequency matches the
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natural frequency of the surface electrons [64]. When the wavelength of light is greater than
the metal NP diameter then this collective electron oscillation is confined, and is known as
a localised surface plasmon. The electric field near the surface of the NP can be greatly
enhanced by this effect, particular at resonance which for noble metal nanoparticles occurs

in the visible part of the spectrum [65].

The large number of publications in the last 25 years reflect the high interest in QDs.
The synthesis of QDs started in the 1980s [54] with CdS in aqueous solution stabilised with
polymers or surfactant [66]. This was improved by the discovery of a synthesis route for
high quality mono-dispersed colloidal quantum dots (CQDs) published in 1993 for CdS,
CdSe and CdTe in an organic solvent using coordinating ligands [67]. Within that time, a
hot-injection method was used to synthesis narrow size distributed QDs [68]. Later on,
passivation of QD surfaces with inorganic semiconductors was established in 1995 for CdSe
capped with ZnS [69] as an efficient way to improve both stability and luminescence. The
surface passivation was found to eliminate charges from trapping into surface states and
reduce photo-oxidation [54]. Core/shell synthesis is achieved by three steps: core synthesis,
purification and shell growth. A simpler synthesis technique was developed to avoid the
purification step in the middle and used for the synthesis of CdSe/ZnSe and other QDs. Next,
a precise technique to control the shell thickness was used in 2003 to synthesis CdSe/CdS
[70]. Since then many studies and synthesis based on a variety of core only or core/shell
semiconductor QDs were published in the last 20 years considering chemicals with low cost

and toxicity.
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Intensive work has been performed on a number of NIR QDs, of particular interest
as the absorbers of light in solar cells, including PbX (X=S, Se, and Te) [19, 71, 72], InAs
[73] and HgTe [74]. In the literature on the HgTe QDs, several potential applications are
discussed such as being emitters at telecommunications wavelengths [75] and as the
absorbing species in photodetectors and photovoltaic devices [76]. However, prior to this
study, no experimental work on MEG in HgTe QDs, or any semimetal QD has been
conducted. Moreover, MEG measurements demand a full understanding of multi-exciton
dynamics and interactions if they are to be properly interpreted [77], and these too had yet

to be carried out before this study.

In the literature, Yang et al. [78] reported using CdHgTe nanocrystals in combination
with CdTe QDs to fabricate QD solar cells. They achieved energy conversion efficiency
rates of 1.0% and 2.2% for (CdHgTe)s and (CdHgTe)s-(CdTe),, respectively. Prior to
commencing the study of CdHgTe alloy QDs described in this thesis, no one had studied
ultrafast exciton dynamics for this material including MEG; however, just before we
completed the study one appeared. Kershaw et al. [79] investigated MEG in 3.75 nm
diameter CdxHguxTe alloy QDs with different compositions and different band gaps
between 1.35 and 1.60 eV using a transient grating pump-probe experiment. MEG quantum
yield measurements showed dependency upon composition, revealing the best quantum
yield of 199 + 19% for a composition x = 0.52/0.62 when using a pump energy equivalent
to 3 times the band gap. They also calculated the MEG threshold as 2.15 times the band gap.

Thus, in Chapter 4 we compare our results with theirs.

The history of MEG in QDs dates to 2001, when Nozik [20] suggested MEG as a

means to increase photovoltaic cell efficiency. Three years later, Schaller and Klimov [80]
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observed MEG experimentally for the first time in QDs. They used a UTA experiment to
examine exciton dynamics in ~ 4-6 nm size PbSe QDs, and found a QY of 218% when
pumping at 3.8Eq. PbSe QDs are attractive for MEG studies, because of their small bulk
band gap (0.28 eV [37]), allowing size-tuning of the QD absorption edge for optimum
exploitation of the solar spectrum. For this reason, they are the most popular type of QD in
terms of the number of studies [17]. In 2005, Ellingson et al. [71] confirmed the observation
of MEG in PbSe QDs, reporting a QY of 300% for photoexcitation with an energy of 4Eg.
They also observed MEG for the first time for PbS QDs with an efficiency similar to that of
PbSe QDs. Shortly thereafter, Schaller et al. [81] compared MEG measurements for CdSe
QDs with PbSe QDs, reporting a better MEG threshold for CdSe of ~ 2.5E4 and QY of ~
165% at 3.1E4 in contrast with ~ 2.9E4 for PbSe and QY of ~ 700% at 8Eg4. Although, Cd-
based QDs have too large a band gap compared to the optimum for exploitation of the solar
spectrum [17], the way in which they are synthesised is well-controlled making them a useful
model system for the study of MEG and associated processes. A low MEG threshold of
2.5E¢ and 2.65E4 has also been reported for CdTe QDs [82] and CdTe/CdSe core/shell
system [83], respectively. The observation of MEG in PbTe QDs has also been claimed [72],
with a QY of up to 300% at 4Eq reported. InAs QDs are attractive for MEG studies for two
reasons: a low band gap in bulk cases, allowing the tuning of the size of the QDs to be
optimum for exploitation of the solar spectrum, and a low expected MEG threshold. Since
my is very small in InAs QDs compared to mj,, Equation 1.5 gives hv,, a value of ~2Eg4
[17]. In 2006, MEG was reported for InAs QDs [84] with QY of 160% at 2.7Eg and then a
year later the MEG threshold was found to be as low as 2Eg [73]. It is not surprising to find
MEG studies of Si QDs, because Si itself is a well-known semiconductor used in

conventional solar cells. For the first time, in 2007, 9.5 nm Si QDs with a 1.2 eV band gap
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were studied for MEG [85]. They showed a threshold of 2.4 £ 0.1Eg and a QY of 2.6 + 0.2,

using a wavelength of 3.4E;.

However, all the above studies were conducted before the establishment of other
processes that can be mistaken for MEG measurements (as discussed in section 1.2.1.3).
2007 was a critical year in MEG studies, as this was when the artefacts in MEG started to
become well-known. Following reports that confirmed the occurrence of MEG in some
materials, later reports [86] showed some discrepancy. For example, CdSe and CdTe QDs
showed no evidence of MEG, even with photon energy greater than 3Eg. Theoretical
calculations [87] linked this inconsistency to the possibility of surface trapping. Similarly,
Pijpers et al. [88] failed to reproduce MEG in InAs QDs that they already reported in ref.
[84], and a study in InAs/CdSe/ZnSe core/shell1/shell2 [89] failed to observe any sign of
MEG when exciting photon energies up to 3.7E4. Discrepancy in the results reported for
InAs QDs led Califano [90] to suggest observations were not necessarily of MEG; this
phenomenon was later referred to as the existence of surface-trapping in InAs/ZnSe QDs

[47], as no sign of MEG was found for photon energies up to 3.2E,.

Although MEG occurrence cannot be confidently concluded on the basis of studies
in the period from 2004 to 2007 (as artefacts could influence them), they were nonetheless
crucial studies advancing the field. MEG measurements have since taken a further step
toward certainty, as they now take into consideration both trion recombination and surface-
trapping. Reports began with a stirred sample of PbSe QDs [77], which showed a threshold
of MEG below 3Eg and a QY of 245% using photon energy of ~ 7E4. In 2010, Midgett et al.
[53] studied two sizes of PbSe QDs 4.6 and 6.6 nm. The QY of the small QDs was 1.2+0.1
at 3.7Eg and 1.55+0.05 at 4.5Eg, while it was 1.61+0.05 for the 6.6 nm QDs at 4.7Ey. Another
material studied for MEG was InP QDs, not because of their band gap (1.7-2.0 eV) but due

to the expected low MEG threshold [17], similar to InAs. In 2009, InP/ZnS/ZnO
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core/shell1/shell2 system [91] was examined for its MEG characterisation, resulting in the
lowest reported threshold after trion recombination and surface-trapping were identified with
a value of (2.1+0.2)E4 and creation of 1.18+0.03 excitons per absorbed photon of energy
equal to 2.6E4. MEG was also examined in a stirred sample of PbS QDs [52] and found to
have a threshold of (2.5+0.2)Eg. To date, none of the materials studied for MEG have shown

optimum efficiency, which is the goal of seeking the best candidate in this field.

TiO> as a photocatalyst for hydrogen production dates back to 1972 [92], when it was
used as a photoanode photoexcited with UV light faced by platinum (Pt) metal as a cathode.
This was found to make water electrolysis happen at lower voltages compared to electrolysis
without the TiO>. Five years later, a small amount of Pt was loaded on to the surface of TiO:
which lead to separation of the created photogenerated eh pairs, with electrons moving to
the metal to induce reduction and holes staying in the TiO, and inducing oxidation at its
surface. Since then, research has focused on eh separation and for more than 20 years
researchers used different metals to examine the change in the photocatalytic properties of

titanium dioxide [59]. Several reviews have discussed the development of this topic [92-94].

In 1995, UV radiation was used to excite TiO2 loaded with various Au NPs for
producing hydrogen from a water—ethanol solution [95]. Photogenerated electrons are
trapped by the Au NPs, enhancing charge separation and thus hydrogen gas productions.
Researchers have found that the size of the gold NP affects the catalytic activity of TiO,
with 2-5 nm size producing better results [59]. The reduction efficiency of the TiO2-Au
system with Ceg acting as an electron acceptor was measured as a function of the Au NP size.

The yield of Ceo” was found to increase with decreasing size of the Au NPs, indicating a
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greater shift in the Fermi level after photoexcitation, 8, 5 and 3 nm sizes were used with -20

mV shift achieved for 8 nm size while 3 nm resulted in -60 mV shift [59].

A recent study used ultrafast transient absorption spectroscopy to test the electron
injection dynamics of gold NPs to the conduction band of TiO: films probing at 3440 nm
[96]. They conducted their study using a series of pump wavelengths from 400 to 680 nm
and found two different paths of electron injection: the first of which occurs at wavelengths
<500 nm and can be attributed to interband exciton generation in the gold NPs. The second
dominates at wavelengths > 580 nm and relates to the enhancement of the electric field by
the plasmon resonance. Interestingly, they claimed that interband transition from the d-band
to the sp-band in gold overlaps with the plasmon band in the range between ~400 to ~550
nm (the peak of the plasmon band) while the overlap disappears in wavelengths above the
plasmon band. The literature reports excitation of gold NPs by a 400 nm pump beam and
probing of plasmon resonance, resulting in the broadening of the surface plasmon band,
which occurred as a bleach at the plasmon band maximum, superimposed with two wings of

absorption features at shorter and longer wavelengths [97, 98].

The overall efficiency of solar cells and hydrogen production devices can depend on
the sub-nanosecond dynamics of photo-created charges within the material being used, and
this is the subject of this thesis. This research can be divided into two main parts: a study of
QDs with applications in solar cells and TiO2Au systems relevant to hydrogen production
devices. Each part has a particular motivation, and hence will be discussed individually,
starting with HgTe QDs and the semimetals family and the importance of studying them.

Then, in relation to the second part of the study, the TiO2Au system will be discussed.
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1.4.1.1 Why HgTe QDs?

Firstly, bulk HgTe is a semimetal with a small negative bandgap of -0.15 eV [76].
The negative band gap of semimetals, such as HgTe or alpha-tin (a-Sn), corresponds to a
very small overlap between the valence and conduction bands [99]. The Bohr exciton radius
of HgTe is 40 nm [100], about 10 times larger than that of silicon [101] which means that
HgTe QDs of a few nm in diameter are well within the strong confinement regime.
Consequently, quantum confinement causes a strong size-dependent increase in the effective
band gap, moving it towards an increasingly positive one, as the size of the QD decreases
[102]. Thus, the band edge of these QDs is dominated almost entirely by confinement energy
(see Equation 1.2), which allows tuning of the band edge across the NIR and hence to be

optimized for efficient exploitation of the solar spectrum [74].

Furthermore, a recent theoretical study predicted MEG would be particularly
efficient in semimetal QDs [49], making them particularly well-suited for quantum dot based
solar cells (QDSCs), as the additional ehp formed by MEG can contribute to the photocurrent
and thereby improve the efficiency of the solar cell. This study was mainly concerned with
determining which semiconductor material would produce the highest MEG efficiency when
in the form of a QD. The research calculated the rate of impact ionisation (the process
underlying MEG), and determined the quantum yield of MEG by comparing the lifetime of
impact ionisation to that of phonon emission. It revealed that the lifetime of impact ionisation
reduced dramatically faster with increasing excitation energy in QDs than in the bulk
material (see Figure 1.10). This behaviour was attributed to the much more rapid increase in
the density of states as the excitation energy is increased for QDs than for bulk, allowing the
increased Coulomb interaction in QDs to become effective. Using this approach, the study
compared the carrier multiplication threshold theoretically and experimentally in PbSe and

PbS QDs with bulk Si, and linked the better efficiency of QDs to the small band gaps (0.28
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and 0.42 eV for PbSe and PbS, respectively) and to the high degeneracy of the band edges

[49].
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Figure 1.10 Impact ionisation lifetime compared to the energy of the photoexcited carriers
for PbS. Arrows indicate the decrease in size of the QDs and consequent increase in the
band gap "Reprinted with permission from [49]. Copyright (2011) American Chemical
Society."

The authors concluded that to improve the efficiency of MEG, the chosen QDs should be
among those materials with band gaps smaller than bulk PbSe and PbS, i.e. close to a zero
band gap, such as semimetals [49]. If semimetals are used then the blue curve in Figure 1.10
representing small QDs, which have a long lifetime, can be shifted toward zero, and in
particular to the optimum for exploitation of the solar spectrum. The study chose o-Sn as a
candidate for semimetals, and calculated its MEG quantum yield versus photon energy for
different sizes of QDs, as shown in Figure 1.11. The sharp peaks observed in the quantum
yield can be attributed to the high rates of impact ionisation. These peaks were not observed
in similar calculated spectra for PbSe, PbS, Si and InAs QDs, giving the «-Sn an advantage
over them [49]. Figure 1.11 shows that decreasing the «-Sn QDs band gap resulted in a

decrease in the MEG threshold scaling as (hvg, = 2.15E), which is very close to the ideal

threshold of 2E,; and also highlights the importance and benefits of semimetals or zero band
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gap materials in achieving a small MEG threshold. In the study, the lifetime of impact
ionisation was found to be smaller than the assumed phonon lifetime, i.e. 1 ps for energies
ranging from 2 to 4 eV, and even lower than 2 eV for QDs sized 3.6 nm or greater. This
means the rate of impact ionisation is higher, allowing carrier multiplication to be preferred
over phonon emission [49]. Furthermore, the low MEG threshold in -Sn QDs results in
high energy efficiency (the ratio between the number of excitons created to normalise photon
energy to the band gap), which remains above 38% in comparison to a maximum value of

only 25% for PbSe and PbS QDs [49].
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Figure 1.11 Quantum yield (number of excitons created per absorbed photon) for different
QDs sizes, corresponding to E;=0.44 eV (filled triangles), E;=0.69 eV (open triangles),
E,=0.86 eV (filled circles), E;=0.94 eV (open circles), and E;=1.24 eV (filled squares).
"Reprinted with permission from [49]. Copyright (2011) American Chemical Society."

Another aspect of this study concerns the effect of the ligands used to passivate the
HgTe QD surfaces. Small-sized QDs of a few nm in diameter can form a significant number
of surface trap states, due to the large surface-to-volume ratio [103]. The nature of these trap
states derives from the unsaturated bonds on their surfaces [104]. These traps open a route
for non-radiative relaxation and recombination, which might prevent MEG from being the

dominant relaxation route. Ligand passivation is an established technique used to suppress

Ali Al-Otaify PhD Thesis 44



Chapter 1 Introduction and background
such trap states, but the degree of passivation is ligand dependent. For example, long-chain
alkyls result in an incomplete bonding of surface atoms, because of steric hindrance, leaving
some trap states remaining. In comparison, chloride ions as a compact ligand has shown
almost complete passivation to the QDs surface [104]. Adsorbed surface molecules are also
known to affect intraband cooling of hot carriers and recombination rates in QDs through
energy transfer to their vibrational states [26]. Hence, we study the effect of different ligands

on ultrafast dynamics in HgTe QDs in Chapter 3.

Energy levels in the CB of QDs move further apart than the energy of a single phonon
close to the CBM [55]. Consequently, the phonon cooling rate decreases, leaving other
mechanisms, such as Auger cooling and energy transfer to the vibrational modes of surface
ligands, as the main cooling processes. A study in 2008 [105] showed that the cooling rate
from 1Pe to 1Se (i.e. CBM-1 to the conduction band minimum (CBM)) can be decreased by
three orders of magnitude, with cooling times exceeding 1 ns for thick-shelled type-11 QDs.
In type-11 QDs, the electron and holes are located in different parts of the hetero-QD, i.e. one
in the core and the other in the shell; while, in type-1 QDs the electron and hole are localised
in the same part, either in the core or in the shell [106]. This heterostructure reduces the
wavefunction overlap of the photo-generated ehp, which decreases Auger cooling, and the
thickness of the shell isolates the ehp from the surface ligands, reducing vibrational energy
transfer. The dramatic drop reported in cooling rate could allow MEG processes to dominate,
and therefore, a change in solar cell efficiency could be realised. However, slower cooling
will not benefit MEG, unless the electron still has sufficient energy to produce an additional
ehp by impact ionisation [34]. In other words, the energy above the CBM should be greater
than the ehp formation energy. Unfortunately, the energy difference for most QDs between
an electron in the 1P level and one in the 1Se level is less than the required energy level for

exciton creation, and is therefore insufficient to enable MEG [34]. However, in semimetal
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QDs, the energy difference between 1Pe and 1Se levels is sufficient to allow MEG from the
1Pe state. Let us consider a simple model of the energy level structure in QDs, where, for a

spherically symmetric QD, the energy of an ehp, Eenp, is approximately given by [107]:

hz 2 n ,L 2 n ,L
Eehp(nthneLe) :Eg_|_ {(P ( h h)_l_(P ( e e)}_EC

2 v c
2a Mess Merr

Equation 1.10

where E, is the bandgap of the bulk semiconductor; mg,, and mgf are the effective masses
of the hole and electron, respectively; a is the radius of a spherical potential well, ¢ (n;, L;)
i=e,h is the n™® zero of a spherical Bessel function of order L (the states of the electron and
hole being determined by ordinal and angular momentum quantum numbers ne and Le, and
nn and Ln, respectively); and E. is a result of the Coulomb attraction, and is equal to
(1.8e% €a) where € is the dielectric constant of the material, but because €a > 1.8¢?, E, can

h? @%(np,Lp)
2 v

be neglected. The term implies the confinement energy for the hole, and

describes the existence of different energy values for discrete energy levels. Similarly,

h2 @2%(ne,L . . . . )
ﬁ% defines changes in the confinement energy for the electron according to its level.
eff

However, because E; ~-0.15 eV, m¢(=0.017mo , and my - -=0.5mo, where mo is the electron
mass [108], in HgTe QDs, the confinement energy is mostly governed by the electron. The
values of ¢ (1,0) and ¢ (1,1), corresponding to the 1S; and 1P; states, are 3.15 and 4.5 and
their squared values are ~ 9.9 and ~ 20.3, respectively, and therefore for HgTe, QDs
Eenp(1PnlPe) ~ 2E ., (1Sn1Se) [34]. This means it is possible for an electron to cool from
level 1P¢ in the conduction band, to 1Se of a semimetal QD, to discharge adequate energy to

allow MEG.
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1.4.1.2 Why CdxHgu-x Te alloy QDs?

The reasons detailed above in reference to HgTe for expecting good MEG quantum
yield are also applicable here; however, there are also some additional benefits that might be
obtained from cadmium mercury telluride (CdxHguxTe) QDs. The band gap in bulk
CdxHgaxTe is dependent on alloy composition [109], which allows it to be tuned between
the band gap of the bulk semimetal HgTe and the band gap of CdTe (1.44 eV at room
temperature [110]). Both the band gap, and the split-off energy difference in valence levels
change linearly according to the alloy composition in bulk CdxHguxTe, but in different
ways [79] (see Figure 1.12). This dependency enables the band gap and split-off energies to
resonate with a certain composition value [79], which can lower the energy required for
charge multiplication [111]. For example, this condition was found to favour charge
multiplication when the band gap was 0.9 eV [109]. Hence, the band gap of CdxHga-xTe
alloy QDs can be tuned using two means: controlling the size of the QD and/or the
composition degree. This could allow control of the point at which the band gap and the
split-off energies match each other, and therefore move it towards the optimum value for
exploitation of the solar spectrum. Another advantage of these materials is the anticipated
low MEG threshold, as the electron’s effective mass is significantly lower than that of the

hole.
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Figure 1.12 Conduction and valence levels near the band edge (left) and the variation of
both the band gap, Eg, and the split-off energy level difference, 4, versus composition, x, for
bulk CdxHg-xTe. Both have a linear relationship with composition but this is much weaker
for 4. "Reproduced from [79] with permission of the PCCP Owner Societies"

1.4.1.3 Why a new study on theTiO2-Au system?

Chapter 5 of the thesis centres on the study of TiO2-Au NPs. The reason for studying
a different, although also relevant to solar energy, system, was to maximise the use of time
during the PhD study, since it took longer than anticipated for some of the HgTe and CdHgTe
QD samples to become available. The optical characteristics of TiO2 when combined with
Au NPs have been widely reported [62, 96, 112, 113]; however, most of the ultrafast studies
published on TiO2-Au NPs have investigated the electron injection process from gold to the
conduction band of TiO2 when probing NIR or IR wavelengths [114-116]. The reverse
process, i.e. capturing electrons from the TiO2 conduction band to the Au NP resulting in
charge separation [113], is key to improving the photo-catalytic efficiency of TiO2; however,
it has not yet been studied on the sub-nanosecond time-scale. Plasmon decay in Au NPs is a
well-known process involving three stages [117]: electron-electron scattering, electron-
phonon scattering and heat dissipation to the surrounding environment. The cooling rates
associated with each of these stages relative to the rate of re-injection of hot electrons back

into the TiO, determine the charge separation yield, and are system dependent. Surface
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chemistry is a key factor in the cooling process [117], as some molecules can exchange
electrons with the Au surface, opening a new route for electron cooling. Further, discrepancy
exists in the literature concerning whether the diameter of the Au NPs affects cooling or not
[117], with some studies reporting dependence on the size of the Au NPs of electron-phonon
scattering, while others observing no such dependence. Known surface chemistry
dependence in addition to discrepancy in size-dependence suggest that the cooling rates for
any materials synthesised using new methods need to be assessed. Damato et al. [112]
recently developed a new facile and environmentally-friendly method for the synthesis of
mono-dispersed Au NPs that are distributed uniformly over the surface of TiO. Such well-
controlled properties allow dependence on NP diameter to be studied, and ultimately,

optimisation of its photocatalytic and photovoltaic applications.

The primary aim of this research is to further understanding of ultrafast charge
dynamics in a number of nanostructured materials of relevance to the production of
renewable energy, using ultrafast transient absorption spectroscopy. In order to achieve this

aim, the objectives are specified as follows:

e Tostudy the MEG process in HgTe QDs and CdHgTe alloy QDs and reliably
determine its efficiency.

e To examine the effect on sub-nanosecond charge dynamics in HgTs QDs of
three different passivating ligands: 1-thioglycerol, mercaptopropionic acid
(MPA) and dodecanethiol (DDT).

e To investigate whether the sub-nanosecond charge dynamics of TiO>
colloidal spheres decorated with Au nanoparticles is affected by the size of

the nanoparticles.
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The experimental techniques used throughout the study are described in Chapter 2.
Instruments used for steady state absorption and photoluminescence spectroscopy, as basic
techniques for initial characterisation of the samples, are stated and the sample optical
density measurement is explained. After that, ultrafast transient absorption spectroscopy, the
main technique used throughout the thesis, is covered in detail. That includes the laser
systems involved in the generation of the probe and pump beams and the way in which they
were used on the experimental table. The chapter describes the way in which both the UTA
signal and pump-induced transmittance change spectra were obtained followed by an
interpretation of the signal. It explains the measurement of MEG and finally shows the

response of the UTA experiment to the solvents and ligands used in the samples.

Chapter 3 details the study of ultrafast charge dynamics of HgTe QDs passivated
with different ligands including: 1-thioglycerol, MPA and DDT. It highlights the chemical
structure of the ligands used and the results obtained. The results begin with an initial
characterisation of the PL and absorption spectra compared with calculated ones. It then
presents the pump-induced transmittance change spectra and excitonic dynamics using
ultrafast transient absorption spectroscopy. The chapter discusses the possible underlying
mechanisms: MEG and all sub-nanosecond trap-related processes. It discusses the chemical
structures of the ligands and the influence of the carboxylic acid group, in MPA-capped
samples, on the passivation processes. The chapter also identifies MEG for the first time in
semimetal QDs and shows how MEG can be mistaken if other recombination processes are

not considered.

Chapter 4 outlines the ultrafast exciton dynamics in CdxHga-xTe alloy QDs. The

investigation starts with the basic electronic properties including steady state absorption,
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photoluminescence and pump-induced transmittance change spectra. Next, the decay of the
transmittance transients is obtained at different wavelengths above and below the MEG
threshold in order to investigate the excitonic dynamics of the sample. The chapter
investigates the shape of the transients obtained for stirred and static samples and discusses
all the possible mechanisms that can be involved in sub-nanosecond transients. It finally

reports MEG QY measurement and compares it to a recent published value.

The study of picosecond-scale electron dynamics in different sizes of Au NPs loaded
on colloidal TiO2 spheres is reported in Chapter 5. It begins with a brief description of the
synthesis method used and the sizes of the materials. The chapter presents the electronic
characterisation of the samples including the steady state absorption, PL and pump-induced
transmittance change spectra. After that, charge dynamics of the samples are investigated at
the plasmon band using ultrafast transient absorption spectroscopy to study the effect of the
NP size on the overall dynamics. Chapter 8 finally concludes all the main results in the thesis

and then provides suggestions for future work.
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This chapter describes the experimental techniques used throughout the study. The
basic optical characterisation of the samples by steady state absorption and
photoluminescence spectroscopy is described. The chapter also introduces UTA
spectroscopy, the main technique used throughout the thesis, explaining briefly the laser
systems involved in the generation of the probe and pump beams and the way in which they
were used in the UTA experiment. The way in which both the UTA signal and pump-induced
transmittance change spectra were obtained is also described. How the resulting data is
processed and interpreted and how this relates to MEG measurements is detailed. Finally,
the way in which the UTA experiment responds to the solvents and ligands used in the

samples is described.

Samples used in this study arrived in small bottles as solutions, which in some cases
were very concentrated and needed dilution for the study. Some of the solution was
transferred to 10 mm path length quartz cuvettes made by Starna, with a usable range from
170 to 2700 nm [1], and was diluted using deionised water, as necessary. The absorption and
PL spectra of the samples were measured using an UV/Vis/NIR spectrometer (model:
Lambda 1050) and a Horiba Jobin Yvon Fluorolog (model: iHR FL3-22)
spectrofluorometer, respectively. The position of the absorption edge and the PL peak were
used to determine the likely position of the bleach feature in the transient absorption
spectrum and the band gap. Absorption measurements also enabled the sample to be diluted

such that its absorbance, A, at the absorption edge was in the range 0.2-0.5, which from
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experience gives the best UTA signal. The absorbance, sometimes known as the optical
density, of the sample was calculated using the natural logarithm (as opposed to the

logarithm to base 10, as in some works) as [2]

Iout

A =—-In

Equation 2.1

where I, is the initial intensity of light before a sample and 1, is the intensity of light when

it exits the sample. The related quantity of transmittance, T , is also used in this thesis, where

[2]

Equation 2.2

UTA is a spectroscopic technique that has been used to investigate ultrafast charge
dynamics in variety of NPs [3-6]. It is a time-resolved pump-probe experiment designed to
measure the absorbance of a sample being pumped by high energy laser pulses in order to
obtain information on electronic energies and charge cooling and recombination processes
[4]. The pump excites the sample, creating eh pairs; low intensity probe pulses then measure
the average number of excitons per NQD in a particular energy state. The measurement is
taken as a function of the time delay between the arrival of the pump and probe beams, which
can be controlled by varying the difference between their optical path lengths using a

computer-controlled translation stage [3].

Two different types of transitions are mainly used in the probing process in QD
research. The probe beam either monitors an intraband transition in the CB or the interband
transitions of the sample from a level that is very close to but not at the valence band

maximum (VBM) to the conduction band minimum (CBM); it is these interband transitions
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that are probed in this study. It should be noted that due to the weakness of the transition
from VBM to CBM, it cannot be easily used for UTA measurements. Each absorbed pump
photon creates an ehp (or more than one when MEG occurs), after cooling the associated
electrons fill CBM states and the holes relax to the VBM. As the probe absorption depends
on the number of unoccupied states in the CBM, if the exciton population increases,
absorption decreases, leading to an increase in the transmission of the probe through the QDs
[7]; this is known as a ‘bleach’. If only one exciton is created in a QD, the decay of the bleach
will be in the form of mono-exponential decay with a lifetime in the ns scale. However, if
excitation of two excitons per QD occurs, it results in a much faster decay component (10s
of ps) as efficient Auger recombination is enabled. This fast time decay is therefore used as
the signature of MEG [8]. If a lock-in amplifier synchronised to the repetition rate of the
pump pulse is used, it allows only the CBM electrons that are created by pump pulses to be
detected where the interest is in the magnitude of the lowest energy absorption maximum,

namely the 1S peak. Details of the system are given in Sections 2.3.1 and 2.3.2.

The laser system used is crucial to the UTA experiments. Basically, a mode-locked
oscillator-amplifier laser system is used as the source of both the probe beam and, after
nonlinear frequency conversion and mixing procedures, the pump beam. The time resolution
of the system is primarily achieved by the pulse duration [3] with the laser system used here
producing ultra-short pulses of ~100 fs or less. Furthermore, the system needs to be tunable
over a wide range of wavelengths to expand its applications over a wide range of QDs. A
schematic of the laser system used here is shown in Figure 2.1. Briefly, a Millennia laser is
used to pump a Tsunami Ti:sapphire oscillator in order to produce mode-locked (~100 fs)
pulses at 800 nm with a 81.2 MHz repetition rate. The pulses are used as the seed beam for

a Spectra Physics SpitfirePro Ti:sapphire Regenerative Amplifier. The amplifier is pumped
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by a Spectra Physics Empower Q-switched 532 nm laser with 12 W power to produce output

pulses with 100 fs width and energy of 1 mJ at 1 kHz repetition rate [9-13]. The resultant

beam is then split into two beams of 5% and 95% intensity respectively. The former is sent

to the UTA experimental table (described in Section 2.3.2) to be used as the probe beam

while the latter is passed through a tunable optical parametric amplifier known as TOPAS-

C and frequency mixers to form the pump beam.

- X Millennia
Empower Tsunami laser
Pro laser

laser

) 4

w

SpitfirePro Regenerative —
Amplifier 95% OPA ptical frequency
) TOPAS-C mixers

N\ 5% of the output from the amplifier

Pumpl Probe

To experimental
table

4-

Figure 2.1. A schematic drawing of the UTA laser system.

2.3.1.1 Preparation before taking measurements

The cooling system (Millenia chiller) is first switched on for the main laser
oscillator. All the electronics are on and the oscillator warms up, setting its pump
laser to 12 W.

The cooling system for the laser used for pumping the amplifier also needs to be
started and the pump system for the amplifier needs to be switched on.

Two hours are allowed for the oscillator to warm up and the output power
(typically 500 mW) is then measured. At this stage, the laser spectrum is matched
to the original one provided by the manufacturer with a 800 nm wavelength.

The laser is then fed to the amplifier and left for about half an hour to warm up.
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5- The amplifier and optical parametric amplifier (OPA) outputs are then measured

with a typical value of 93 mW at 800 nm and 250 mW at 1400 nm, respectively.

6- Interms of the pump wavelength, the configuration of both the optical frequency

mixer and the wavelength selector should be set based on the wavelength

required, as every set of wavelengths have their own configurations.

2.3.2 The UTA experimental table

The table was originally set by Dr Stuart K. Stubbs, a previous PhD student, but has
since been modified by the researcher and his colleague Dr Musa Cadirci. Figure 2.2 shows
the optical setup of the table exhibiting the two main beams; the paths of the probe and the

pump are described below.

Al - 2
[ ————— ST N s RS

= Lens

Delay stage x
b o P 7 D-shaped
I ‘ mirror

h ND filter 'i

Sapphire plate Beam splitter

Sample holder

@ ND filter
Optical chopper

Figure 2.2. The optical setup of the UTA experimental table.
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2.3.2.1 The probe beam path

Originally, the probe beam (shown in red in Figure 2.2) represents only 5% of the
beam provided by the Spitfire Pro. It passes through a variable attenuation reflective neutral
density (ND) filter to control the incident power for the sapphire crystal. It is then guided by
mirrors to a Newport ILS series 200 mm delay stage with a retroreflector, which is used here
to delay the probe beam with respect to the pump beam. A 1 mm step in the delay stage
provides a 2 mm difference in the path length between the pump and probe beams. The
formula x = vt is applied where x here is the distance (2 mm) and v is the speed of light
(3x108 m/s). This gives t a value of ~6.67 ps hence each 1 mm step in the delay stage
corresponds to ~6.67 ps delay time. The probe beam then passes through a sapphire crystal
to generate a white light continuum (WLC) which can be used as a probe beam for a variety
of QDs with different bandgaps. The WLC probe beam (shown in yellow in Figure 2.2)
travels through two lenses to be focused at the sample. However, before reaching the sample,
the WLC is split into sample and reference beams by a beam splitter. The sample beam is
directed by a mirror to the monochromator (SpectraPro 2500i 0.5 meter imaging
spectrometer) and then onto high-speed silicon photodiodes passing through a focusing lens
while the reference beam passes through a variable reflective ND filter to balance both the
sample and reference beams. It is then directed by a D-shaped mirror to pass through the
lens onto the monochromator. A D-shaped mirror rather than a normal one is used to allow
the sample beam to pass over it to the monochromator. The monochromator is controlled by

computer software (Lab-View) for the selection of the monitored wavelength.

2.3.2.2 The pump beam path
The blue line in Figure 2.2 represents the pump beam generated in the TOPAS-C,
which is directed by UV-enhanced aluminium mirrors. An iris is placed in the pump path in

front of the chopper for alignment in addition to blocking any unwanted beams generated by
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the frequency mixing process. After passing through the iris, the pump beam is modulated
with a mechanical chopper to provide a 500 Hz repetition rate. The pulses are then passed
through the sample for pumping the QDs before being blocked just after the sample holder.
In the UTA experimental table, a digital lock-in amplifier (Stanford Research Systems
SR830) is phase-locked with the chopper to amplify any pump-induced difference between
the sample and reference beams. The angle between the pump and probe beams at the sample
position is adjusted to be around 25 degrees to enable these beams to interact as much as
possible in order to gain more data. The measurements are taken by a data acquisition system
based on a Lab-view program written specifically for detecting any change to the absorption

in the presence and absence of the pump beam.

Initially both the probe and pump beams are aligned along their respective paths, as
shown in Figure 2.2, with good probe alignment corresponding to the lock-in amplifier
producing about 1.1 V with the spectrometer set at zero order. The pump and probe spots
were set and overlapped at the middle of the sample cuvette and the arrival of the pump and
probe was set to occur in the mid-range of the delay-stage movement. The spectrometer was
set at the 1S position of the QDs to monitor the carrier population at the sample band-edge.
The intensities of the sample and reference beams were balanced via the tunable ND filter
so that the difference in the corresponding photodiode signals produced a lock-in output of
10 or 107 V .The chopper channel was then turned on to synchronise the lock-in amplifier
at 500 Hz, the pump repetition rate. Kinetic traces were then taken that are measured in volts
but are proportional to the change in transmittance at the chopper frequency, w., i.e.
AV(w.,) = kAT, (where k is a constant of proportionality which depends on the probe
beam power and the system response). These traces include a background, rise, peak and

decay, as shown in Figure 2.3. Ten scans of the transients were typically obtained and
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automatically averaged by the program used. The transmittance, T, of the sample is taken,
by synchronising the lock-in to the pump repetition rate, rather than the chopper, and
monitoring only the sample beam. This produces a signal (in volts) V = kT proportional to
the full power of the probe transmitted through the sample rather than just that portion that
is being modulated at the chopper frequency. This signal is measured both before and after
the transient measurement and then averaged. The decay signal was then processed as
follows. The average of the background, which is due to photoluminescence, was subtracted
from the whole decay to offset the signal. The decay was then calibrated by dividing through
by the average of the transmittance signal i.e. AT/T = AV(w.,)/V. In terms of the
horizontal axis, the original values represent the delay between the probe and pump beams
in distance (mm); this was thus converted to time in ps. The time value corresponding to the

peak of the transient signal was then set to zero. The signal is now ready for analysis.

2- peak

2 1 background

78 76 74 12 -10
Delay line (mm)

Figure 2.3. Typical output signal from the UTA experiment, obtained for HgTe QDs.

The peak of the transmittance was found by carrying out a narrow UTA similar to

that shown in Figure 2.3, but with fine step sizes (typically 0.04 mm) in the delay stage. The
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delay stage was then positioned at the peak of the UTA, where it remains fixed whilst a
differential spectrum is acquired. The differential spectrum is then ready to be measured and
the spectrometer can be run over a variety of wavelengths. A scan at the required range of
wavelengths at the presence of the pump at 500 Hz is then carried out, which provides a AT
signal indicating any change in transmission caused by the pump wavelength. A scan is then
run over the same wavelengths but in the absence of the pump and synchronised to the pump
repetition rate, which provides the T signal. In each single point of the scan, the spectrometer
takes an average of 20 readings. The AT signal was finally divided by the T signal in order
to obtain the final shape of the spectrum. Both the AT and T signals are obtained via only

one channel, the sample arm, with no reference beam used and hence no balance is required.

The objective of the measurements is to examine how the population of the excited-
state in a sample changes with time, controlled by the delay stage [14]. As shown in
Figure 2.4(a), a typical signal obtained from a UTA experiment after processing usually
shows the transmittance change through the sample induced by the pump pulses, AT/T, as a
function of the time delay between the pump and probe beams. The transmission of the probe
pulses through the sample is T, which changes when the pump interacts with the sample.

The transmittance transient signal is defined as [14]

AT _ Twith pump Twithout pump

T Twithout pump
Equation 2.3

Two different scenarios can be distinguished here [14]. The first occurs when the probe

pulses are absorbed by the state created by the pump (transmission is less), which results in
a negative A7T signal known as photo-induced absorption (PA). The second scenario occurs

when the transmission of probe pulses becomes higher at the existence of the pump. In such
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cases, the pump has modified the population of states and the probe pulses are able to interact
with fewer states than in the absence of the pump. Here, the resultant A?T signal is positive

and the case is known as bleaching.

The analysis of the signal depends on the purpose for which the measurement is
taken. It could be to obtain the lifetime of multi-excitons, which can be achieved in a
straightforward manner from a fit such as that shown in Figure 2.4(a). It could also be used
to study the ultrafast exciton dynamics in a more complicated way, such as by measuring
MEG or the sample surface trapping. However, the analysis generally relies on the difference
between the recombination rates of multiexcitons and single excitons in QDs, where it is in
the range of 10-100 ps for multiexcitons or 10 ns to 1 us for a single exciton [3]. The initial
peak of the UTA signal at t=0 is proportional to the total number of excitons generated by
the pump beam in both the case of MEG and if MEG does not occur. After the initial peak
when the excitons created by the pump beam decay to single excitons and before these are
lost, the UTA signal becomes proportional to the number of QDs originally excited by the
pump beam. The ratio between the amplitude of the initial peak and the long-lived plateau
R=A/B therefore indicates the average number of excitons formed per QD excited by the
pump per pulse. At low pump fluences, a QD will only absorb one photon per pump pulse;
at such low pump fluences R can correspond to the average number of excitons generated
per absorbed photon of the pump beam, which is known as the quantum yield QY [3].
Applying this to a number of pump fluences allows R to be measured for all of them. The
data can then be fitted, usually versus the transmittance transient at a maximum value

(sometimes versus occupation) to extrapolate to zero fluence (see Figure 2.4(b)) with [15]

R(J)) = QYoJ[1 — exp(—a))]™"

Equation 2.4
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where g is the absorption cross-section of the QD at the pump wavelength and ] is the fluence
of the pump pulse. If this is completed for a specific wavelength, the QY can be extracted.
For MEG measurements, QY or R were measured for at least two wavelengths, one above

the MEG threshold and the other below it, with a QY value of 1 expected below the MEG

threshold.
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Figure 2.4 (a). Typical signal obtained from a UTA experiment shows AT/T, as a function of
the time delay between the pump and the probe beams. A is the initial amplitude and B is the
plateau. (b) R, the ratio between A and B, versus occupation for HgTe QDs photo-excited at
3.1Eq.

Multi-exciton formation can take place not only by MEG but also if multiple photons
are absorbed per QD per pump pulse. In order to ensure that the excitons created are purely
due to MEG, the average number of photons absorbed per QD per pulse should be much less
than unity [7]. Poisson statistics govern the probability, P(n), of a QD absorbing n photons

per pump pulse [16] where

P(n) = (N)" exp(=(N))/n! |
Equation 2.5

The average number of photons absorbed per QD, (N}, is equal to ¢ multiplied by J in units
of photons per pulse per unit area. In practice, accurate measurement of ¢ is difficult; instead,

the analysis relies on the determination of R in the limit of vanishing pump fluence.
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Differential spectra for the solvents and capping ligands used in this study were
acquired alone so that their potential contribution to the spectra for the QD samples could be
assessed. As most QDs studied were diluted in water, particular care must be taken around
950 nm, as water has a strong absorption feature in that region. Heavy water (D.0O), which
is chemically identical but for which the absorption feature is significantly red-shifted, was
considered as an alternative solvent if the H2O feature was found to be obscuring details in
the QD differential spectra. In Figure 2.5, it can clearly be seen that H>O has an absorption
feature starting at 920 nm and centred at ~970 nm, while D,O absorption starts above 1250
nm. However, as the UTA experiment only measures pump-induced changes the water
absorption feature should not contribute. To confirm that the feature from 900 to 1100 nm
is not due to the absorption of the solvents (H2O or D-O if used), the pump-induced
transmittance change spectra of both solvents were measured and are shown in Figure 2.6.
Also shown in the same figure is the spectrum for 1-thioglycerol, which was used to
passivate some of the HgTe QD samples. The pump used here was at a wavelength of 450
nm and at ~1 mW pump power. For all three, the differential spectra fluctuated around zero
in this spectral region, which allowed any bleach or absorption features detected by the UTA
experiment to be attributed to the HgTe QDs and not to the solvents or ligand. Furthermore,
the choice of H20 or DO as a solvent is confirmed not to affect the results obtained from

the UTA experiment.
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Figure 2.5. Steady state absorption spectra for H2O (black) and D20 (red).
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Figure 2.6. Transmittance change spectra induced by 450 nm (differential spectra) of
solvents H>O (black) and D20 (red), and the ligand [1-thioglycerol] (blue).

Similarly, the pump-induced transmittance change, AT /T, spectra for the solvents
and the ligands used for MPA-capped HgTe QDs were examined. Figure 2.7 shows these
spectra when photo-exciting with ~1 mW of power pump at 400 nm. The spectra show no
response over the range shown, indicating that any feature over this range in the HgTe QDs

spectra is purely due to the QDs rather than the solvent or ligands.
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Figure 2.7. Pump-induced transmittance change, AT/T, spectra taken with 400 nm pump
wavelength of MPA (blue), H20 (black), and D20 (red).

As part of this study, DDT-capped HgTe QDs were examined for their ultrafast
charge dynamics. The solvent used with these QDs was toluene and its pump-induced
transmittance change, AT /T, spectrum was examined as shown in Figure 2.8. Clearly, the
solvent has no response over the shown spectral region, confirming that any response to the

UTA experiment is due to HgTe QDs alone.

Energy (eV)

1.38 1.24 1.13
2 T T " T i T
1_
¢
=
= 07
=
2
14
-2 T T T T T
900 1000 1100

Wavelength (nm)

Figure 2.8. Pump-induced transmittance change, AT/T, spectrum of toluene taken with 400
nm pump wavelength.
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The CdxHguxTe alloy QDs studied in Chapter 4 were passivated with
tetrachloroethylene (TCE). Figure 2.9 shows the pump-induced transmittance change,
AT /T, spectrum obtained for this ligand. The spectrum shows a feature with a peak
positioned at 1000 nm. This is associated not with state filling but rather is a residual
fundamental in the frequency doubled pump wavelength used (500 nm), which was
sometimes seen in the experiment. Otherwise, no response over the spectral region was
shown, confirming that any features that appeared for UTA measurements are due to the

response of the CdxHgau-x Te alloy QDs alone.

15
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Figure 2.9. Pump-induced transmittance change, AT/T, spectrum of ligand, TCE, taken with
500 nm pump wavelength. The feature at 1000 nm is due to the residual fundamental in the
frequency doubled pump wavelength used (500 nm).

In Chapter 5, the plasmon ultrafast dynamics for TiO2-Au samples, which were
diluted in water, were examined. Figure 2.10 shows the pump-induced transmittance change,
AT /T, spectrum of the solvent used (deionised water) for excitation at a wavelength of 370
nm with an average pump power of 1 mW. It can be seen that the solvent shows no response
over this spectral region, allowing any response to the UTA experiment to be attributed to

the TiO2-Au samples.
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Figure 2.10. Pump-induced transmittance change, AT /T, spectrum of water for a 370 nm
excitation wavelength and an average pump power of 1 mW.

The spectroscopic methods used for sample characterisation throughout the study
have been described in this chapter. The UV/Vis/NIR spectrometer (Lambda 1050) and the
Horiba Jobin Yvon Fluorolog (iHR(FL3-22)) spectrofluorometer were the commercial
instruments used throughout this study for steady state and PL spectra measurements
respectively. UTA spectroscopy is a pump-probe experiment used to investigate the ultrafast
dynamics of charges and a detailed description of its laser system and the optical bench
layout was provided. This chapter described how both the UTA signal and pump-induced
transmittance change spectra were obtained in addition to the interpretation of the signals. It
concluded by covering the investigation of the UTA experiment response to the solvents and

ligands used in the samples.
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Chapter 3 Ultrafast charge dynamics in HgTe QDs

3.1 Introduction

This chapter presents and discusses the results obtained for HgTe QDs using 1-
thioglycerol, mercaptopropionic acid (MPA), and dodecanethiol (DDT) as ligands. It starts
with information regarding the chemical formulae of the ligands and a brief account of the
samples under study. The presentation of the results begins with an initial characterisation
of the samples which includes a comparison of a calculated absorption spectrum with the
experimental data. It then presents the pump-induced transmittance change spectra and
excitonic dynamics obtained using ultrafast transient absorption spectroscopy. The chapter
discusses the possible underlying mechanisms: trion formation, photoinduced absorption
and MEG. It relates the results to the ligand chemical structure. The chapter also identifies
MEG for the first time in HgTe QDs and also shows how a result can be mistaken for MEG
if other recombination processes are not considered. The chapter ends with a summary of

the results.

3.2 Ligands used in the samples under study

The surface of QDs has a strong chance of developing trap states due to unsaturated
bonds. Therefore, QDs are usually passivated with organic ligands, which couple to QDs
either gaining or losing charge [1]. However, the choice of ligand is crucial, as some have
the ability to better control surface trap states. As a result, the ultrafast charge dynamics of
the system might change and some relaxation processes could be favoured over other
mechanisms. Therefore, here we compare ultrafast charge dynamics in HgTe QDs capped
with three different ligands: 1-thioglycerol, MPA and DDT. The structures of these

molecules are shown in Figure 3.1.
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1-thioglycerol 3-mercaptopropionic acid 1-dodecanethiol

O

OH
HD\_)\/SH HS/\’)J\DH HaC SH

Figure 3.1 Chemical structure of the ligands used to passivate HgTe QDs

The HgTe QDs used here were synthesised by Dr S. V. Kershaw, our collaborator
from the Centre for Functional Photonics, Department of Physics and Material Science at
City University, Hong Kong. The synthesis process of HgTe QDs is described in detail
elsewhere [2], but a brief description is given here. Water was used as a solvent for both 1-
thioglycerol and MPA-capped QDs in the synthesis process, which started with preparing a
ligand aqueous solution. The next step was to add some mercury perchlorate and then HgTe
QDs were allowed to grow with the use of hydrogen telluride. In comparison, the DDT-
capped HgTe QDs were not synthesised directly but by ligand exchange, HgTe QDs are
instead first synthesised in water with short-chain ligands, such as 1-thioglycerol, which can
then be partially exchanged by the long-chain ligand DDT in order to be dissolved in toluene
[3]. For optical studies, the samples were prepared in 10 mm cuvettes. The synthesised

solutions were diluted with solvents so that the band-edge absorbance was ~0.2-0.5.

The absorption and PL spectra for a typical sample of MPA-capped HgTe QDs were
initially measured to characterise the electronic structure of the sample. Figure 3.2 shows
both spectra: the absorption (in black) and the PL (in red). Note that the PL was measured
by Dr S. V. Kershaw using an Edinburgh Instruments F900 fluorescence spectrometer
equipped with a Hamamatsu InP/InGaAs photomultiplier tube. It is clear that the PL peak

lies at ~1176 nm and has a full width half maximum (FWHM) of about 200 nm, whereas the
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absorption spectrum has a broad shoulder with a 200-300 nm Stokes shift from the PL peak
to the shorter wavelengths. The second derivative of this shoulder was found to have a
minimum of approximately 900 nm, which indicates the presence of a peak (see Figure 3.3).
A comparison with research published in 2006 [4] and 2012 [5], which studied the
relationship between the size of HgTe QDs and their PL peaks or band edges, allowed us to
estimate the average size of the MPA-capped HgTe QD diameter to be in the range of 3-4
nm. A theoretical model which calculated the energy gap as a function of the diameter of
spherical HgTe QDs in 2012 [6] also supports our estimation of the size of the QDs under
study.
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Figure 3.2 Absorbance (black) and PL (red) spectra of MPA-capped HgTe QDs
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Figure 3.3 Second derivative of the absorbance spectrum shown in Figure 3.2

Allan and Delerue applied the same tight-binding model [6] to calculate the density
of states, the absorption and PL spectra for a single spherical HgTe QD with a diameter of
3.5 nm corresponding to a band edge of 1.0 eV. The absorption and PL spectra, taking into
account the dispersion of the sizes in an ensemble of QDs, were calculated using the Allan-
Delerue single QD data by broadening the individual transitions with Gaussian peaks. The

peak width, w, was increased linearly with E, the energy as shown in Equation 3.1:

Equation 3.1

where a and b are fitting parameters, and E; is the energy of the band-edge transition.
Figure 3.4 a) shows the calculated density of states, while b) shows the absorption and PL
spectra for a single spherical HgTe QD with a diameter of 3.5 nm and also for an ensemble

of QDs with spectra broadened by the size dispersion.
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Figure 3.4 Calculated a) density of states, and b) absorption and PL spectra for HgTe QDs;
the black and green lines represent the spectra for a single QD of 3.5 nm diameter, whereas
the red and pink lines correspond to an ensemble of QDs with an average diameter of 3.5
nm but whose spectra are broadened by size dispersion.

As can be seen from Figure 3.4 a), the VBM and CBM are separated by 1.0 eV,
which is the band gap of the QDs, and it is clear that the CBM has a relatively low density
and has significantly lower energy than CBM-1, the next-lowest conduction band state. In

comparison, the valence band states are much more closely spaced, in particular the states at
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and near the VBM. Furthermore, the density of the valence band states grow broader the
further they are from the VBM. As a result of this band structure, we should see evidence of
their effect on the absorption and PL spectra. Figure 3.4 b) shows this effect and, specifically,
the relatively weak transition from VBM to CBM (i.e., the absorption at the band edge) for
a single QD as well as the excellent agreement between the spectra calculated for the
ensemble of HgTe QDs and the experimental spectra shown in Figure 3.2 for MPA-capped
HgTe QDs. The absorption shoulder in Figure 3.4 occurs at an energy that allows transitions
from VBM to CBM-1 or to the CBM but from deeper within the valance band. The strong
agreement between theory and experiment gives us confidence in the theoretical model used
for calculation and also in our experimental results. It also enables us to attribute a value of
1.0 eV to the band edge of the sample under study. Therefore, the PL spectrum shown in
Figure 3.2 is attributed to a band edge, i.e., CBM-to-VBM transition, whereas the peak of
the absorption shoulder is attributed either to a transition from VBM to CBM-1 or to a CBM

transition but from deeper within the valance band (or to a combination of both).

As further investigation, the pump-induced transmittance change, AT /T, spectrum
for a sample of MPA-capped HgTe QDs taken at the time when it was at its maximum
amplitude (typically a few picoseconds after pumping) was measured and is shown in
Figure 3.5. The pump wavelength used was 400 nm with ~1 mW power. State-filling
produces a positive AT /T, which is called a bleach, in the transmittance spectrum of QDs.
The bleach depends on both the absorption cross-section at the probe wavelength and the
occupation of the states involved. It is always at its maximum after the cooling of the
photogenerated charges to the band edge has taken place but before the occurrence of any
significant recombination. The spectrum shown in Figure 3.5 has relatively weak bleaching
at the band edge at 1176 nm (~1 eV) but a much stronger bleach is evident at wavelengths

corresponding to the absorption shoulder peak. This result agrees well with the dependence
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of absorption strength on wavelength calculated in Figure 3.4 and also reveals that the
absorption shoulder corresponds to a transition involving either VBM or CBM because
charge cooling is complete by this time and hence other states in the conduction and valance
bands are unoccupied by electrons and holes, respectively.
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Figure 3.5 Pump-induced transmittance change, AT/T, spectrum of MPA-capped HgTe QDs
taken with a 400 nm pump wavelength

Three different samples of thioglycerol-capped HgTe QDs of different sizes were
studied at different times during the research period. Figure 3.6 shows the measured
absorption spectra for the three samples of HgTe QDs, named 1, 2 and 3. Also shown is the
PL spectrum for sample 3; the others arrived at a time when the spectrofluorometer

accessories used to measure such a range of PL were not available.
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Figure 3.6 Measured absorption spectra for a) sample 1, b) sample 2 and c) sample 3 of
thioglycerol-capped HgTe QDs. Insets are the second derivative of absorbance for samples
1 and 2 showing the first two transitions. The PL spectrum is shown for sample 3.

The absorption spectra have a common shape, broad and featureless, which suggests
that we have a large size distribution. Hence, the second derivative of absorbance was
investigated. Insets in Figure 3.6 a) and b) are the two minimum features obtained from the
second derivative of absorbance, revealing the positions of the first two energy levels: ~1.3
eV and ~2.53 eV for sample 1 (i.e., ~950 and ~490 nm, respectively), and ~975 nm and ~460
nm for sample 2, indicated by red arrows in Figure 3.6 b), which correspond to ~1.3 eV and
~2.7 eV, respectively. In comparison, we could not extract the absorption edge position for
sample 3 even from the second derivative of absorbance. However, its PL spectrum has a

distinct peak centred at ~1290 nm (0.96 eV), indicating the band edge transition, as shown
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in Figure 3.6 ¢). Our observations for samples 1 and 2 are consistent with E,,,,(1Pn1Pe) being
about 2E,p,,(1Sn1Se) in HgTe QDs [7] i.e., the first minimum of the second derivative of the

absorbance has energy that is almost half that of the second minimum.

The absorption spectrum was calculated by Allan and Delerue for a single spherical
HgTe QD with a band gap of 1.3 eV, as shown in Figure 3.7. The spectrum shows a very
weak transition at the band edge, indicating that the shoulder seen in the experimental
spectrum is due to the next-highest transition, similar to the results reported for HgTe QDs
passivated by MPA ligands [2] (discussed above). We then broadened, with individual
Gaussian peaks, the individual transitions in this spectrum to take into account the size
dispersion in an ensemble of QDs. The width of the peak was broadened to 50% of the
transition energy providing the spectrum shown in red in Figure 3.7. The second derivative
of this broadened absorption spectrum (shown in blue in Figure 3.7) was then found to
simulate the experimental procedure. The lowest energy minimum in this broadened
spectrum, which has an energy almost half that of the second one, was found to correspond,
not to the weak band-edge transition, but rather to the stronger next-highest transition. This
confirms that the band-edge transition is obscured by the stronger next-highest transition in

our experimental data.
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Figure 3.7 Calculated absorption spectrum for a single HgTe QD with a broadened
absorption (red) and its second derivative (blue)

The pump-induced transmittance change spectra of thioglycerol-passivated HgTe
QDs (also called the differential spectra) were measured at the time when they are at their
maximum amplitude i.e., ~6 ps after pumping. Figure 3.8 shows the differential spectra of
samples 1 (smoothed), 2 and 3 when pumped with ~1 mW of 450 nm, 390 nm and 400 nm
wavelengths, respectively. In general, the shapes of these spectra are similar i.e., broad
features of absorption but with bleaches seen at positions that correspond to the first minima
of the second derivative of absorbance indicated by red arrows in Figure 3.8. The broad
features can be seen from 900 nm to 1100 nm for sample 1, 850 nm to 1100 nm for sample
2, and 800 nm to 1150 nm for sample 3. Note that the AT/T signal obtained is the net effect
of the photoinduced absorption and the bleach, which oppose each other; in other words,
pump-induced absorption competes with pump-induced transmission and whichever
dominates will determine the overall effect. Therefore, the bleach features (seen as a

reduction in absorption indicated by red arrows) are attributed to state-filling, where all
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photogenerated charges have cooled down to the band edge but no significant recombination

has taken place at this early time.
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Figure 3.8 Pump-induced transmittance change spectra (differential spectra) of a) sample
1, b) sample 2 and c) sample 3 of thioglycerol-capped HgTe QDs. The red arrows indicate
the bleaches at 950 nm, 975 nm and 980 nm for samples 1, 2 and 3, respectively.

A recent study investigated the response of HgTe CQD films [8] to n-and p-type
charging. The difference spectra for the films when subject to negative and positive
electrochemical potentials were measured, revealing a bleach at the 1S position due to state-
filling but found to be coincident with PA. Therefore, we can similarly describe the spectra
shown in Figure 3.8 as bleaches at the 1S position of thioglycerol-capped HgTe QDs samples
superimposed with a broad photoinduced increase in the absorption spectra. Such behaviour
was also observed for Type Il ZnTe—-ZnSe colloidal quantum dots, destroying the symmetry

of the bleach and almost diminishing its positive value [9], but in our study the bleach for
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HgTe QDs is obscured by PA to a higher degree. A possible explanation for this PA
behaviour is excited state absorption (ESA) enabled by surface trapped charges, similar to
that observed in CdSe CQDs [10]. In ESA, an exciton is created by a pump, then the probe
excites the charge previously created by the pump to the continuum of the CB (a process that
would be forbidden in an ideal case). However, it becomes no longer forbidden due to the
modification of the selection rules by the presence of the trapped charge, which disturbs the

electronic symmetry of the QD, enabling the ESA.

Figure 3.9 shows the absorption (in black) and PL (in red) spectra for a typical sample
of DDT-capped HgTe QDs. It can be seen that the PL spectrum has a peak at ~1280 nm
(~0.97 eV) and an FWHM of about 200 nm (similar to that of MPA-capped HgTe QDs),
whereas the absorption spectrum shows a broad shoulder shifted by 200-300 nm from the
PL peak to shorter wavelengths. Following comparison with the literature [4-6], this allows
the estimation of the average diameter of a DDT-capped HgTe QD to be between 3 and 4

nm.
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Figure 3.9 Absorbance (black) and PL (red) spectra of DDT-capped HgTe QDs
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To investigate this sample further, Figure 3.10 shows the pump-induced
transmittance change, AT /T, spectrum taken a few picoseconds after pumping. A bleach is
clearly seen at wavelengths corresponding to the absorption shoulder peak ~1055 nm
(~1.18 eV). A differential spectrum due to state-filling only should be positive and
symmetrical and similar in width to the PL peak and 1S spectra feature [11]. However, this
spectrum has some features that appear just before the bleach, which is a sign of absorption
(reduction in transmission) and this disturbs its symmetry. Destroying the symmetry of the
differential spectrum suggests that the PA is overlapping with the bleach in this sample due
to surface charge trapping.

Energy (eV)
1.38 1.24 1.13

=
1

AT/T 102

o
1

900 1000 1100
Wavelength (nm)

Figure 3.10 Pump-induced transmittance change, AT/T, spectrum of DDT-capped HgTe
QDs taken with a 400 nm pump wavelength

The initial optical characterisation of the HgTe QD samples provided us with the 1S
positions and thus the probe wavelengths to be used for the study of the dynamics of CBM

electrons. To understand these dynamics in MPA-capped HgTe QDs, the transmittance
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transients were measured when probing at 900 nm and pumping at 800 nm using average

pump powers of 0.7, 1.5, and 2.5 mW, as shown in Figure 3.11.
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Figure 3.11 Transmittance transients at a probe wavelength of 900 nm for the MPA-capped
HgTe QDs induced by pump beams of the powers shown in the legend and of wavelength
800 nm. The fits to the data shown are global and for a mono-exponential decay to a plateau
with a time constant of 49 ps.

The initial decrease of the bleach peak to a plateau is described by a mono-exponential decay
with a time constant of 49+5 ps. The fits to the data shown are global using the function

AT(t
# =y, + Ale—f/‘fl
Equation 3.2

where y, is the plateau which represents the single long-lived exciton signal, A, is the
amplitude of the transient component, and t, is the decay lifetime. The 800 nm wavelength
used in Figure 3.11 is below the MEG threshold, based on Equation 1.5, and hence bleach
transients produced by a shorter pump wavelength, corresponding to above the MEG
threshold, were also investigated. Similar transients were obtained at a wavelength of 400
nm for a series of pump powers when using 900 nm as a probe beam (see Figure 3.12). Their
global fit using Equation 3.2 yielded a time constant of 49+2 ps, as before. Figure 3.12 also
shows a comparison between decays obtained for static and stirred samples at both 0.4 mW

and 2 mW. When higher pump powers were used, the form of the transient decay changed
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as it developed an additional initial decline of significant amplitude in the first 5 ps,
indicating the presence of another process under these conditions. The decay of the transient
is now no longer described as mono-exponential but rather as bi-exponential in the form

AT(t
# = yo + Ale_t/T1 + Aze_t/TZ
Equation 3.3

where A; and A, are the amplitudes of the transient components and z; and 7, are the
lifetimes of the decay. When fitting the transient with this function, one of the time constants
was fixed at the bi-exciton lifetime for this sample, i.e., 49 ps, which gave the additional
time constant a value of 4.7+0.2 ps under the conditions used. The green fit in Figure 3.12
is bi-exponential, with the specified time constants for the transient obtained for 2 mW of

pump power and a stirred sample.

— 2 mW stirred
— 2 mW static
— 1.0 mW stirred
— 0.9 mW stirred
— 0.7 mW stirred
— 0.4 mW stirred
0.4 mW static

— e
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Figure 3.12 Fractional transmittance change, AT/T, transients induced in HgTe QDs by a
pump beam of wavelength 400 nm with the range of average powers shown in the legend. A
global mono-exponential fit to the decays up to 1 mW power is also shown, yielding a time
constant of 49 ps. It also compares decays obtained for static and stirred samples at both

0.4 mW and 2 mW. The transient for 2 mW pump power and a stirred sample also includes
a bi-exponential fit shown in green yielding time constants of 4.7+40.2 ps and 49+2 ps.
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3.4.2 Thioglycerol-capped QDs

Figure 3.13 shows the pump-induced fractional transmittance transients for different
pump powers for a sample of thioglycerol-capped HgTe QDs taken when pumped at
wavelengths of a) 450 nm and b) 390 nm. A global fit to these transients is also shown

yielding a bi-exponential decay with time constants of 25+1 and 3+1 ps.
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Figure 3.13 Fractional transmittance transients for a sample of thioglycerol-capped HgTe
QDs at the different pump fluences shown in the legends when probing at 975 nm and
pumping at a) 450 nm and b) 390 nm. The global bi-exponential fits shown give time
constants of 251 and 3+1 ps.

However, away from the bleach, the behaviour of the transmittance transients is
different. Figure 3.14 shows the transients when probing away from the bleach i.e., 1000 nm
and photoexciting with a) 390 nm and b) 490 nm. These transients are described by mono-
exponential decay with a time constant of 25+1 ps. This means that when PA is dominant
(at a probe wavelength of 1000 nm) the decay of the transients is described by only one
lifetime, but when the bleach competes with the absorption at the 1S position the decay is

described by two lifetimes, the first of which corresponds to PA.
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Figure 3.14 Fractional transmittance transients for a sample of thioglycerol-capped HgTe
QDs at the different pump powers shown in the legends when probing at 1000 nm and
pumping at a) 390 nm and b) 490 nm. The global mono-exponential fits shown give a time
constant of 251 ps.

For further investigation, a comparison is made between the pump-induced
transmittance transients of the sample in two conditions: static and stirred. Figure 3.15 shows
the fractional transmittance transient induced by 1 mW of 390 nm for a static sample, a
vigorously stirred sample (i.e., 1000 rpm), and a sample stirred more gently (i.e., 500 rpm).
There is no significant difference between the transients, indicating that trion formation is

eliminated in these QDs.
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Figure 3.15 Comparison of transients for static (black) and stirred (at 500 rpm [red] and

1000 rpm [blue]) samples of thioglycerol-capped HgTe QDs when probed and pumped with
975 nm and 390 nm, respectively. The power of the pump was ~1 mW.
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3.4.3 DDT-capped QDs

The transmittance transients of the bleach for this sample were measured when
probing at 1037 nm. The sample was pumped at 800 nm, which is below the MEG threshold,
using average pump powers of 0.65, 1.05, and 1.40 mW, resulting in the transients shown in
Figure 3.16. The decrease of the bleach peak to the plateau is well-described by a mono-
exponential and a global fit to these transients yields a time constant of 251 ps. Similar
transients were also obtained for 400 nm, above the MEG threshold, at a range of pump
powers of between 0.4 mW and 1 mW when probing at 1055 nm. A global fit to these
transients also yielded a time constant of 25+1 ps. Note that the data for pump powers above
1 mW starts to deviate from the mono-exponential decay fit at the peak, indicating the onset
of another process; in other words, the stirring was not enough to eliminate trion formation
at high pump powers. (Similar behaviour was seen for MPA-capped HgTe QDs at high pump

powers in Figure 3.12.)
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Figure 3.16 Transmittance transients obtained for DDT-capped HgTe QDs when pumping
and probing at 800 nm and 1037 nm, respectively. The pump powers are shown in the legend
and the global fit to the data shown is mono-exponential with a 25 ps time constant.
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Figure 3.17 Fractional transmittance change, AT/T, transients for DDT-capped HgTe QDs
induced by 400 nm with the range of average powers shown in the legend. A global mono-
exponential fit to the decays is also shown, yielding a time constant of 25 ps.

A comparison between transients obtained for static and stirred samples of DDT-
capped HgTe QDs is shown in Figure 3.18. The pump wavelength used was 400 nm at
1 mW power. No significant difference between the transients is seen, indicating that trion

formation is eliminated in these QDs.
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Figure 3.18 Comparison of pump-induced transmittance transients for 1 mW pump power
at a wavelength of 400 nm obtained for static and stirred samples of DDT-capped HgTe
QDs.
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In order for transmittance transients for these HgTe QDs to be understood, different
possible mechanisms for such sub-ns decay, including bi-exciton formation either by MEG
or by the absorption of multi-photons, trion formation and direct surface trapping, must be
considered. These mechanisms are discussed in detail below for each sample discussed

above.

The average number of photons absorbed per QD per pump pulse, < N >, is given

by [12]

<N >=gJ
Equation 3.4

Lhuillier et al. [5] have studied the optical properties of HgTe colloidal quantum dots and
determined the absorption cross-section at the absorption edge to be ~1.5x10° cm?2.
However, the optical density of our samples was measured to be 10 times greater at 400 nm
than at the absorption edge, hence we estimate ¢ ~1.5x10*4 cm? for a pump wavelength of

400 nm. The fluence of the 400 nm pump pulse is calculated (assuming that the pump spot

is uniformly circle) as follows.

At an average pump power of 1 mW, for example, which corresponds to the largest
amplitude transient mono-exponential fit (shown in black) in Figure 3.12, the energy per
pulse is 10 (W) / 500 (Hz) = 2 pJ and the energy of the photon at 400 nm, Epn(400), is
3.105x1.6x101° = 5x107'° Joule. The number of photons per pulse is energy per pulse /
Epn(400) = 2 wJ / 5x1071° J = 4x10* and the diameter of the pump is ~3.5 mm, which means
that the area of the pump spot size is ©x(0.175)? = 0.096 cm?. Hence, the fluence, J, which

is equal to the number of photons per pulse / the area of the pump = 4x10'2/ 0.096 was
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estimated to be 4.2x10% photons/cm?/s. Now we have both the absorption cross-section at
the pump and the fluence, which allows us to apply Equation 3.4 and this yields < N >
~0.6. We can use this value of < N > to calculate the expected value of R, the ratio of the
peak amplitude to the plateau if the decay of the transients of 1 mW power and less in

Figure 3.12 is due to bi-exciton recombination, as in [13]

= 1 (N)
R = QY(N)[1 — exp(=(N)]™" ~ QY |1+ —=

Equation 3.5

where QY corresponds to the average number of excitons generated per absorbed photon and
has a value of 1 without MEG, and greater than 1 with MEG. Note that the approximate
expression on the right-hand side is valid for (N) « 1. For (N) ~0.6, Equation 3.5 gives
R/QY avalue of ~1.3 as R is estimated to be ~1.6, that is consistent with the value of the QY
observed experimentally of ~1.3 (see discussion in section 3.7.1 below). These initial results
of the transients and calculations allow us to attribute the decay of the pump-induced
transients shown in Figure 3.12 to the recombination of bi-excitons, with a lifetime of
49+2 ps. The plateau value of the transients is attributed to the remaining single excitons,
the lifetime for which is typically longer than 1 ns in QDs [14]. The low AT /T values for
these (N) in Figure 3.12 suggests that the VBM to CBM-1 transition is the dominant one at
the absorption shoulder rather than to CBM, because, as shown in Figure 3.4, VBM has a
significantly greater density of states than CBM, which results in a lower occupation and,

therefore, bleach for the same value of (N) .

We stated earlier an initial identification of multi-exciton recombination as the
process responsible for the transmittance transients shown in Figure 3.12. However, a
number of studies in different types of QDs, including CdSe [10, 15], InAs/ZnSe [16],

ZnTe/ZnSe [9], and PbSe [17, 18] have shown that there are two other processes which can
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lead to sub-nanosecond decays similar to that shown in Figure 3.12 with a similar time scale:
trion decay and direct surface trapping. In the former, a charge is trapped on the QD surface
for a period of time longer than that between pump pulses, while the geminate charge
remains within the volume of the QD. Therefore, when a photon of a subsequent pump pulse
is absorbed, a trion is created from the exciton just formed and the geminate charge. Trions
can recombine and produce transient decays similar to that of a bi-exciton with a similar
lifetime. However, it was found that vigorous stirring or flowing of the sample has the power
to reduce or eliminate trion formation [17-19]. In our sample, we saw from Figure 3.12 that
the difference between the stirred and static transients is evident at high pump powers,
resulting in the bi-exponential decay form at these excitation rates. However, at low pump
powers the transients for stirred and static samples have no significant difference between
them, possessing the mono-exponential form of decay even for the static sample, allowing
us to exclude trion decay as the cause of the transients of 1 mW power and less shown in

Figure 3.12.

The other possible process is direct surface trapping, in which electrons or holes are
trapped on a surface state from the conduction or valence bands, respectively. This can
reduce the state-filling and thus cause decay similar to that of bi-exciton recombination with
a similar lifetime and is characterised by the presence of PA i.e., a negative AT /T or a
reduction in the transmittance spectrum, near to the band edge [9, 10, 16]. However, our
observation has shown no sign of any PA in the sample (see Figure 3.5), also allowing us to
exclude direct surface trapping as the cause of the transients shown in Figure 3.12. Thus, the
above discussion, coupled with the consistency of the observed value of R with (N)
calculation, allows us to conclude that for the MPA-capped HgTe QDs and at low pump
powers, bleach decay is dominated by bi-exciton recombination, whereas trion

recombination also becomes significant at high pump powers.
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MEG can occur at pump energies above a photon energy threshold. This is almost
~480 nm for thioglycerol-capped HgTe QDs (see Equation 1.5). However, our investigations
have shown that transmittance transients corresponding to pump wavelengths of 390 nm and
490 nm for a sample of thioglycerol-capped QDs exhibited no significant differences, as
shown in Figure 3.19. In an ideal case, increasing the pump energy should result in an
increase in the corresponding R value, which is not the case here. Hence, it is concluded that

MEG is not significant here under the experimental conditions used.
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Figure 3.19 Comparison of two transmittance transients for HgTe QDs with a 975 nm band
gap at two different pump wavelengths: 390 nm and 490 nm

Trion formation could be the reason for the transmittance obtained for these samples.
However, the transmittance transient for stirred samples is comparable to that of static
samples, as seen in Figure 3.15, which suggests that the transients observed are not
associated with long-lived surface trapping of photogenerated charges. A study in 2011 [10]
showed that direct surface trapping is associated with a large PA and non-mono-exponential

bleach decay for CdSe QDs, which is consistent with our observation here i.e., bi-
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exponential bleach decay and a large and broad PA. Furthermore, the lifetime obtained for
CdSe QDs in that study was 30 ps, which is comparable with the lifetimes obtained by us
for thioglycerol-capped HgTe QDs. Thus, we attribute the transmittance transients observed
for HgTe QDs capped by 1-thioglycerol ligands to direct surface trapping, by which charges
after photoexcitation cool to the band edge filling some of the states and hence reducing the
absorption, and the decay represents the emptying of these states due to trapping to surface

states.

DDT-passivated HgTe QDs can be considered as a case between MPA-capped ones
which are free of any PA detected near the 1S position and those capped with thioglycerol
which exhibit PA significantly greater in magnitude than the bleach. However, the question
now is what governs the decay of the transients in Figure 3.17? We have seen no significant
difference between the transients of the stirred and static samples in Figure 3.18 which
allows us to exclude trion formation as the cause of the transients. The decay lifetime is
similar to that of thioglycerol-capped QDs and comparable with the previously reported
CdSe QDs [10]. In addition, the drop seen in the differential spectrum just before the bleach
(Figure 3.10) is a sign of PA. We have also never seen only a plateau in transients that are
below the MEG threshold (Figure 3.16). Furthermore, the lifetime obtained for these QDs is
25 ps, which is shorter than that obtained for the MPA-capped QDs of 49 ps, while they are
slightly bigger in size as they have a longer PL wavelength and hence should have a longer
lifetime. All these reasons suggest direct-surface trapping to be behind the transients in

Figure 3.17.

We are confident of our conclusion regarding these QDs but, in order to be more

precise, we now discuss the third possible mechanism: MEG. These QDs are a good example
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of how MEG can be overestimated (see section 3.7.2). The value of < N > was measured
as done for MPA-capped QDs but here the optical density was measured as 14 times greater
at 400 nm than at the absorption edge, hence we estimated ¢ ~2.1x10™* cm? for a pump
wavelength of 400 nm. Equation 3.4 yields a value of < N > ~0.88 for 1 mW pump power
and hence R can be calculated from Equation 3.5 if the decay of the transients is due to bi-
exciton recombination. Calculations give R/QY a value of ~1.5 and R has a value of ~1.6 at
1 mW (see Figure 3.17), suggesting a QY of ~1.1. However, the experimental result of the
quantum yield (discussed in section 3.7.2) is inconsistent with the one calculated. This
contradiction is strong evidence for omitting MEG as the cause of the transients’ decay in

Figure 3.17.

We now turn our attention to discussing the reason behind the better passivation
achieved by using MPA as the surface ligand rather than thioglycerol or DDT, as evidenced
by the absence of both PA and trap-related decay processes for the MPA-capped QDs. QD
passivation depends on the relative ability of a ligand to exchange electron density with the
trap site [1]. In this section, we will relate the degree of passivation achieved by the different
ligands to their ability to donate charge to the QDs, as quantified by the zeta potential for the

QD-ligand complex, following a suggestion by S. V. Kershaw [20].

The HgTe QDs under study are formed with a 1.3 to 1.4 Hg/Te ratio, as determined
by inductively coupled plasma-atomic emission spectroscopy, resulting in a metal-rich
surface that can lead to a net positive charge [20]. This net positive charge is offset by
negative charges acquired from the ligands used for passivation. In this case, the Hg?* in the
QDs binds with the thiolate group, -S™ (formed by deprotonation of the thiol group, -SH, at

the high pH used) which all the ligands used possess (see Figure 3.1). However, the positive
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charge from the metal rich QD and the negative charge from the thiolate groups do not
necessarily completely balance giving the QD-ligand complex a net charge. Indeed, an
overall charge on the QD-ligand complex helps to keep the QDs apart i.e., preventing
aggregation. The relative ability of the ligands to increase the negative charge of the complex
will be used as a measure of how well they are donating electron density to the trap sites
associated with the unsaturated Hg. This charge can be described in terms of zeta potential,
which we will use to explain why MPA-capped QDs performed better than the others in

terms of QD surface passivation.

Zeta potential is a measure of the charge on the surface of QDs [21] and determines
the stability of the colloidal dispersion [22]. The charges carried by a QD-ligand complex
are distributed around the QDs with some attached to the QD surface. Increasing the
concentration of the charges on the surface influences the distribution of the remaining ions
in the surrounding medium, resulting in an electrical double layer. The first layer is
composed of ions strongly bound to the QD, while the second layer, which is adjacent to the
first, is of less firmly bound ions. The second layer has an imaginary boundary in which, if
the QD moves, the ions also move with it, while beyond it the ions do not move. The
potential at this boundary is known as the zeta potential [22]. The zeta potential, ¢, can be
measured using a light-scattering technique in which QD electrophoretic mobility, .,
defined as the travel velocity of a QD divided by the applied electric field, is related to the
zeta potential by [21]

_ 2ef (k)
- 24/

e
Equation 3.6

where € is the dielectric constant,  is the zeta potential, (ka) is typically 1.5 for an aqueous

solution or 1 for a non-polar solution, and 7 is the medium viscosity. The instrument used
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consists of a laser beam split into two arms: one passes through the sample, while the other
is a reference beam. The scattering light at a specific angle is collected, detected and then
processed in a computer program to measure the electrophoretic mobility and thus the zeta

potential.

The zeta potential was reported for HgTe QDs passivated with thioglycerol [23] as
having a value of -28.1 mV. The more negative the value of the zeta potential, the more
negative the ions surrounding the QDs. The literature contains no single study investigating
zeta potential for MPA- or DDT-capped HgTe QDs. However, the study for HgTe QDs [23]
also studied the zeta potential for a dihydrolipoic acid (DHLA) passivated sample — the

structure of which is given below in Figure 3.20.

HS
OH

SH

Figure 3.20 Chemical structure of dihydrolipoic acid (DHLA) ligand.

DHLA has a carboxylic acid group similar to that of MPA and hence both are
expected to have a broadly similar zeta potential value, since they both combine thiolate
group(s) with a carboxyl group, -COQ-, i.e. a deprotonated carboxylic acid group [21]. The
reported value for DHLA was -43.4 mV, significantly more negative than thioglycerol [23].
The study also showed that DHLA passivation resulted in a longer PL lifetime than for
capping with thioglycerol, indicating a reduced amount of the non-radiative recombination

associated with traps and hence better passivation.

The zeta potential for CdTe nanocrystals passivated with MPA was measured to be

-37.5 mV at 12 pH [24]. This high negative value was found to coincide with the presence
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of the carboxyl group in the ligand. A study of CdTe QDs synthesised in water capped with
thioglycolic acid (TGA) ligands measured their zeta potential [25]. It has found that TGA
ligands resulted in a zeta potential value of -50 mV at 10 pH which was attributed to the
negative carboxyl group. It should be noted that TGA and MPA are of the same family, with
MPA having one more CH>. Not only do the zeta potential measurements support our
findings, but the PL QY and lifetime measurements do also. One study compared CdTe NCs
capped with TGA to those with MPA [26]. PL lifetime measured for MPA and TGA-
passivated CdTe NCs were similar and the PL quantum yield was comparable, which could
explain how both ligands have the same way of capping the surface and suppressing trap
states. The study compared TGA-capped CdTe PL quantum efficiency with that of
thioglycerol-capped. A ligands/Cd ratio of 1.3:1 resulted in 40-60% quantum yield for TGA
while thioglycerol was just 25%, which means that TGA resulted in better passivation and
fewer trap states. The above discussion suggests that MPA ligands worked best in the
passivation of HgTe QDs due to their carboxylic acid group which enables them to donate

more charge density to the trap sites.

To create an additional eh pair by MEG, the conservation of energy should be
applied. This means the threshold pump photon energy required to form one additional pair
in Equation 1.5 is at least equivalent to twice the band edge (2E,), and each additional pair
above that requires further energy at least equal to the band edge. At this limit, if the photon
energies are between 2E, and 3E,;, then MEG can result only in the formation of a bi-exciton.
The bi-exciton then decays into a single exciton on a sub-nanosecond time scale (10s of ps).

Therefore, the form of the transmittance transients from the peak to a plateau observed for
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low pump fluences is demonstrated as a sub-nanosecond mono-exponential decay. Low
pump fluences correspond to a negligible probability of a QD absorbing more than one
photon per pump pulse, as at high pump fluences a bi-exciton can also be formed by the
absorption of two photons per QD per pump pulse. Furthermore, vanishing the pump
fluences in Equation 3.5, and, therefore, the value of (N), allows the R value to become

equivalent to the QY, with a value greater than 1 corresponding to MEG.

MEG can be confused with other processes, such as trion decay and direct surface
trapping. However, our analyses have shown that the sample under study is free of any PA
and its transient decays at sufficiently low pump fluences are also free of trion formation.
Hence, MEG in these HgTe QDs can be reliably identified and its resulting quantum vyield
confidently assessed from the vigorously stirred samples throughout the experiment (at low
pump powers to ensure that no bi-exciton was formed by absorbing two photons per QD per
pump pulse). MEG assessment is also limited to the transients with peaks that decay mono-
exponentially to a plateau with a constant lifetime (or just a plateau, as in the case of low

fluence pumping below the MEG threshold).

The occurrence of MEG in the literature has been identified by one of two methods.
The first method is to compare transients pumped at photon energies above and below the
MEG threshold but at similar levels of average excitation, i.e., (N) [27], while the second
method relies on deducing MEG from the R values obtained from the transients over a range
of excitation levels and extrapolating to a vanishing pump fluence [13]. However, the pump-
induced fractional transmittance change, AT /T, depends on both (N) and the sample optical

density at the pump wavelength [2], as seen below in Equation 3.7
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AT Apr(N) 4

T 4 g d7eD
Equation 3.7

where A, and A are the sample absorbance at the probe and the pump wavelengths,
respectively, and g is the degeneracy of the conduction band minimum. Therefore, if the
first method is used, we need to take into account the variation of the absorbance of the
sample at the pump wavelength, A, and hence ensure that the excitation levels below and
above the MEG threshold wavelengths are indeed comparable. Equation 3.7 explains the
dependence of AT /T on arbitrary values of A (without it, it is necessary to prepare a new
sample for each pump wavelength keeping the concentration of each adjusted to compensate
for any increase in the absorption coefficient due to decreasing the wavelength and hence A
becomes the same for both). This allows us to express the transmittance transients in terms
of only the occupation of the probed state, F = (N)/g and hence to compare the transients
obtained for different pump wavelengths directly. The inset in Figure 3.21 shows such a
comparison of occupation transients resulting from pump beams of the same power but for
different wavelengths, corresponding to excitation below (1.6E;) and above (3.1E,) the

MEG threshold.
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Figure 3.21 Peak-to-plateau ratio, R, of the transmittance transients induced by a pump
beam of wavelength 3.1E, for MPA-capped HgTe QDs as a function of the occupation of
the probe state, F; the fit shown is to Equation 3.5. Inset: Comparison of the occupation
transients induced by a pump power of 0.5 mW and wavelengths 1.6E, and 3.1E,. The fit
shown is to a mono-exponential decay function with a time constant of 49 ps.

After initial excitation, the below-threshold transient shows no decay in the 250 ps
window, i.e., just a plateau, demonstrating that the sample is free of any trion decay or direct
surface trapping which can be confused with MEG and confirms that F is sufficiently low
to ensure that the probability of absorbing two photons by a single QD per pump pulse is
negligible. In contrast, pumping the sample above the threshold of MEG to an occupation
level of the same order resulted in a clear bi-exciton decay feature, corresponding to a value
of R clearly greater than 1. Figure 3.21 also shows the variation of R with the occupation, F,
for above-threshold pumping. The data fit very well to Equation 3.5, which also supports the
attribution of the observed decay feature in the transient to bi-exciton recombination. The fit
also allows the determination of the QY yielding a value of 1.36 + 0.04 for excitation at

3.1Eg, which confirms the occurrence of MEG.
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Allan and Delerue [2] calculated QY as a function of pump photon energy for three
different phonon cooling lifetimes: 1, 3, and 10 ps as shown in Figure 3.22; the

experimentally measured QY is also shown in magenta for comparison.
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Figure 3.22 MEG quantum yield of 3.5 nm diameter HgTe QDs calculated for three different
phonon cooling lifetimes. The point shown in magenta is the experimentally measured
quantum yield for comparison.

It is clear that the measured QY agrees well with the one calculated, indicating that
the phonon cooling lifetime of the sample under study is between 3 and 10 ps, and is
consistent with the ~6 ps rise time of the transients after photoexcitation, shown in
Figure 3.23, which corresponds to the cooling time of hot excitons to the band edge.
Figure 3.22 also shows that MEG occurs only for photon energy, hv, greater than 2E,, the
minimum allowed by conservation of energy, but its QY does not begin to rise notably until
hv reaches ~2.5E,. It also shows an important result, indicating how the QY of MEG can
vary with the rate of carrier cooling. This is important to consider when studying MEG in
imperfectly passivated QDs in which surface-related cooling processes can be significant,

leading to an increase in the total rate of carrier cooling, which competes with MEG and thus
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to a reduction in the resultant QY, which complicates comparison with the efficiency of bulk

impact ionisation [12, 28].
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Figure 3.23 Initial bleach rise for MPA-capped HgTe QDs when pumped with photon
energies above and below the MEG threshold

The performance of HgTe QDs MEG is comparable with that of most other QD types
studied to date and discussed in section 2.3.2, especially QDs that take into account the
influence of the trion formation and direct surface trapping processes which can be confused
with MEG. For example, MPA-capped HgTe QDs demonstrate better performance than Pb-
chalcogenide QDs, which have shown a QY of ~1.2 when pumped with photon energy of
~3E, [29]. InP QDs [30] have shown an efficiency that is similar to that reported here for
HgTe QDs. However, their band edge was beyond the optimum range for exploitation of the
solar spectrum. A quantum yield of ~2 has been reported for closely-packed arrays of Si
nanocrystals in SiO2 when using pump photon energy greater than 2.6 E, [31]. However, the
mechanism used there was different from the one used here, since an additional exciton is

generated in an adjacent QD.
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We have just seen the high QY that HgTe QDs exhibit at low photon energy
compared to other materials. They also benefit from size-tunability over the optimum range
for exploitation of the solar spectrum. One more advantage that HgTe QDs have over some
other QDs is insensitivity to water and air exposure. All the samples studied here during the
experimental measurements were prepared and diluted in water and open to the atmosphere,
while there are some QDs that are susceptible to oxidation [32], which requires the use of
anhydrous solvents and preparation under inert atmospheres. Oxidisation was found, for
example, to be able to convert 50% of the outer volume of a QD into an oxide shell with a
large band edge surrounding a core of unoxidised PbSe [33], which in turn leads to blue-
shifting the absorption edge and eliminates extracting charges from the core of the QD. Such
issues can affect the performance of solar cells and, therefore, researchers are likely to have
had special requirements, such as a helium atmosphere [34], when making solar cells to
ensure that the QDs are sealed from the atmosphere. This special requirement can, notably,
increase the cost of solar cells based on this type of QD. However, MPA-capped HgTe QDs
are chemically stable, which enables these steps to be bypassed and hence is likely to reduce
the cost of solar cells based on QDs. The literature reports MPA ligands diluted with
methanol used to passivate PbS CQDs for solar cell measurements [35]. The power
conversion efficiency achieved was 5.1%. The QDs were prepared using a layer-by-layer
method to make film deposited with PbS QDs and 5 drops of MPA were used in each layer.
Such a good level of efficiency achieved by using MPA in addition to the results we obtained

should turn researchers’ attention to those ligands which could improve the QD solar cell

field.
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As mentioned earlier, DDT-capped HgTe QDs could be considered as an example of
how MEG could be overestimated. Here, a measurement of the QY is assessed based on the
TA results and compared to the theoretical value already expected for these QDs. The
probability of a QD absorbing more than one photon per pump pulse is negligible at low
pump fluences and the measurements of QY here are limited to the vigorously stirred
samples throughout the experiment and to the transients with peaks that decay mono-
exponentially to a plateau with a constant lifetime. The method we will use here to assess
MEG is similar to one already used [13], which relies on deducing MEG from the R values
obtained from the transients over a range of excitation levels (above and below the MEG
threshold) but when vanishing the pump fluence. The transmittance transients can be
expressed in terms of the occupation of the probed state, F, where it is 7.25AT /T for

pumping with 1.6E; and 16.13AT/T when exciting with 3.2E; (see Equation 3.7).
Figure 3.24 a) shows the peak-to-plateau ratio, R, of the transmittance transients induced by
a pump beam of wavelength 1.6E; (below the MEG threshold, which is at least twice the
band edge) for DDT-capped HgTe QDs as a function of the occupation of the probe state,
F. The fit shown is to Equation 3.5 and has a quantum vyield value of 1.14 + 0.17. In
comparison, when pumping the sample above the MEG threshold (3.2E;), as shown in
Figure 3.24 b), the magnitude of R becomes significantly greater than 1. The data fit
reasonably to Equation 3.5, yielding a QY value of 1.56 + 0.11. This experimental value of
the QY contradicts the theoretical value of 1.1, suggesting that direct surface trapping
influences the value here, which supports our conclusion to refer the decay of the transients

shown in Figure 3.17 to being due to surface-related processes.
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Figure 3.24 Peak-to-plateau ratio, R, of the transmittance transients for DDT-capped HgTe
QDs as a function of the occupation of the probe state, F. QDs are induced by a pump beam
of wavelengths a)1.6E4 and b) 3.2 Eg; the fit shown is to Equation 3.5.

3.8 Summary

UTA spectroscopy has been used here in the study of charge dynamics in HgTe QDs
capped by 1-thioglycerol, MPA and DDT ligands. Under experimental conditions, the sign
of PA in the spectra superimposed with a bleach was attributed to charges trapped in the QD
surface characterised by a decay lifetime near 30 ps. None of the samples’ transmittance
transients showed any sign of trion recombination at low pump powers but this was evident
at high pump powers in some samples. A discussion of the chemical structures of the ligands
has suggested that the carboxylic acid group played an important role in the passivation
processes, enabling greater donation of the electron density that suppresses trap states for
the MPA-capped samples. In this chapter, MEG was measured for the first time in semimetal

QDs with a QY of 1.36 for excitation at 3.1Eq.
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Chapter 4 Ultrafast exciton dynamics in CdHgTe
alloy QDs

4.1 Introduction

Ultrafast exciton dynamics in cadmium mercury telluride (CdxHgu-xTe) alloy QDs
are investigated in this chapter. Firstly, the fundamental optical properties are studied,
including steady state absorption, photoluminescence, and pump-induced transmittance
change spectra. Then the excitonic dynamics of the sample are investigated in detail,
including the transmittance transients above and below the expected MEG threshold, and the
shape of the transients obtained for stirred and static samples. All of the possible mechanisms
that can be involved in sub-nanosecond transients are discussed. Finally, a MEG quantum

yield is determined and compared to a study recently published.

4.2 Samples under study

The CdxHgax) Te alloy QDs used here were synthesised by Dr. S. V. Kershaw, our
collaborator in The Centre for Functional Photonics, Department of Physics and Material
Science at City University of Hong Kong. The synthesis process is described in Ref. [1], but
here we provide a brief description. CdTe QDs were firstly synthesised and their solution
precipitated, and then the QDs were dispersed in deionised water. When getting to this stage,
different amounts of Hg?* solution were added. Samples were made by what is known as ion
exchange in water, which then can be transferred into organic solution to ensure that the QDs

are properly dispersed as individual QDs.

4.3 Characterisation

Figure 4.1 shows the absorption and PL spectra for a typical sample of CdxHgu-xTe

alloy QDs. It can be seen that the PL spectrum has a peak at ~1043 nm and an FWHM of
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about 150 nm (narrower than the PL for HgTe QDs shown in the previous chapter), while
the absorption spectrum shows a broad shoulder Stokes-shifted from the PL peak by 100—
150 nm to shorter wavelengths and centred at about 920 nm. Narrow PL FWHM is said to
be achieved in alloy QDs as the broadening of the PL is usually because of the fluctuation
of the QDs’ size, which is highly decreased in alloyed QDs [2]. The FWHM of the PL
spectrum for CdxHg-x Te alloy QDs shown in Figure 4.1 supports such a theory.
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Figure 4.1 Absorbance (black) and PL (red) spectra of CdxHg-xTe alloy QDs.

Our strategy is then to examine the sample’s differential spectrum to gain
information regarding bleach and PA, if there is any, behaviour. Figure 4.2 shows the pump-
induced transmittance change, AT /T, spectrum obtained for a sample of CdxHg-xTe alloy
QDs taken at the time when it was at its maximum amplitude. As expected, the spectrum
shows a feature at ~920 nm, which is referred to as a bleach located in the same position of
the shoulder seen in the steady state absorption spectrum in Figure 4.1, i.e. the 1S position,
but this shoulder is followed by a peak at ~1050, which is attributed to the sample’s PL. Note

that PL contributes to the measured spectrum because it produces additional pump-induced
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photons at the detector. However, it can be distinguished from pump-induced changes in the
absorption because it is independent of the pump-probe delay and, thus, appears as a constant

background in kinetic traces (see inset in Figure 4.2).
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Figure 4.2 Pump-induced transmittance change, AT/T, spectrum taken with 500 nm pump
wavelength of CdxHguxTe alloy QDs (black). PL (red) is shown in an arbitrary units for
comparison. Inset: an example of a transient showing the PL as a background.

4.4 Excitonic dynamics of CdxHgu-xTe alloy QDs

The QDs' exciton dynamics, including MEG, were studied by measuring the
transmittance transients of the bleach. Different excitation wavelengths were used, below
the expected MEG threshold for the QDs used and above it. Figure 4.3 shows the measured
transmittance transients of the bleach of the CdxHgxTe alloy QDs when probing at 920
nm and pumping with 400 nm (above the MEG threshold of ~2.6 Eg) using average pump
powers of 0.175, 0.235, 0.300 and 0.450 mW. A global fit to the transients from the peak to
the plateau, using Equation 3.2 to a mono-exponential decline, yielded a time constant of
91+1 ps. Note that the fit for the highest pump power used is not as good as the others at the

first couple of ps of the decay, i.e. it starts to deviate from being mono-exponential,
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suggesting that trion formation begins to appear, which limits our measurements to this value

and lower. Similar behaviour was seen for HgTe QDs, as described in the last chapter.
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Figure 4.3 Transmittance transients obtained for the CdxHguxTe alloy QDs at a probe
wavelength of 920 nm. The transients were induced by 400 nm of the powers shown in the
legends. The fits shown are global and for a mono-exponential decay with a time constant
of 911 ps.

A single wavelength is not enough to study exciton dynamics such as MEG,;
therefore, the bleach transmittance transients of the CdxHg-x Te alloy QDs were also taken
when probing at the same probe wavelength, 920 nm, but induced by a 750 nm wavelength
0f 0.26, 0.32, 0.40 and 1.00 mW. This wavelength is, based on Equation 1.5, below the MEG
threshold at ~1.4 Eq4. Figure 4.4 shows the resultant transients in a 550 ps window. A global
fit to the transients well describes the peak-to-plateau decay with a mono-exponential decay

with the same time constant as for Figure 4.3, i.e. 91 ps.
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Figure 4.4 Transmittance transients obtained for the CdxHgu-xTe alloy QDs at a probe
wavelength of 920 nm when pumped with 750 nm of the powers shown in the legends. The
fits to the data shown resulted in a decay lifetime of 91 ps.

Bleach transients were measured at two more wavelengths: 470 nm (~2.2 Eg) and
370 nm (~2.8 Eg). The expected MEG threshold of the CdxHguxTe alloy QDs can be
calculated from Equation 1.5. The effective masses of the electron and hole are 0.064 mo and
0.35 mo, respectively, where mo is the electron mass [3] and, thus, the expected MEG
threshold is ~2.18 E4. It means that the 470 nm wavelength is almost located at the threshold
for MEG, while the 370 nm wavelength is above it. Figure 4.5 shows in a 600 ps window
the transients of the CdxHgx Te alloy QDs when probing and pumping with 920 nm and
470 nm, respectively. The average pump powers used were 0.25, 0.40 and 0.60 mW. The fit
shown is for a mono-exponential decay with a time constant of 91 ps. The deviation from
being mono-exponential which was seen in the highest pump power fit is a sign of the
limitation in the pump power used, as in this power the trion formation starts to add an extra

component to the transients.
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Figure 4.5 Fractional transmittance change, AT/T, transients for CdyHguxTe alloy QDs
induced by a pump beam of a 470 nm wavelength with a range of average powers shown in

the legends. A global mono-exponential fit to the decays is also shown yielding a time
constant of 91 ps.

Similarly, Figure 4.6 shows the transmittance transients for CdxHg-xTe alloy QDs
induced by a pump wavelength of 370 nm, with average pump powers ranging from 0.15
mW to 0.60 mW. Also shown is the global fit to a mono-exponential decay using Equation
3.2 with a time constant of 91 ps. The measurements were taken on different days on which
the overlap between the pump and probe beams is not necessarily exactly the same. The
overlap between the two beams is part of the daily experimental preparations before taking
the measurements; thus, it could differ. Therefore, not all of the measured power of the pump
spot might be used to overlap with the probe spot, which then can affect the pump power
trend as shown in Figure 4.6. However, the transients in our measurements can be obtained
even if the overlap of the pump is not perfectly achieved in the centre of the probe beam.
Furthermore, we do not study the maximum of the transient against the pump powers or even
the overlap between pump and probe beams; rather, we study the decay of the maximum

value of the transients. The deviation from the mono-exponential fit is also seen in
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Figure 4.6, and it is that trion formation beginning to appear at that pump power which limits

our measurements, which is the same reason discussed earlier in Figure 4.3 and Figure 4.5.
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Figure 4.6 Fractional transmittance change, AT/T, transients obtained for CdxHg@-x Te alloy
QDs induced by 370 nm with a range of average powers shown in the legends. A global
mono-exponential fit to the decays is also shown yielding a time constant of 91 ps.

4.4.1 Stirring effect on CdxHgux Te alloy QDs

We have just seen how transients at low pump powers are described by a mono-
exponential decay, but the stirring effect on the sample has not been shown yet. This gives
an idea about photocharging of the CdxHgu-xTe alloy QDs. The literature has shown no
study of this effect, although determining the degree of trion formation is very important in
ensuring MEG yield is assessed reliably. Figure 4.7 compares pump-induced transmittance
transients for a 0.235 mW pump power at a wavelength of 400 nm obtained for static and
stirred samples of CdxHgu-xTe alloy QDs. The power used here is in the low pump power
range and no difference can be seen between the transients for a static and stirred sample,
indicating that trion formation is eliminated in these alloy QDs, which will result in a reliable

MEG assessment.
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Figure 4.7 Comparison of pump-induced transmittance transients for the same pump power,
0.235 mW, at a wavelength of 400 nm obtained for static and stirred samples of CdxHg@-xTe
alloy QDs.

4.5 Discussion of the possible mechanisms

Transients shown in Figure 4.3 have a lifetime of 91 ps, which could be due to multi-
exciton recombination either by MEG or by the absorption of multi-photons upon the
excitation process. However, it has been already discussed that there are two other processes
which can lead to a sub-nanosecond decay similar to that shown in Figure 4.3 with a similar
time-scale: trion decay and direct surface trapping, which were studied in different types of
QDs [4-9]. However, it is well known that trion formation can be eliminated by a vigorous
stirring or flowing of the sample [8-10]. All of the samples used for the study were stirred at
1000 rpm using a magnetic stirrer to supress any trion formation. Moreover, Figure 4.7 has
shown that at low pump powers the transients obtained for stirred and static samples were
almost the same (no significant difference between them is evident) and they possess the
same mono-exponential decay, meaning that trion decay was not the cause of the transients
obtained above the MEG threshold, i.e. the ones shown in Figure 4.3 and Figure 4.6. Direct

surface trapping is the other possible mechanism that can lead to transients similar to the
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ones shown above. However, it is always characterised by PA near to the band edge [5-7].
The pump-induced transmittance change spectrum of CdxHgxTe alloy QDs measured in
this study (see Figure 4.2) has shown no sign of any PA in the sample, indicating that direct
surface trapping is also not the reason behind the transients obtained in Figure 4.3 and
Figure 4.6. Therefore, we conclude that the bleach decay of the CdxHg-xTe alloy QDs is
dominated by bi-exciton recombination. As the transients below the MEG threshold show
significant decays (see Figure 4.4), we attribute them to bi-exciton recombination created by
two photons, while in the above MEG threshold case the decay of the transients is attributed

to bi-exciton recombination due to both the absorption of two photons and MEG.

Energy conservation is applied in the formation of MEG, which means that a photon
energy equivalent to at least twice the band edge (2E), according to Equation 1.5, is required
to create any extra exciton, with each additional exciton on top of that requiring further
energy at least equal to the band edge. Based on this limit, any photon with energy between
2E, and 3E, is capable of producing just a bi-exciton, which then decays into a single exciton
on a sub-nanosecond time-scale (10s of ps). For vanishing pump fluences, and thus (N) in
Equation 3.5, the value of R becomes equivalent to the QY, which is greater than 1 if MEG
occurs. We stated earlier that the transients obtained for CdxHg-xTe alloy QDs are free of
any PA and trion formation at sufficiently low pump fluences. Therefore, MEG in this

sample can be identified and its resulting quantum yield can be assessed.

MEG in the literature has been identified either by comparing transients obtained at
similar levels of average excitation, i.e. (N'), and pumped at photon energies above and below
the MEG threshold [11] or by extracting the MEG quantum yield from R values obtained

from the transients over a range of excitation levels for both above and below the MEG
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threshold, and extrapolating to the vanishing pump fluence [12]; the latter method is used
here. Equation 3.7 explained the dependence of AT /T on arbitrary values of A, and allows
us to express the transients in terms of the occupation of the probed state. We managed to
study the variation of the peak-to-plateau ratio, R, with the occupation, F, for both above
and below MEG threshold pumping. Figure 4.8 shows R as a function of F for the
transmittance transients obtained for CdxHg-x Te alloy QDs when induced by a pump beam
of wavelengths: a) 1.4E; (below the MEG threshold) and b) 2.2E, (almost at the MEG
threshold). F is 3.3AT /T in the case of 1.4E (as the optical density at the probe wavelength
was 0.4, while it was 0.44 at the pump wavelength). In contrast, F is 6.1AT /T when exciting
with 2.2E,; (where the optical density at the pump wavelength was 2.16) (see Equation 3.7).
The PL lifetime of the alloyed QDs used here was measured as being ~55 ns [13] extracted
from a stretched exponential fit to the PL decay with a g factor of 0.79; thus, any single-

exciton decay should be considered when investigating a MEG quantum yield.
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Figure 4.8 Peak-to-plateau ratio, R, of the transmittance transients induced by a pump beam
of wavelengths a) 1.4Eq4 and b) 2.2E4 for CdxHguxTe alloy QDs as a function of the
occupation of the probe state, F; the fit shown is to Equation 4.1.

Beard et al. [12] have defined the peak-to-plateau ratio in the presence of any single-

exciton decay as:

_8.(N).QY
1 —exp(—(N))

Equation 4.1
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where QY is the quantum yield, (N) is the average number of absorbed photons per pulse
per QD, and ¢ is a factor that takes into account the single-exciton decay during the

experiment. It is given by:

tpiateau — tpeak A

6= exp( P P )
TpL

Equation 4.2

where (tpiateau — tpeak) 1S the time by which the decay is completed and assumed to be 0.5
ns in this study, and both the PL lifetime, tp;, and S are parameters resulting from the
stretched exponential fit to the PL decay, which gives § a value of ~1.025; this value is used
from now on and applied for quantum yield measurements in all of the cases above and
below the MEG threshold. Therefore, the fit shown in Figure 4.8 is to Equation 4.1 and
yields a QY of 1.01+0.01 for the a) case and 0.99+0.04 for the b) case. The two cases
logically follow the nature of MEG, as the quantum yield is expected to be 1 below the
threshold and then starts to increase gradually. This allows one not to expect any significant

increase in the quantum vyield at the MEG threshold.

In comparison, when photo-exciting the CdxHgq-x) Te alloy QDs with photon energy

above the MEG threshold, i.e. 2.6E, and 2.8, (as shown in Figure 4.9 a) and b),

respectively), the magnitude of R becomes significantly greater than 1. The data fit very well

to Equation 4.1, which results in a QY value of 1.12+0.01 and 1.05+0.02 for 2.6E, and
2.8E, respectively. The peak-to-plateau ratio, R, of the transmittance transients in Figure 4.9
is plotted against the occupation of the probe state, F, which is 9.71AT /T in the 2.6E,; case

(as the optical density at the pump wavelength was 3.8). In comparison, it is 11.9AT /T when

exciting with 2.8E,; (where the optical density at the pump wavelength was 4.72).
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Figure 4.9 Peak-to-plateau ratio, R, of the transmittance transients induced by a pump beam
of wavelengths a) 2.6E4 and b) 2.8E4 for CdxHguxTe alloy QDs as a function of the
occupation of the probe state, F; the fit shown is to Equation 4.1.

The drop in the QY value when photo-exciting with 2.8E¢ could be due to a similar
behaviour to that reported previously for HgTe QDs [14], and was discussed in Chapter 3.
The QY there starts at the threshold, and then it drops off (before it rises again). The QY
experimental results also support the attribution of the transients obtained in both Figure 4.3

and Figure 4.6 to be due to bi-exciton recombination and to confirm the occurrence of MEG.
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All of the transients shown above were obtained when the delay stage was set to 0.2
mm, which corresponds to a time-resolution of about 1.33 ps. Clearly, this is not sufficient
to accurately study the early stage rise time of the transients, typically less than 6 ps; thus,
for more accuracy a higher resolution is required. Figure 4.10 shows the initial rise time of
the CdxHgx Te alloy QD’s bleach, which corresponds to the cooling time of hot excitons
to the band edge at three different excitation levels: 1.4E;, 2.6E, and 2.8E,. The resolution
used here was 10 times higher than that used for previous figures. The rise times are
significantly longer for excitation at 2.6E, and 2.8, at ~4 ps and ~5 ps, respectively, in
comparison to ~1.1 ps for pumping at 1.4E,. This is attributed to the significantly greater
amount of excess energy to be dissipated by cooling in the former two cases, i.e. 1.6E, and

1.8E;, compared to 0.4E,,.
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Figure 4.10 Initial bleach rise for CdxHguxTe alloy QDs when pumped with photon
energies above and below the MEG threshold (shown in legend).

Our investigations have shown that the quantum yield has the highest value of
1.12+0.01 when photo-excited with 2.6E4. After completing MEG measurements for this

study, and during the preparation of the work for submission to a journal, a study regarding
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MEG in CdxHgu-xTe alloy QDs was published. The study reported a quantum vyield of
199+19% when using pump energy of 4.28 eV (290 nm), which is equivalent to three times
the band gap for CdxHguxTe alloy QDs (as shown in Figure 4.11) [15] with a MEG
threshold of 2.15 times the band gap. Here, we compare MEG QY in both studies and then

we highlight the novelty of our work.
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Figure 4.11 Peak-to-plateau ratio against relative power for CdxHg-xTe alloy QDs. The
MEG quantum yield here is 100(1+a/r)%. "Reproduced from [15] with permission of the
PCCP Owner Societies."

The analysis method used in Ref. [15] considered the 1S transition as a measure of the band
gap rather than the PL peak, as we do. If a comparison is made between the two results, the
strategy utilised for the measurement of the photon energy used for excitation with respect
to the band gap should be the same. Therefore, here we explain their measurement first and
then make a comparison. The PL maximum for the sample used in Ref. [15] was 1001 nm
(1.24 eV), and the photon energy used for pumping was 4.28 eV, which means that the pump
photon has an energy equivalent to ~3.5Ey. Now the quantum yield of 199+19% obtained
for photons with energy of 3.5E4 can be compared to our result, i.e. a quantum yield of

112+1% when pumping with 2.6Eg. Therefore, the quantum yield obtained in Ref. [15] is
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almost 1.8 times the one we have measured but with more energetic photons. The calculated
quantum yield for HgTe QDs in Chapter 3 as a function of pump photon energy for three
different phonon cooling lifetimes can explain the dramatic increase in the quantum yield
when photo-exciting with 3.5E4 (compared to 2.6Eg) (see Figure 4.12, reproduced here from
Chapter 3 for convenience). Clearly, photons with energy of 3.5 eV can increase the quantum
yield by a factor of ~1.7 (compared to 2.6 eV) (note that the band gap used for the HgTe
QDs was 1 eV). If the MEG QY for CdHgTe QDs behaves similarly, then both sets of results

are consistent.
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Figure 4.12 MEG quantum yield of 3.5 nm (diameter) HgTe QDs calculated for three
different phonon cooling lifetimes.

Three main points highlight the novelty of our study. Firstly, the accuracy as the error
in QY measurements here is 1%, while it is 19% in Ref. [15]. The more accurate result could
come from the instrument used or the amount of averaging in transients’ measurements.
Secondly, the stirring effect on the sample was studied here as being represented by the
comparison between transients for stirred and static samples, which the reported study did

not cover. It is known how important such aspects of study are to determine whether stirring
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could eliminate the possibility of photo-charging. Finally, this study was also able to identify

the rate of carrier cooling from the transient rise times while the reported study did not.

We have used ultrafast transient absorption spectroscopy to investigate the exciton
dynamics in CdxHgu-xTe alloy QDs. The pump-induced transmittance change spectrum has
shown bleach at the band gap. Four different wavelengths have been used to study the decay
of the transmittance transients; two of them are above the MEG threshold. We have found
that the sample is free of photo-induced absorption and photo-charging. Therefore, we
attributed the decay of the transients obtained above the MEG threshold for well-stirred
samples at low pump powers to biexciton recombination. MEG has been assessed and its

quantum yield was measured as being 1.12+0.01 when photo-excited with 2.6 times the band

gap.
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Chapter 5 Size-dependence of ultrafast charge
dynamics in TiO;-Au system

5.1 Introduction

This chapter studies the ultrafast charge dynamics in different sizes of monodisperse
Au nanoparticles supported on colloidal TiO2 spheres. First, brief information about the
samples under study is provided including the synthesis method used, the sizes of the
nanoparticles and some images for them. Then, samples are characterised in terms of their
steady state absorption (including bare Au nanoparticles), PL and pump-induced
transmittance change spectra. Following that, the charge dynamics are investigated using
ultrafast transient absorption spectroscopy. In particular, the effect of the NP size on the

charge dynamics in this system is studied.

5.2 Samples under study

The results of this study were published in the journal Physical Chemistry Chemical
Physics [1]. The samples studied here are colloidal TiO. spheres decorated with
monodisperse Au nanoparticles of three different sizes. They have been synthesised by Dr.
Pedro H. C. Camargo, our collaborator in the Departamento de Qui'mica Fundamental,
Instituto de Qui‘'mica, Universidade de Sa”o Paulo in Brazil. The synthesis process is
described elsewhere [1, 2] but here we provide brief information regarding the sizes and the
denotations. TiO> colloidal spheres with a diameter of ~220 nm were synthesised then used
as templates for deposition of the Au nanoparticles. In the first stage, sample ‘TiO2-Aul’
was formed after three hours of adding 3 mL of 1 mM of AuCls solution to the TiOy. In the
second stage, the same amount of the solution was added to TiO2-Aul to form ‘TiO2-Au2’

and finally in the third stage, ‘TiO2-Au3’ was formed from TiO2-Au2 in the same way. The
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average diameters of the Au nanoparticles over the surface of the TiO: colloidal sphere were
found (by our collaborators) to be 12.2+2.2 nm, 19.3+2.3 nm and 24.5+2.8 nm for samples
TiO2-Aul, TiO2-Au2 and TiO2-Au3, respectively. Washing the samples several times with
water was part of the synthesis process during all the different stages, and they can be diluted
in water. Figure 5.1 shows the steps of the synthesis and SEM images of the TiO2-Aul, TiO,-
Au?2 and TiO2-Au3 samples. The Au nanoparticles display monodisperse sizes and uniform
distribution over the TiO> surface. This well-controlled size enables a reliable study of the
ultrafast charge dynamics in TiO2-Au NPs as a function of NP diameter, clarifying the

conflicting results currently reported in the literature, as discussed in Chapter 1.

Figure 5.1 (A) Synthesis steps of TiO2 colloidal spheres decorated with well-controlled sizes
of Au NPs having uniform distribution over the TiO; surface. (B-D) SEM images of TiO2-Au
colloidal spheres that were obtained after the first (B, TiO2-Aul), second (C, TiO2-Au2) and
third (D, TiO2-Au3) deposition steps. The scale bars in the insets correspond to 100 nm.

5.3 Optical characterisation

We start with measuring both the absorption and PL spectra for TiO, and all three
TiO2-Au samples. The samples (TiOz, TiO2-Aul, TiO2-Au2 and TiO2-Au3) were first
diluted in deionised water to achieve an optical density of ~ (0.2 to 0.5) and placed in cuvettes
to be optically characterised. Figure 5.2 (a) and (b) show the steady state absorption and PL
spectra for all the samples, respectively. In order for the relative contribution of the Au NPs
to be emphasised in Figure 5.2 (a), each spectrum has been normalised to zero at 700 nm
and to 1 at 370 nm as the absorbance of the TiO; at these wavelengths is known to be
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dominant [3]. Furthermore, the absorption of the Au NPs at 370 nm is almost the same as

470 nm, as shown in Figure 5.3 (taken by Dr. Marina A. Leontiadou); similar absorption

spectrum behaviour for Au NPs has been already reported [4]. That means that if there is an

absorption by the Au NPs species in the system, we know that it is almost the same for 370

nm and 470 nm (the wavelengths used for photo-excitation in the experiment).
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Figure 5.2 (a) Normalised absorbance and (b) PL spectra of TiO2 and TiO2-Au NP samples.
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Figure 5.3 Steady state absorption spectrum of Au NPs. Red arrows show the 370 nm and
470 nm wavelengths.

It can be seen that an absorption peak is evident in Figure 5.2 (a) for the TiO2-Au samples
centred at ~530 nm, corresponding to the peak seen for the Au NPs on their own (as shown
in Figure 5.3) and attributed to the plasmon resonance [5]; apart from that, a rise in
absorption is seen with the decrease of wavelengths. In contrast, the feature at 530 nm cannot
be seen for the TiO2 only sample, indicating that these features are due to the presence of the
gold NPs in the system. The PL spectra shown in Figure 5.2 (b) have a FWHM of ~75 nm
and feature a broad peak centred at about 387 nm which corresponds to band edge
recombination in TiO2 whereas it shifts to about 395 nm on the addition of the Au-NPs. The
red-shift in the position of the PL peak on the addition of the Au is consistent with the
equilibration of the Fermi levels when exciting with UV light, as reported in the literature
[5]. The PL intensity was significantly weaker for the TiO2-Aul and TiO2-Au2 than for the
TiO2 sample, seen in the normalised data as an increase in the fluctuation of their signal in
Figure 5.2 (b) which is attributed to electron injection into the Au NPs, leading to a reduction
in the recombination at the band edge of TiO». In comparison, the PL spectrum for TiO»-

Au3 is more intense than for the other TiO2-Au samples which is seen as a less noisy
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normalised spectrum and this is consistent with reducing the shift of Fermi level for larger
NP diameters reported previously [5], making the injection of the electron less energetically
favourable at equilibrium. The absorption spectrum of the TiO2 shown in Figure 5.2 (a) is
extended beyond its band edge energy due to a scattering from the colloidal TiO, spheres

with a diameter of ~220 nm and also because of nitrogen, N, and fluorine, F, impurities [6].

Figure 5.4 shows the pump-induced transmittance change, AT /T, spectra for the
TiO2 and TiO2-Au samples taken at the time immediately after pumping when the change is
a maximum for excitation at a wavelength of 370 nm with an average pump power of 1 mW.
It can be seen that the TiO> spectrum shows no response over this spectral region while the
TiO2-Aul, TiO2-Au2 and TiO2-Au3 spectra have features observed over the spectral region
corresponding to the plasmonic absorption peaks i.e. ~530 nm (see Figure 5.2 (a)). Note that

no change in the form of the spectra was observed after repeated measurement.
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Figure 5.4 Pump-induced transmittance change, AT/T, spectra of TiOz colloidal spheres and
TiO2-Au samples for a 370 nm excitation wavelength and an average pump power of 1 mW

(measured at the position of the sample). Each spectrum took approximately 30 minutes to
collect.
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The spectra for the TiO2-Au samples comprises a bleach peak over the region from
500 nm to 560 nm centred at the plasmon resonance combined with two regions of photo-
induced absorption (PA) to either side of the bleach. The PA is evident from approximately
560 nm to 700 nm and for wavelengths shorter than 500 nm. Such an overall shape has been
previously observed in directly-excited Au NPs [7-12] and also in samples where gold is
combined with CdS [9, 10, 13]. For example, when gold NPs were photoexcited by a 400
nm pump beam and probed at the plasmon resonance, the broadening of the surface plasmon
band occurred as a bleach superimposed with two wings of absorption features at shorter
and longer wavelengths [10, 11]. The features in general are attributed to the increase in
electron temperature produced either by direct photoexcitation of the Au or by
photoexcitation of the CdS followed by electron injection into the Au NPs. What happens
here is that the high temperature of the electrons spectrally broadens the plasmonic response,
leading to a reduction in the absorption at the peak (producing the observed bleach) and it

increases the absorption at the wings (resulting in the PA clearly seen) [10, 11].

A recent study has used ultrafast transient absorption spectroscopy to test the electron
injection dynamics from gold NPs to the conduction band of TiO> films when probing at
3440 nm [14]. Interestingly, they claimed that interband transition from the d-band to the sp-
band in the gold overlaps with the plasmon band at the peak. Hence, the spectra shown in
Figure 5.4 could be due to interband transitions in gold NPs generated by direct
photoexcitation; however, this explanation can be ruled out in our case. First, the holes in
the d-band of a gold NP can recombine with the excited electrons in a very fast time scale of
tens of fs [11, 15] due to the high density of electrons in the conduction band [11] while the
spectra shown were taken after few ps of pumping. Second, this time is much faster than the
duration of the laser pulses used in our system (~100 fs) which makes it impossible to detect

here if it is due to interband transitions in gold NPs. Moreover, absorption at 370 nm by the
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TiOz s significant, as already discussed and shown in Figure 5.2 (a). Also, the absorption at
370 nmand 470 nm by the Au NPs is already stated as nearly the same. Therefore, to confirm
that the absorption by the TiO2 is primarily accountable for the observed transient
transmittance changes in our case, the samples were also pumped at 470 nm at the same
power. The 470 nm wavelength is closer to the plasmon resonance feature, hence if direct
absorption of photons by the Au NPs is important then a larger response would be expected.
Figure 5.5 shows the resultant pump-induced transmittance change spectra of TiO2-Au
samples taken with 470 nm excitation wavelength. Clearly, the response to 470 nm pumping
is reduced for all samples compared to that found for 370 nm pumping, for example, reduced
by a factor of two for the TiO2-Au3 sample. This is instead consistent with the reduced
absorbance by the TiO; at this wavelength (see Figure 5.2 (a)) and demonstrates that we are
largely photo-exciting the TiO2 in this experiment. As a result, we attribute the observed

excitation of the Au NPs to the capture of electrons that were initially created in the TiOs.
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Figure 5.5 Pump-induced transmittance change spectra of TiO2-Au samples taken with 470
nm excitation wavelength. The power intensity of the pump beam was 1mW at the position
of the sample. Each spectrum took approximately 30 minutes to collect.
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Previous studies [7-12] have shown that the amplitude of the plasmonic response in
Au NPs broadly changes while the spectral shape does not change with time and hence the
behaviour of its transient can be investigated by measuring the pump-induced transmittance
change at a single wavelength. Figure 5.6 (a) shows in a 300 ps window the fractional
transmittance changes, AT/T, transients for the TiO2-Au2 sample when induced by different
pump powers of 0.2 (pink), 0.4 (blue), 0.7 (red) and 1mW (black) using 370 nm and 530 nm

as pump and probe wavelengths, respectively.

The decay of the pump-induced transmittance transients shown in Figure 5.6 (a)
consists of two decay components at all the different powers, here called fast and slow. We
can see from Figure 5.6 that the majority of the decay is associated with the fast component.
The increment in path length difference between the pump and probe beams used here was
0.5 mm and corresponds to a time-resolution of ~3.3 ps which is suitable for the slow decay
component. However, if the fast decay component is to be investigated, then a higher
resolution is required. Figure 5.6 (b) shows the early stage of the transient at 1 mW pump
power recorded at higher temporal resolution when the delay stage is set at 0.1 mm, which
corresponds to less than 1 ps (~0.67 ps). An exponential fit to this high resolution early part
of the decay yields a time constant of 2.3+0.1 ps for the fast component. To extract the time
constant for the slow decay component, a global fit of a bi-exponential decay function was
used to fit the longer time-scale transients shown in Figure 5.6 (a), but here using the 2.3 ps
value for the fast component time constant which then yielded a slow component time
constant of 107+5 ps. These two time constants fit and describe very well the decays for

each pump power of the transients shown in Figure 5.6 (a).
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Figure 5.6 a) Transmittance transients for TiO2-Au2 sample when induced by 370 nm pump
beam and 530 nm probe beam for different pump powers as shown in the legend. Each of
the transients shown is the average of nine scans and the delay line step size was 0.5 mm.
Solid lines are the global fit to the transients and the time constants are 2.3+0.1 ps and
10745 ps. b) The initial part of the transient at 1 mW when using small delay step sizes of
0.1mm between the pump and probe beams. Solid line represents the fit.

Similarly, Figure 5.7 shows the transmittance transients induced by different pump
powers shown in the legends for (a) TiO2-Aul and (b) TiO2-Au3 samples. In each case, the
pump and probe beams were 370 nm and 530 nm, respectively. A similar procedure to that

used for the TiO2-Au2 sample was also used to determine the time constants for the fast and

Ali Al-Otaify PhD Thesis 140



Chapter 5 Size-dependence of ultrafast charge dynamics in TiO2-Au system
slow components of the decays, here yielding time constants of 2.1+0.1 ps and 49+3 ps,

respectively for the TiO2-Aul sample, and 2.3+0.1 ps and 128+6 ps for the TiO2-Au3.
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Figure 5.7 Transmittance transients when probing at 530 nm induced by 370 nm wavelength
of different pump powers shown in the legends for (a) TiO.-Aul sample with time constants
of 2.1+0.1 ps and 49+3 ps, and (b) TiO2-Au3 sample with time constants of 2.3+0.1 ps and
12846 ps. Solid lines are the global fit to the transients.

All the transients shown above were obtained for vigorously stirred samples at ~1000
rpm. However, our observations revealed that the shape of the pump-induced transmittance

transients is independent of the stirring and hence also the time constants extracted from
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them. Figure 5.8 shows an example of comparison between transients transmittance obtained
for stirred and static samples of a) TiO2-Au3 using a low pump power of 0.4 mW and b)

TiO2-Au2 using a high pump power of 1.5 mW.
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Figure 5.8 Comparison of transmittance transients of stirred and static samples induced by
370 nm at the bleach for a) TiO2-Au3 using low pump power of 0.4 mW and b) TiO,-Au2
using high pump power of 1.5 mW.

The three samples’ transient decays are compared in Figure 5.9 and the rise of their
bleaches at 530 nm are shown in detail in Figure 5.10. Clearly, the rise is completed in about

1 ps in each case and there is no significant variation between the three samples.
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Figure 5.9 Comparison of transmittance transients obtained for different samples of TiO»-
Au when pumped by an average power of 1 mW at a wavelength of 370 nm.
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Figure 5.10 Initial rise time of the bleach at 530 nm for TiO2-Au samples using a 370 nm
excitation wavelength.

When a metal, in particular Au NPs, is involved in the sample studied then the
changes induced by the pump pulses in a UTA experiment are due to changes of temperature
as electrons cool by a three-step process [9, 11, 14]. In other words, the recovery of the
bleach directly monitors the dynamics of these three steps. Initially, hot electrons are created
either by direct photo-excitation of the NP or by injection from elsewhere, and these
electrons undergo electron-electron scattering over a period on the order of 100 fs. This
results in an elevated electronic temperature and thus a change in the plasmonic response, as
has been previously described. The subsequent step for the electron gas is to cool by electron-
phonon scattering on a time-scale of (1-10 picoseconds). Finally, the heat is dissipated to the

surrounding materials over ~100 ps.

The rise of the bleach signal in all the transients obtained above is attributed to the
charge injection process from the TiO- to the Au NPs. However, the lack of variation in the
initial rise time of the bleach between the samples shown in Figure 5.10 indicates that charge
injection is independent of the size of the Au NPs over this range and under the experiment

conditions. Now we can relate the three-step cooling process to our transients. First, the
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electron-electron process occurs on a similar time-scale to the duration of our pump and
probes pulses (~100 fs) and so is not resolvable in this experiment. In contrast, the resolution
of our experiment enables us to detect both electron-phonon and heat dissipation, which are
represented by the fast and slow decay components observed in the transmittance transients,
respectively. From the results seen in Figure 5.6 and Figure 5.7 we conclude that there is no
significant difference in the rate of electron-phonon scattering, represented by the fast decay,
between the samples; however, the heat dissipation lifetime does change appreciably. We
have already mentioned that the average diameters were found to be 12.2+2.2 nm, 19.3+2.3
nm and 24.5+2.8 nm for samples TiO,-Aul, TiO2-Au2, and TiO2-Au3, respectively, hence
we can study how the time constant associated with heat dissipation varies with the NP
diameter in the TiO2-Au system. Figure 5.11 illustrates how the Au nanoparticle diameter is
related to the heat dissipation lifetime in the samples under study. Therefore, we can
conclude that the rate of heat dissipation, by which the energy associated with the electrons

injected from the TiOz is dissipated, is reduced by increasing the size of the Au NPs.
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Figure 5.11 Phonon-phonon time constant against NP diameter in TiO2-Au samples.
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As we have already done with pump-induced transmittance change spectra of TiO»-
Au samples when we used a 470 nm excitation wavelength as a point closer to the plasmon
resonance, here also we study the transmittance transients of TiO.-Au samples, probing at
530 nm and photo-exciting with 1 mW pump power of 470 nm wavelength. An example of
the transmittance transients for TiO2-Au2 sample is shown in Figure 5.12. The time constants
obtained for the 370 nm case were found to fit very well with the 470 nm one under the

conditions of the experiment.
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Figure 5.12 Transmittance transients for TiO2-Au2 sample when induced by 470 nm pump
beam with bi-exponential fit shown with time constants of 2.3 ps and 107 ps.

Moreover, the rise time in each sample at both excitation wavelengths, 370 nm and
470 nm, was also investigated. Figure 5.13 compares the initial rise of the bleach for the
TiO2-Aul sample at 530 nm when photo-excited with 370 and 470 nm wavelengths. These
measurements were obtained at high resolution as the delay stage was set to 0.04 mm which
is equivalent to ~267 fs. No difference can be seen in Figure 5.13 between the rises of the
two transients, and similar results were obtained for other samples (in some cases there were
tens of fs differences which is within the pulse duration of the experiment). Our observations

confirmed that the amplitude of the transient at 370 nm is always larger than that of 470 nm
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at all cases and for all samples, except the one shown in Figure 5.13 which is attributed to
mis-centring the pump beam spot at the probe beam when setting the experiment for
measurements. Therefore, this emphasises that the response of the TiO2-Au samples has a

significant contribution due to direct absorption by the TiOo.
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Figure 5.13 Initial bleach rises for TiO2-Aul sample at 530 nm when photo-excited with 370
and 470 nm wavelengths.

All the above results and observations allow us to draw some conclusions about the
effect of NP size on photo-catalytic activity. Here, the ability of the Au NPs to capture photo-
generated electrons efficiently from the TiO- plays an important role in the successful usage
of colloidal TiO2 spheres decorated with Au NPs as a photo-catalyst. However, studies
demonstrated that electrons can also be efficiently transferred from Au NPs to the TiO;
following direct photo-excitation of the Au NPs at the plasmonic resonance [14]. This
electron transfer from the NPs to the TiO2 can occur within 50 fs, which could be before or
during the electron-electron scattering phase [14]. Therefore, if a high electron capture yield
by the Au NPs is required, then the rate of electron cooling should be higher than that of the

re-injection of captured electron back into the TiO> and, at this limit, any change in NP size
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that notably influences the cooling of electrons might determine the optimum NP diameter.
Here, however, we have shown that the rate of electron-electron and electron-phonon
scattering is not significantly affected by NP diameter over this size range while the rate of
heat dissipation is affected. Furthermore, we have seen in Figure 5.6, Figure 5.7 and
Figure 5.9 that most of the injected energy is lost by electron-phonon scattering, represented
by the large relative amplitude of the fast decay components compared to the small amplitude
of the slow component associated with heat dissipation. Hence, although the rate of heat
dissipation is dependent on the Au NP diameter, the electrons have largely cooled when it
becomes a significant process. Therefore, heat dissipation is not likely to affect the yield of
electron capture and so the choice of NP diameter in this size range is not restricted by
electron cooling rate considerations. This enables NP size to be optimised for other

properties such as storing captured electrons.

The plasmon bleach recovery in TiO2 colloidal spheres decorated with different sizes
of Au NPs has been studied using ultrafast transient absorption spectroscopy. The pump-
induced transmittance change spectra obtained immediately after pumping have shown a
broadening of the surface plasmon band resulting in bleaches at the plasmon band maximum
superimposed with two wings of absorption features at shorter and longer wavelengths.
Furthermore, the transmittance transients were well-described by bi-exponential decay with
a very quick decline of a few ps associated with electron—phonon scattering, followed by a
slower decay over a few tens of ps associated with heat dissipation. Of the electron cooling
steps, only the heat dissipation rate was found to be dependent on the size of the Au NPs;
however, it was found to be a minor component of the overall electron cooling process and

hence does not place a restriction on NP size.
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Chapter 6 Summary, conclusions & future work

The ultrafast charge dynamics in a number of nanostructured materials relevant to
the production of renewable energy were investigated using ultrafast transient absorption
spectroscopy. The materials investigated could have applications either in next-generation

solar cells or as photocatalysts for photolysis of water.

An investigation of the absorption spectra of HgTe QDs passivated with MPA, 1-
thioglycerol and DDT ligands, coupled with the spectra calculated by the tight-binding
model similar to that used in [1], has allowed us to draw the following conclusions. The band
edge transition was found to be very weak in these QDs and was obscured by the stronger
next highest transition. The peak of the absorption shoulder was attributed either to a
transition from VBM to CBM-1 or to a CBM transition, but from deeper within the valance
band, and a comparison with the literature [1-3] has allowed us to estimate the diameter of

these QDs to be in the range of 3-4 nm.

Ultrafast transient absorption spectroscopy has been used to study the charge
dynamics for HgTe QDs. The pump-induced transmittance change spectra shape has varied
depending on the ligands used for passivation. An MPA-capped HgTe QD spectrum has
shown strong bleach evident at wavelengths corresponding to the absorption shoulder peak
with no sign of any PA. At low pump fluences and for well-stirred samples, the transmittance
transients were found to be free of any trion formation, as biexciton recombination governed
the decay observed for these QDs. However, at high pump fluences or for unstirred samples,
another process combined with biexciton recombination was found to contribute to the

decay, and was identified as a photo-charging process.
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In comparison, the differential spectra of thioglycerol-capped HgTe QDs have shown
a broad PA increase superimposed with a bleach at the band gaps of the samples, which was
attributed to state filling. The transmittance transients of these QDs at different pump
wavelengths and powers have shown two different behaviours: one at the bleach described
by bi-exponential decay, and the other away from it and described by a mono-exponential
decline. The decay lifetimes of these features, in addition to the broad PA feature, were found
to be consistent with surface charge trapping observed in CdSe CQDs [4]. Furthermore, no
sign of long-lived surface trapping was found from the comparison of the fractional

transmittance transients of stirred and unstirred samples.

The DDT-capped HgTe QDs have been considered as a case in between the two other
samples. There was a drop in the differential spectrum just before the bleach attributed to
PA. The decay lifetime obtained for these QDs was shorter than that obtained for the MPA.-
capped HgTe QDs, while they had a longer PL wavelength and, therefore, should have had
a longer lifetime. The lifetime was found to be similar to that for thioglycerol-capped QDs,
which, in addition to the above reasons, has enabled us to attribute the decay of the transients

here to direct surface trapping.

This study has suggested that the carboxylic acid group in MPA is the reason behind
having better passivation in MPA-capped HgTe QDs. Each of the three ligands used has the
ability to donate electron density to the QD surface to passivate the traps associated with
unsaturated Hg bonds through their deprotonated thiol groups. However, this ability is
enhanced by the additional deprotonated carboxylic acid group in MPA, which increases the
overall negative charge on the ligand. The resultant greater ability to donate negative charge
Is consistent with the greater zeta potentials reported for QD-ligand complexes passivated
by thioacids, such as MPA, relative to thiols. This greater negative charge donation supresses

surface states and the non-radiative processes associated with surface states. The study has
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also shown that MEG cannot be reliably measured if there is a sign of any surface-related
processes, i.e. how MEG can be overestimated if surface trapping-related processes were
ignored. Therefore, we limited MEG measurement to MPA-capped QDs. Our analysis has
allowed the determination of MEG for the first time in HgTe QDs, giving the quantum yield
a value of 1.36+0.04 for excitation at 3.1Eq. MEG performance of these QDs was found to
have advantages over Pb-chalcogenide QDs and InP QDs, in addition to the possibility of
size tunability over the optimum range for exploitation of the solar spectrum and insensitivity

to water and air exposure.

CdxHgu-x Te alloy QDs have been studied for their ultrafast exciton dynamics using
a UTA experiment. The investigation of the pump-induced transmittance change spectrum
has shown two features at the shoulder position of the steady state absorption and at the PL
peak. Exciton dynamics have been studied using four different wavelengths, of which two
were above the expected MEG threshold. The transients have been found to be free of any
photo-charging or trion recombination. The assessment of MEG in these alloy QDs
suggested the attribution of the decay of the transients obtained above the MEG threshold to
biexciton recombination due to MEG for the well-stirred samples at low pump powers. It
has revealed a quantum yield of 1.12+0.01 when photo-exciting with 2.6 times the band gap.
The study resulted in a measurement of the quantum yield of MEG with higher accuracy
than previously reported, in addition to the investigation of the stirring effect and the

measurement of the relaxation time to the band edge.

Finally, our measurements for TiO> colloidal spheres decorated with different sizes
of Au NPs have shown absorption peaks at ~530 nm for the TiO2-Au samples, corresponding
to the plasmon band. The UTA experiment has been used to study the plasmon bleach
recovery in these materials. The differential spectra obtained immediately after pumping the

samples with 370 nm and 470 nm have shown a broadening of the surface plasmon band,

Ali Al-Otaify PhD Thesis 151



Chapter 6 Summary, conclusions & future work
resulting in a bleach at the plasmon band maximum superimposed with two wings of
absorption features at the sides. The shape of the transmittance transients was well described
by bi-exponential decay with two components: a very quick decline of a few ps, followed by
a slower decay over a few 10s of ps. The former was associated with electron—phonon
scattering, while the latter was associated with heat dissipation as the electron—electron
scattering was not detected in our experiment. Only the heat dissipation rate of the three
electron cooling steps was found to vary with the size of the Au NPs. However, it represented
just a minor component of the overall transients obtained; therefore, we did not place a

restriction on NP size.

Proceeding from the results obtained throughout the whole thesis, here we outline
some possible future works. It is known that the surface of the QDs plays an important role
in the relaxation dynamics of excitons [5, 6], allowing surface-related processes which have
lifetimes similar to that of MEG, not only to compete with MEG but also to be mistaken for
MEG, leading to an overestimation of its quantum yield. This issue has affected different
QD materials, such as CdSe, CdTe [7], InAs [8, 9], and InAs/CdSe/ZnSe core/shell1/shell2
[10]. However, passivation of the QDs is capable of reducing the possibility of trapping hot
charges to the surfaces [4, 11-13], giving advantages to other relaxation routes, including
MEG. We have already seen in this thesis how HgTe QDs showing significant surface
trapping, i.e. those with 1-thioglycerol and DDT ligands, do not exhibit measureable MEG,
whilst the well-passivated MPA-capped QD does. This suggests that further improving
passivation by capping HgTe QDs with a CdS or ZnS shell [14] could reduce ultrafast

trapping, consequently improving the efficiency of MEG in HgTe QDs.
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A further forward step in the study of the ultrafast dynamics of HgTe QDs is to
examine a type-Il heterostructure. A recent thesis by Dr. Musa Cadirci [15] has shown that
the efficiency of MEG has been improved by a factor of 3 in type-11 CdSe/CdTe/CdS and
CdTe/CdSe/CdS core/shelll/shell2 systems and CdTe/CdS core/shell systems, compared
with previously reported studies [16-18]. This improvement was attributed to two factors.
Firstly, the type-Il heterostructure reduces the electron—hole overlap and, therefore, the
Auger cooling rate, which competes with MEG. Secondly, consistent with the point made
above, the CdS shell was found to result in the suppression of surface trapping of hot carriers,
which competes with MEG. Finally, using these QDs in solar cells also needs investigation

to identify what efficiency could be obtained using them in practise.

Regarding CdxHgu-x Te alloy QDs, it is known that both the band gap and the split-
off energies change with composition variation [19], which, at a certain point, become equal,
and charge multiplication can be favoured [20]. Further work needs to be done in the search
for the composition point at which the two energies are in resonance for numbers of QD
sizes. The measurements of MEG here could allow the determination of the best combination
of sizes and compositions to optimise the exploitation of the solar spectrum. Finally, we have
seen from the ultrafast charge dynamics of the plasmon band maximum that the heat
dissipation rate varied with the size of the Au NPs in TiO2-Au systems. However, the
investigation of both electron—electron and electron—phonon scattering could be achieved

with a UTA experiment of higher time resolution, which could be a direction for future study.
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