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Abstract

Abstract

The work presented in this thesis was submitted to The University of Manchester for the
degree of Doctor of Philosophy in March 2014 by MUSA CADIRCI and is entitled
“Ultrafast charge dynamics in novel colloidal quantum dots”.

In this thesis ultrafast exciton dynamics of several colloidal quantum dots have
been studied using visible transient absorption spectroscopy. The resultant transient decays
and differential transmission spectra were analysed to determine the ultrafast relaxation
channels, multiple exciton generation (MEG) efficiency and multi-exciton interactions in
the observed materials. All QDs were preliminarily optically characterized using steady
state absorption and photoluminescence spectroscopies. In addition, a high repetition
infrared femtosecond pump probe experiment was designed and built to detect the
picosecond intraband carrier relaxations in quantum dots.

Picosecond carrier dynamics of type-lIl ZnTe/ZnSe and of CulnSe; and CulnS;
type-1 quantum dots were investigated. The common feature of these materials is that they
are eco-friendly materials, being alternatives to the toxic Cd- and Pb- based materials. It
was found that surface trapping occurred in both cases for electrons in the hot states, and in
the minimum of the conduction band for ZnTe/ZnSe core/shell materials. Trion formation
was observed in ZnTe/ZnSe core/shell dots at high power and unstirred conditions. The hot
and cold electron trapping processes in type-Il dots and CulnS; and CulnSe; dots shifted,
distorted and moderately cancelled the bleach features. In addition, intra-gap hole trapping
was observed in CulnS; and CulnSe, dots which results in a long decay feature in the
recorded transients.

MEG competes with Auger cooling, surface mediated relaxation and phonon
emission. To enhance the MEG quantum vyield, the rival mechanisms were suppressed in
well-engineered CdSe/CdTe/CdS and CdTe/CdSe/CdS core/shell/shell and CdTe/CdS
core/shell type-Il1 quantum dots. The MEG slope efficiency and threshold for a range of
different core size and shell thickness were found to be (142+9)%/Ey and (2.59+0.16)E,,
respectively. The observed threshold was consistent with the literature, whereas, the
obtained slope efficiency was about three times higher than the previously reported values.

The biexciton interaction energy of the dots stated in the previous paragraph was
also studied. To date, time-resolved photoluminescence (TRPL) has been employed to
study exciton interactions in type-11 quantum dots and large repulsive biexciton interaction
energy values between 50-100 meV have been reported. However, unlike the TRPL
method, the TA experiment ensures that only two excitons remain in the band edge of the
dot. Using this method, large attractive biexciton interaction energies up to ~-60 meV was
observed. These results have promising implications regarding enhancing the MEG
quantum vyield.
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Chapter 1 Introduction

Chapter 1: Introduction

1.1 Introduction

At present, humanity is in need of clean energy sources due to rapid growing of
population, global warming and depleted sources. It has been estimated that the annual
world energy consumption is about 14 TW which is predicted to increase to about 30 TW
by 2050 [1]. However, the clean solar energy received by Earth in one hour is sufficient
enough for the yearly world energy demand. To put it another way, if a little portion of sun
light is converted to electricity by photovoltaics (PV), then there would be no concerns
regarding energy resources and global warming [2]. Despite the recent rapid expansion of
solar cell industry, still only less than 5 % of the energy consumption is met by solar cell
power worldwide [3]. Clearly, much research remains to be carried out to develop new

economically-competitive technologies to exploit more solar energy.

PV is a direct way of generating electricity from the sunlight which employs a
semiconductor material whose band gap lies in the spectrum of solar radiation.
Conventional PVs essentially consist of a p-n junction. When the cell absorbs photons with
energy greater than the material band gap, free carriers are photo-generated and
subsequently separated, resulting in current flow. For conventional silicon based solar
cells, the theoretical maximum photon-to-light conversion efficiency is about 31 % under
standard air mass 1.5 global (AM1.5G) radiation [4]. This is termed as Shockley-Queisser
limit or detailed balanced limit. The highest conversion efficiency of PV devices has been
observed to be ~22 % in industry and 24.7% in laboratory [5]. The rest of the energy is

wasted as heat, transmission and emission. The second disadvantage of this type of solar
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cells is that they are too expensive to be fabricated compared with other energy sources [6].
Hence, “thin film” technology and dye sensitized solar cells [7], which are so called
“second generation” solar cells, were suggested to be an alternative to the first generation
solar cells as the new technology reduces the material cost significantly by eliminating the
silicon wafer [8]. However, this technology offers less power conversion efficiency in
comparison with silicon based PVs [8]. Therefore, third generation solar cells have been
proposed as an alternative way to overcome the high cost and low-efficiency issues of PV
devices. This technology includes a variety of materials including polymer cells [9],
tandem or multi-junction cells [10], hot carrier cells [11], and quantum dot (QD) solar cells
[12]. Figure 1.1 compares the three types of solar cells in terms of cost and conversion

efficiency.

Shockley-Queisser Limit

Module efficiency (%)

0 300 600 900 1200 150C
Total cost ($/m?)

Figure 1.1. The comparison of the efficiency and cost for 1% (grey), 2™ (blue) and 3™ (red) generation
PVs. [Modulated from [6]].

QDs are a nano-crystal form of semiconducting materials that have size-dependant

spectral response. An electron and hole pair (exciton) is confined in three dimensions in
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these structures. QDs stand between molecules and bulk materials and hence are called
artificial atoms due to their quasi-discrete energy states. Moreover, they are grown by wet
chemistry and are cheap to produce in industrial scale applications. These nano-materials
have drawn significant research interest due to their unique structures and properties. In
this work, 1 will focus on the ultrafast exciton dynamics of QDs, including the multiple
exciton generation (MEG) process in QDs. MEG occurs when a nanoparticle absorbs an
energetic photon whose excess energy creates extra excitons. Unlike bulk materials, the
separation of energy states in QDs is wide enough to suppress phonon relaxation which
competes with MEG, increasing MEG rate in QDs. It has been calculated that MEG has
potential to increase the theoretical efficiency of PV devices up to 44 % [13]. This value is

expected to increase further to about 50 % by well- engineering the structure of QDs [14].

1.2  Thesis outline

Chapter 2 outlines the optical and electronic structure of QDs explained by the particle-in-
a-sphere model. Next, different types of colloidal QDs are discussed before a detailed
explanation of MEG and exciton-exciton (X-X) interaction energies in QDs. In the last
section of the chapter a brief history of MEG and exciton-exciton interactions in QDs are
presented. Chapter 3 describes the techniques that are used in this study to characterize
basic optical properties and to measure the ultrafast exciton dynamics of QDs. Firstly,
linear absorption and photoluminescence (PL) spectroscopy are described in detail. Then
the principles of the time correlated single photon counting (TCSPC) is presented. Next the
non-linear generation of ultrafast light used in the transient absorption (TA) experiment is
outlined before a description of the instrumentation of the TA experiment itself. Finally, a

newly developed high-repetition rate infrared TA experiment is explained.
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Chapters 4 and 5 discuss a study of the ultrafast exciton dynamics of ZnTe/ZnSe
type-11 QDs and that of CulnSe; and CulnS, QDs, respectively. The absorption and PL
spectra of these materials are initially investigated. Then a complete study of exciton
cooling of the specified samples is highlighted using an ultrafast TA experiment. The
effect of the direct surface-mediated trapping and trion formation on the ultrafast dynamics
of the materials is observed. MEG efficiency in CdSe/CdTe/CdS and CdTe/CdSe/CdTe
type-11 QDs is reported in Chapter 6 using the TA experiment. A depiction of the steady-
state absorption and PL characterization of the samples is outlined before the description of
the life time measurements. Then the MEG quantum yield (QY) is measured for a few

excitation wavelengths.

Chapter 7 details the X-X interaction energy measurements in a set of both
CdSe/CdTe/CdS and CdTe/CdSe/CdS core/shell/shell QDs using TA experiment. Initially
the basic optical properties of the samples are determined using the steady-state absorption
and PL spectroscopies. A comprehensive measurement of X-X interactions in the QDs is
explained following the presentation of the effects of surface trapping and of the early rise
time. The multi-exciton interaction in the employed QDs is measured using the time-
resolved PL (TRPL) method. Finally, the main findings in this thesis are summarised in the
conclusion chapter. Suggestions are provided for possible future activities to expand upon

these results.
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Chapter 2 Theory and background

Chapter 2: Theory and background

2.1  Colloidal semiconductor quantum dots

Colloidal QDs are spherical semiconductor nanoparticles whose size is about or smaller
than the Bohr radius of an exciton in its bulk counterpart and they contain 1000s of atoms.
Electron and hole pairs (excitons) are confined in three dimensions in these nanostructures
and thus they are also called zero-dimensional nanocrystals (NC). The properties of QDs
can be manipulated straightforwardly to enhance the properties of the material. Their
electronic structure lies somewhere between molecules and bulk materials making them
one of the key systems for nanotechnology. These structures can absorb light and either re-
emit it at the desired wavelengths or allow it to be converted to electricity. Colloidal QDs
are produced by wet chemistry which is a straightforward way to produce QDs in large
scale. The synthesising method of producing QDs also allows scientists to have accurate
control on the size, shape and optical properties of the materials. QDs grown by this
method can have high PL QY, which is a key metric for evaluating the materials’ quality.
QDs are size tunable materials so that the material size is inversely proportional to the
band edge and to the separation between quasi-discrete energy levels. This feature is
particularly useful for applications where the emission wavelength is important i.e. light-
emitting diodes (LEDs) [1], biological applications [2], lasing [3]. The ability of tuning the
materials’ band gap is also important for solar cell applications. That is because the band
gaps in the near infrared (NIR) region where solar spectrum harvesting is optimum can be

easily accessed by controlling the dot size [4].
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2.1.1 Electronic structure of QDs

Unlike bulk materials, the conduction and valance bands in QDs have quasi-discrete
energy levels due to strong electronic confinement in the QDs and thus these materials are
known as “artificial atoms”. Figure 2.1 compares the electronic structures of QDs and of
bulk materials. The separation between each energy level and the band gap change depends
on the nanocrystals’ size so that as the diameter increases the energy level separation and
band gap decrease. For a typical material, the energy difference between two energy states
in the conduction band is about 100 meV, whereas this value is about 30 meV in the
valance band [4]. The energy states in the conduction and valance bands are respectively
denoted as nq and nQ, where n is the number of level with a given symmetry, q (Q)=
s,p,d...(S,P,D....) is the lowest value of envelope angular momentum (the valance band
energy states are denoted with upper case notation, whereas, the conduction band energy
levels are denoted with lower case notations). The band gap of QDs is larger than that of

their bulk counterparts and the relationship between them is described by [5];

w2 h?% (Me+my)
2D?

E,(QD) = E,(bulk) + —E., 1)

where, D is the diameter of the ideal spherical QD, E is Coulomb energy and m, and m,
are the effective masses of electron and hole, respectively. This equation clearly shows that

QDs with larger diameter have narrower band gap.
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Electronic structure of bulk Electronic structure of QD
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Figure 2.1. The comparison of energy band structure of bulk and QD semiconductor materials
[Modified from [5]].

2.1.2 Strong confinement regimes

As stated above when the quantum dot size approaches the Bohr radius or less a blue shift
appears in the absorption spectra of quantum dots, indicating that every motion of electron
and holes are quantized. Therefore, the energy band structure of QDs become “atomic
like” and carriers are confined in three dimensions. In this regime, the energy levels of
QDs are easily tailored to modify the optical properties as the permitted energy states of
electrons are more limited and size dependant. In the strong confinement regime, the
reduced mass of carriers is dominant and the Coulomb energy is too small and thus it is

treated as a perturbation [6]. Since the exciton Bohr radius depends on the dielectric
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constant and the carriers’ effective masses, then the confinement regime varies from
material to material. For instance, InAs QDs always experience the strong confinement
regime as the exciton Bohr radius in this material is 36 nm. In contrast, CuCl quantum dots
are commonly in the weak confinement regime as the exciton Bohr radius for this material

is 0.7 nm [7].

Several theoretical models have been developed to describe the structures of QDs.
The simplest model that predicts the carriers’ behaviour and the relationship between dot
size and confinement energy in QDs is the “particle-in-a-sphere” model. According to this
approach electrons and holes are predicted to stay inside the dot boundary i.e. material’s
surface. The potential inside and outside of the quantum well with a diameter of D

becomes [8];

0, if0<r<D/2

00, otherwise ' (22)

V(r) = {

This means that the carriers are free within the dot, except at the boundaries (r=0, D/2)
where the high dielectric constant of the ligands acts as a barrier to prevent the escaping of
the carrier from the sphere and hence the wavefunction is zero outside of the box. A three
dimensional Schrodinger equation solution will result in the wavefunction form which is

divided into angular and radial parts and formed as [9];

q]n’l’m(r’ 9’ @) — C jl(kn,lr) Yl (9,(2))’ (23)

r

where, C is a normalization factor, j;(k,,;r) is the Ith order spherical Bessel function and

Y™ (6, ) is a spherical harmonic which is applied to the hydrogen atom. Due to boundary

» 2a _ :
conditions, wavevector, k,, ; = "'Z/D, is quantized and thus does not take any value
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where a,, ; is the nth zero of j, The energy of these states are given by [9];

hzk%l tha%l
En,l = — = -, (24)

2m mD?2

Similarly, Eq. (2.1) is derived based on this model which claims that the energy difference
in the band gap due to size dependance is proportional to 1/D% The strong confinement

leads to an increase in the band gap and hence discrete energy levels are formed [7].

2.1.3 Type-11 QDs

Depending on the localization of the carriers, QDs have different characteristics and hence
they are classified in different groups. In type-1 QDs, the electron and hole are confined in
the same volume of the material, and their wavefunctions overlap strongly. However, in
type-11 structures electrons and holes reside in a different section of the material i.e. if an
electron resides in the core, then a hole is confined in the shell section. Type-11 QDs have
an effective band gap which is lower than that of its type-1 counterparts [10]. Carrier
wavefunction overlap is also reduced in these hetero-structured materials. A final structure
of QDs is the quasi type-11 where one carrier confines in the core volume and the other
resides in the whole structure or vice-versa. The Auger recombination rate is related to the
Coulomb interaction and hence to the spatial separation between carriers [11]. Therefore, a
reduced wavefunction overlap in type-11 QDs leads to a decrease in both single [12] and
multi [11, 13, 14] exciton recombination rates. In particular, this feature results in large
exciton-exciton (X-X) interaction energies (Axx) [15]; a desirable feature for numerous
applications [16, 17]. For example, if the magnitude of Axx IS greater than the emission
line width and its sign is positive (repulsive, Axx>0), then the band gap of the QD is

increased by Axx and absorption at the emission wavelength is decreased [14]. And if the
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average number of excitons per dot is greater than unity, then population inversion can be
realized and optical gain in QDs might occur [3]. Figure 2.2 compares the typical

electronic band alignments for type-I and type-II structures.
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Figure 2.2. Typical band alignment of type-l and type-11 QDs. (CB= Conduction Band, VB= Valance
Band, E.4= effective band gap. The green and purple curves show the wavefunctions of electron and
hole, respectively.)

The localization of charges are determined based on the energy criterion in type-II
nanostructures [18]. It dictates that the electron occupies the core volume if its energy is
less than the conduction band of the shell and the hole occupies the shell if its energy is
less than the valance band off-set. Due to the segregation of carriers in type-11 QDs, the
electron and hole wavefunction overlap is reduced and can be controlled by the core
diameter and shell thicknesses grown during the synthesis [18]. This feature allows
scientists to engineer the material structure to enhance the optical properties upon need.
Since the effective band gap in type-I1 QDs can be controlled, then the narrow band gaps,
corresponding to the region where the solar spectrum harvesting is maximum, can be easily

achieved. Therefore type-11 hetero-nanostructures have a promising future for photovoltaic
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devices [19]. They are also considered as new NIR light sources since their band gap can
easily tuned to the corresponding regime. The second most distinctive advantage of these
structures is that as a result of electron and hole segregation the Auger relaxation rate is
decreased. As will be described in detail (section 2.4), the decline of Auger relaxation rate

will increase the MEG yield, which is a promising feature for next generation solar cells

[4].

2.2 Auger recombination

Auger recombination is an ultrafast process that occurs in QDs wherein an electron-hole
pair non-radiatively recombines and transfers its energy to a nearby carrier, exciting it to a
hot state [5]. Figure 2.3 depicts the process of Auger recombination in a QD with two
electron-hole pairs (biexcitons). Because of the strong carrier-carrier interaction in QDs,
Auger recombination is significantly more efficient in these nanostructures compared with
their bulk counterparts. Depending on the QD size, Auger recombination occurs on a ps
timescale and has a linear relationship with QD volume [20, 21]. Multiple carriers at the
band edge of QDs undergo Auger recombination until one exciton remains in the system
which recombines radiatively on a ns time scale. Thus, Auger lifetimes are quantized in
nanocrystals. In a femtosecond pump-probe experiment, decay features of transient
transmittance dynamics reveal the Auger recombination life time of charges. Spatial
separation of electrons and holes will decrease the efficiency of Auger recombination in
QDs and hence in type-1l QDs Auger recombination is not as efficient as it is in type-I

QDs [11].
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Figure 2.3. Illustration of Auger recombination of biexcitons in QDs. (CBM= Conduction band
minimum, VBM= Valance band maximum.)

2.3 Multiple exciton generation

MEG is a process that occurs in quantum dots following the excitation of dots with photon
energies of at least twice band gap energy. In this process the absorbed single energetic
photon creates more than one exciton in the QD system. This effect has potential to
significantly enhance solar cell performance as it utilizes the excess energy of the photon
instead of wasting it as heat. In conventional silicon based solar cells the extra energy of
the absorbed photon is lost as heat due to continuous energy levels in the structure of bulk
semiconductors. Hence the maximum theoretical exploitation of the solar spectrum in the
conventional solar cells is calculated to be about 31% [22]. However, the converted
photocurrent efficiency is potentially improved to about 44 % [23] in QDs due to the MEG
effect. Figure 2.4 compares the thermalization of hot electrons in bulk and QD structures
and illustrates the MEG process in QDs. In the MEG process, the excited electron in the
conduction band interacts with the electron in the valance band and dissipates its excess
energy to the valance band electron via a Coulomb interaction. In that case the MEG
channel dominates the relaxation and hence depending on the photon energy new excitons

are produced [5] in the nanostructure. MEG can occur in bulk semiconductors and is
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known as impact ionization (I.I) [24]. However, this process is inefficient in bulk
semiconductors as the threshold photon energy is in the ultraviolet which is far from the
spectral region where the solar exploitation is maximum. Therefore this methodology is

not an effective way to improve the traditional silicon based solar cells’ efficiency.

Phonon emission

/ ®
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Wasted AE CB \ = extra electron-
% hole pairs
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Figure 2.4. Hot electron relaxation in bulk and MEG mechanism in QD semiconductors. The excess photon energy in
bulk materials is wasted, while, this energy produces new electron hole pairs (red carriers) in QDs.

The “Detailed balance model” proposed by Shockley and Queisser explains the
power conversion efficiency of solar cells [5]. As described above, about 69% of photon
energy in conventional solar cells is wasted as heat through phonon emission, sub-band
gap transmission and radiative relaxation [25]. Because of the continuous energy levels in
bulk materials, the relaxation of the hot electrons by phonon emission is completed within
about 1 ps time scale [26] which is too fast for I.I rate to compete [27]. Thus only one
exciton is produced per absorbed photon in bulk semiconductors and the excess energy is
lost as heat. However, in QDs the energy difference between two states in the conduction
band is about 100 meV which is much more than the phonon energy (~30 meV) and thus
phonon emission is reduced [4]. In that case the relaxation rate of electrons decreases and

hence “phonon bottleneck™ could occur in the conduction band of QDs [28], which is a
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situation of hot electron accumulation in the excited states.

In the case of MEG, the photon-to-exciton conversion efficiency is associated with
both material band gap and the photon energy [19]. In the ideal case, QY has a step-like

spectral dependence and is expressed as [19];
QY (hv,Eg) = Y7o, 6(hv,nE,),  (2.5)

where 6 is the unit step function and n is an integer where the maximum energy of the
photon hv,,,, = nE, . The created electron and holes share the extra energy of the photon
depending on their effective masses in inverse proportion [4]. The electron energy is given

by [29];

E, = L2200 ()

Met+mp
According to the energy conservation rule MEG can occur if Ee is greater than Eg, and

hence the threshold energy for MEG becomes [30];

hve, = E5(2 + Z—h . (@27

In materials, where m, = my, the MEG effect starts at 3E; and in materials where
my > m,, the MEG effect theoretically should start at 2E4 point. As of yet, no one has
reported the MEG threshold reached down to the energy conservation limit in any material.
Figure 2.5 a) illustrates the step-like QY as a function of (hv/E,) for different (m,/m;)
values and no MEG case. The corresponding conversion efficiency as function of band gap
energy is shown in Figure 2.5 b). The MEG photo-generated current density, Jug, is shown

as [19];
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Jpg =€ [ QY (hv,nE,)@(hv)d(hv),(2.8)

where, @(hv) and e are the density of solar photon flux and electron charge, respectively.

As it is clear that in the case of no MEG, the maximum QY is 1, indicating that only one
exciton is produced and the corresponding photo-current conversion efficiency is in the
theoretical Shockley—Queisser limit which is about 31%. However, in the case of MEG
the QY increases to the maximum energy limit depending on the effective masses of

carriers and the corresponding photocurrent conversion efficiency increases up to 44%.
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Figure 2.5. a) Step-like QY increase as a function of (hv/Ey) for three different mg/my, values and for the
absence of MEG. b) Comparison of photon-to-current conversion efficiency in the case of no MEG and
MEG with different m¢/my, values. [ Modified from [29]].

2.4 Possible ultrafast processes in QDs

2.4.1 Auger relaxation

Phonon emission by electrons in QDs is reduced compared to the bulk as the energy level
spacing (~100 meV) in the conduction band of these nanostructures is larger than the
phonon energy (~30 meV). In contrast, Auger relaxation becomes more efficient than in

the bulk. Here, an excited electron transfers energy to its hole partner via a strong Coulomb
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interaction to cool to the CBM, exciting the hole to a hot state in the valance band. Because
of the relatively larger effective mass of hole, the energy level density in the valance band
is relatively higher, resulting in a lower energy level spacing compared with the conduction
band. Therefore, the excited hole rapidly cools to the VBM via phonon emission, removing
the phonon bottleneck [7, 31]. This process of Auger relaxation is illustrated in Figure 2.6.
This mechanism is very efficient in small size QDs as the electron-hole Coulomb
interaction is significant. Auger relaxation occurs on a time scale of ~1 ps [32]. It
competes with the MEG rate and thus decreases the MEG yield in QDs. A well-engineered
carrier wavefuntion will decrease the rate of Auger cooling and hence increase MEG

efficiency.

Continuum I

VBM

i L

Phonon radiation

Figure 2.6. Schematic representation of Auger relaxation process in semiconductor QDs.

2.4.2 Trion recombination

Trion recombination occurs via an Auger interaction in QDs that do not have a well-

controlled surface. Thus an ultrafast decay feature arises in a TA kinetic signal in the case
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of trion recombination and can be confused with a MEG signal. A trion forms when a
charge is trapped on the sample surface for a time period longer than that between two
consecutive laser pulses in a TA experiment. The second pulse excites the pre-charged QD
and creates an extra exciton, leaving three charges in the dot and one charge on the surface,
as shown in Figure 2.7. The trapped carrier can stay on the surface for as long as 30 s [33].
The paired electron and hole recombines by Auger recombination and only the un-paired
charge resides inside the dot and its geminate partner is still trapped on the surface. The
un-paired exciton is not detected by our TA experiment, which includes a lock-in
amplifier, as it does not affect pump transmittance at the reference frequency of the
experiment. Therefore, trion recombination decays to zero instead of to a plateau as in the
process of Auger recombination of biexcitons in QDs. In addition, the trion formation does
not modulate the state filling spectra [4]. An electron is trapped in the case of positive trion
formation, whereas a hole is trapped in the case of negative trion formation. The effect of
this type of photocharging can be eliminated by carefully stirring [34] or flowing [35] the
QD solution in a TA experiment. By doing so, the accumulated pre-charged QDs are swept

out of the active volume and fresh QDs are pumped by the second pulse.

Figure 2.7. Schematic depiction of positive trion recombination in QDs. (SS= surface state.)
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2.4.3 Direct surface trapping

Direct surface trapping is a sub-ns process that can be mistaken for the true MEG signal in
QDs. In this mechanism, excited carriers are trapped on the sample surface for a period
less than the time between pump pulses [36]. There are two types of direct surface
trapping: cold and hot electron trappings. Figure 2.8 a) and b) show the cartoon
representations of cold and hot electron trapping, respectively. Cold electron trapping is the
rapid electron depopulation from the CBM to the sample surface. It reduces, distorts and
sometimes reverses the TA spectrum taken near the band edge region by both removing the
relaxed electrons and causing photo-induced absorption [36]. Therefore, the effect of cold
electron trapping can be determined from the bleach (state filling) decay signal. On the
other hand, hot electron trapping occurs when an excited electron directly moves to the
sample surface from a hot state [36]. This process can be detected from the initial part of
the TA transient as this is determined by electron relaxation processes. If the electron cools
to the CBM from a hot state to fill available band-edge states, then the initial rise is
monotonic, starting from zero to the bleach maximum. However, if the excited electron
moves to the surface directly from the hot state, where it causes photo-induced absorption,
then the initial part of the TA transient may be below zero before rising to the bleach
maximum. Direct surface trapping issues can be eliminated by growing a shell with a
wider band gap around the QD to act as a barrier to break the carrier-surface interaction

[37].
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Figure 2.8. Schematic illustration of a) cold and b) hot electron trappings.

2.5 Exciton-exciton interaction

Due to quantum confinement in QDs, the Coulomb interaction energy between carriers is
increased. This effect has the potential to shift the energy level of multi-excitons and to
modify the selection rules [38]. The effect of multi-exciton interaction energy in QD is
complicated to fully analyse and thus biexciton (exciton-exciton (X-X)) interaction energy,
Axx, is usually investigated for the sake of simplicity. Axx is observed as a spectral shift in
the materials’ band gap using a TA experiment. This spectral shift can also be observed by
TRPL experiments but this method collects data straight after excitation and hence
includes contributions from hot excitons, which emit at energy levels higher than the
conduction band minimum (CBM). Therefore the TA method is the most reliable tool to

detect cooled biexciton interaction energy in QDs.

In order to observe the pure biexciton interaction effect, the probe beam is delayed
with respect to the pump beam so that the fractional transmittance spectra is observed after

carrier cooling to the band edge and the recombination of pump-created multi-excitons are
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complete. In these circumstances, the biexcitons studied in this way comprise a pump-
created exciton cooled to the band edge and a probe-created exciton formed at the band
edge. In order to extract the Axx magnitude the following equation is fitted to the recorded

fractional differential transmission spectra in the TA experiment [5];

AT 1 0.5
0[ 2 - _ 2 ]’
T x%24+1  (x—0xy)%+1

(2.9)

where, A, is the 1S absorption amplitude, x = (hAw — E;5)/I1s IS the normalized detuning

from the optical band gap (Eis), and where "5 is the transition line width, and §,,, = f,ﬂ IS
1S

the normalized biexciton interaction energy. A slightly different equation is used to extract
the magnitude of the Axx in QDs straight after excitation when the photogenerated

excitons are in the hot states which is expressed as [5];

1 1

7 = 4o [x2+1 B (x—é‘xx)2+1]' (2.10)

Because of the relatively large Axx in QDs, the absorption cross-section in QDs changes in
the case of exciting the dots. Therefore, when the exciton that is produced relaxes to the
band-edge state and one of the 1S transitions is blocked, then the probability of absorbing
one more exciton decreases by a half. This leads to a factor of 0.5 difference between Eq.

(2.9) and (2.10).

The magnitude and the sign of Axx depend on the structure of the QD and thus
three different scenarios arise in these nanostructures. The first scenario is when the Axx
value is negligible. The strength of Axx is correlated with local carrier density, px(r). Since
the electron and hole wavefunctions, (¥,(r) and ¥, (r), respectively) are overlapped in

type-I structures, then py (r) becomes [39];
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px(®) =e (|¥@I* - [¥(MI) =0, (211)

where r is the spatial coordinate. Hence the Coulomb interaction between opposite and
same sign charges is almost equal [40], resulting in an attractive Axx with a magnitude of
about 10 meV [5, 41, 42], as demonstrated in Figure 2.9 a). This value is significantly
greater than the bulk binding energies [15] but negligible compared to the linewidths of
QDs’ band gap spectra. The magnitude of Axx is correlated with the degree of the

confinement so that as the confinement increases the magnitude increases [43].

The second scenario is the large repulsive X-X interaction. This type of interaction
energy can occur in type-11 QDs as they have a reduced wavefunction overlap, as shown in
Figure 2.9 b). In this case, a substantial imbalance occurs between the opposite charges and
thus a strong local electric field is produced which makes the magnitude of Axx greater
than the transition linewidth [14]. The magnitude of this energy is inversely related to
materials size and the dielectric constant difference between core and shell [15]. The
magnitude can be increased by using thicker shells without losing the confinement quality
wherein the Coulomb repulsion between same charges in the core becomes significant
[40]. The enhanced repulsive X-X interaction energy is beneficial for optical gain in QDs,
which is crucial for semiconductor laser technology [3]. If the energy of the absorption
edge is increased more than the transition linewidth of the 1S absorption then the
absorption losses become insignificant at the emission wavelength and thus optical gain
can occur in the single-exciton regime [39]. This situation requires the absorption of more
than one exciton where the population inversion, a condition in which the population of
excited electrons is greater than that of the ground state, occurs [39]. Large repulsive Axx
in type-Il1 QDs is supported by theoretical calculations based on an effective-mass model

[18]. However, this treatment neglects configuration interactions between electrons which
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might cause the opposite sign of Axx.
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Figure 2.9. A schematic illustration of change in band-edge as a result of biexciton
interaction and the corresponding shifts in near band-edge absorption transition 1S for a)
Ay« negligible, b) A,, large and repulsive, and c¢) A,, large and attractive. The bold and
dotted lines represent transitions and the CBM in unexcited and excited cases,
respectively.

The third scenario is the large attractive Axx in type-ll structures, as shown in
Figure 2.9 c). A recent study showed that different geometry of core-shell structures of
type-11 QDs results in different sign of Axx [44]. This indicates that the effective mass-
model does not consider entire parameters that have effect on X-X interactions. Therefore,

more experimental and theoretical studies that include the interfacial layer geometry and

Musa CADIRCI PhD Thesis 42



Chapter 2 Theory and background

the effects of band bending and electron correlation are needed. Large attractive Axx will
decrease the MEG threshold and hence enhances the MEG vyield in QDs [45]. In the case
of type-I QDs where the sign of Axx IS negative and the magnitude is about 10 meV, the
maximum calculated solar cell efficiency is about 44% [23]. However, in type-II QDs
which shows attractive Axx with a magnitude greater than the linewidth of the 1S
absorption feature, the solar cell efficiency could reach about 50% [26]. Figure 2.10
compares the maximum photocurrent conversion efficiency of solar cells in the case of no

MEG, MEG in type-1 QDs and MEG in type-I1 QDs for a range of band gaps.
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Figure 2.10. The Comparison of solar cell efficiency as a function of band gap for bulk materials
(black), QDs with Axx negligiable and attractive (red) and with Axx large and attractive (blue) [ Taken
from[19]].

2.6 Brief history of MEG and controversy

The idea of MEG in QDs was suggested for the first time in 2001 by Nozik et al. [46].
Soon after, Schaller et al. demonstrated MEG for the first time via 1.1 in PbSe QDs using
TA spectroscopy [21]. The PbSe QDs were pumped with photon energies above (~3.3Eg)

and below (1.54E4) MEG threshold at low fluences. In the case of below MEG pumping,
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there was only a long-lived single exciton signature, whereas, at high photon energies, a
fast decay of biexciton to single exciton was observed which is attributed to the signature
of MEG. The authors repeated the process for several different pump wavelengths and
sample sizes and found that the MEG threshold for PbSe QDs was about 3Eg, as shown in

Figure 2.11 a) and b).
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Figure 2.11. MEG measurements for PbSe QDs. a) TA dynamics of a PbSe QDs at above (blue) and
below (red) MEG threshold. b) MEG QY as function of hw/E; which clearly shows that MEG
threshold is about 3E,. [Modified from [21]].

Shortly after that Ellingston et al. reported extremely efficient MEG (average 3 excitons
per absorbed photon at 4Ey) in PbSe and PbS colloids using both an intraband and an
interband TA experiment [47]. Furthermore, they observed a MEG threshold of 2E, for
these materials, which was significantly less than the previously reported value. The reason
for probing intraband dynamics was that the observed TA traces are linearly proportional
to the exciton multiplicity and thus a clear MEG signal would be recorded [47]. Soon after
this confirmative study, in an extended study, Schaller’s group focused on the degree of

energy conservation in the MEG process [48]. Herein, they attained up to seven excitons
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per absorbed photon with energy of 7.8Egin PbSe(E4= 0.636 eV) and PbS QDs. The MEG
threshold for those colloids was found to be about 3Eg, confirming the results presented in

reference [21].

These impressive initial MEG results motivated significant interest in this research
field. Before long, Schaller and co-workers [49] reported efficient MEG in a comparative
examination of PbSe and CdSe QDs using ultrafast TA spectroscopy. The MEG onsets for
PbSe (E4=0.86 eV) and CdSe (E4=2.0 eV) were observed as 2.9E4 and 2.5Eg, respectively,
as shown in Figure 2.12. This work demonstrated the generality of MEG in QDs because,

despite the different electronic structure of PbSe and CdS nanostructures, they both

showed efficient MEG.
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Figure 2.12. MEG efficiency as a function of excitation photon energy normalized by bandgap energy
for CdSe (circles) and PbSe (squares) [Modified from [49]].

In a different study, Beard et al.[25] studied MEG in indirect-band gap Si QDs
(Eq=1.2 eV) using intraband TA spectroscopy. The reason for monitoring the intraband
dynamics of the samples was that due to indirect band gap Si nanoparticles, they have a
weak linear band gap absorption feature and thus a weak bleach (state filling) signal. The

MEG threshold and the maximum attained QY were 2.4E;+ 0.1 and 2.6 + 0.2 exciton per
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absorbed photon at 3.4Eg, respectively. In this work the MEG QY value was calculated
using a new method. The QY value is found from the ratio, Rpop, Of the average number of
excitons generated per excited QD immediately after excitation and cooling to the band
edge to the number remaining after the recombination of pump-created multi-excitons is
complete. The QY value corresponds to the ratio between the Ry, Value in the limit of low
fluences where the possibility of absorbing more than one photon is negligible. Figure 2.13

illustrates the extraction of QY values with the proposed method for two different sizes of

Si QDs.
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Figure 2.13. Average number of excitons produced for each QD as a function of pump fluence for
samples with diameter of: A) 9.5 nm pumped with photon energies of 3.3E, (blue) and 1.7E, (red), B)
3.8 nm pumped with photon energies of 2.9E, (blue) and 1.5E, (red). [Modified from [25]].

As explained in the theory section, the MEG threshold in some QDs, wherein
me<<mp, is as low as 2Ey being limited only by the energy conservation criterion. This
feature encouraged Schaller et al.[45] to investigate MEG onset in InAs nanoparticles
using TA spectroscopy. In the experiment InAs core and InAs/CdSe core/shell NCs were
pumped under both high (4.28Eg) and low (1.53E) excitations, as illustrated in Figure 2.14

a) and b), respectively. As was predicted, MEG threshold for InAs samples were slightly
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over 2Ey which is significantly less than that of lead salts reported previously. Another
interesting feature observed here was that as the sample size increased the MEG onset
increased beyond the 2E4 point. In addition, the authors also performed measurements of
X-X interaction to investigate the change in the MEG threshold. However, they observed
attractive Axx of 16 meV which corresponds to only 1% of the band gap. Thus, the small
fraction of X-X interaction energy does not have a significant effect on MEG threshold

value in InAs NCs.
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Figure 2.14. MEG measurements of InAs samples. a) TA dynamics of InAs/CdSe core/shell structures
pumped at high (blue) and low (black) excitations. b) MEG quantum efficiency as a function of pump

photon energy per band gap for three different in size INAS/CdSe core/shell QDs and one InAs core
QDs. [Modified from [45]].

In contrast to the above efficient MEG reports, Nair and co-worker found no MEG
in CdSe and CdTe QDs for excitation at least three times above band gap energy using the
TRPL method [50]. Unlike the above MEG papers, they observed no difference between

transients taken at high and low pump energies, as shown in Figure 2.15 a) and b).

Musa CADIRCI PhD Thesis 47



Chapter 2 Theory and background

> a) % =
;] ng I
& g1
g Eq=207eV g Eo=189eV
205 ——hw=152€; | 205} —hw =167,

) ——hw=270E, ——hw =295,

: ol
0 0.2 0.4 0.6 0.8 0 1 2 3 4

timie (ns) time [ns)

Figure 2.15. Comparison of the transient PL dynamics taken under high (red) and low (black) pump
energy pulses for two samples with band gaps of a) Eg=2.07 eV and b) Eg=1.89 eV. [Modified from

[50]].
In an extended study, Pijpers and co-workers could not reproduce their previously

reported efficient MEG results [51] in InAs QDs using both TA and Terahertz TA
experiments [52]. They attributed these discrepancies to a number of factors including
different batches, uncertainty in the absorption cross-section and inhomogeneity in the
pump beam. Moreover, Ben-Lulu et al. in a new study could not find the evidence of MEG
in InAs/CdSe/ZnSe core/shell/shell semiconductor nanoparticles [53]. These contradictory

results casted doubt about the efficiency and generality of MEG in semiconductor QDs.

A period of disagreement followed after the discrepancies between the early MEG
reports until a few studies emerged which resolved the reasons for the differing results.
Mcguire et al.’s work [34] was one of these studies wherein they observed that MEG
efficiency is affected by the sample synthesising conditions and photoionization of the
samples. Firstly, the group observed that about 30% MEG QY difference was found in two
sets of PbSe QDs which were identical in size but differ in growing batches. Secondly, to
emphasize the influence of photocharging on MEG QY of PbSe QDs, the authors
performed the TRPL and TA experiments under stirred and static circumstances, as shown
in Figure 2.16 a) and b), respectively. The results showed that the apparent MEG QY taken

under the static case is about 3 times more than that of the stirred case. Based on these
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results, the authors claimed that the earlier overestimated MEG QYs were due to the

uncontrolled photocharging which can be avoided by stirring the sample solutions

vigorously [34].
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Figure 2.16. Ultrafast PL (a) and TA (b) dynamics recorded under stirred (solid lines) and static
(dashed lines) conditions. [ Modified from [34]].

The same group in a different study [35] announced that the effect of
photocharging significantly diverges the measured MEG QY in PbSe nanoparticles from
its actual value. Results are illustrated in Figure 2.17 a) and b). They found a significant
difference (about a factor of 3) between PL dynamics of stirred and static cases. Thus the
average number of excitons in each QD, A/B, at low pump fluence exhibits MEG QY
where still there is a remarkable difference between the stirring and static circumstances.
All these findings indicate that the early seemingly high MEG values were owing to the
photocharging of the sample which occurs by sequential ultrafast pump pulses [35]. The
same group confirmed their studies by conducting new MEG measurements in PbSe QDs
under flowing and static conditions [33]. Here they observed that there was a clear MEG

QY deviation between static and flowing conditions proving that excited charges are
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trapped on the surface of QDs. In the same study the authors studied the effect of surface

treatment on MEG efficiency in the PbSe QDs using Cd-oleate treatment.
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Figure 2.17. Comparison of; a) PL dynamics taken under stirred (black line) and static (circles) and b)
the corresponding average number of excitons per QD as a function of average number of photons
(<Naps>). [Modified from [35]].

They observed that MEG efficiency in the treated samples was reduced by a factor of 10 in
comparison with untreated samples. Finally the authors concluded that preliminary
seemingly high MEG efficiencies were due to the effect of photocharging which can be
avoided by flowing and by a better sample engineering [33]. Nevertheless, some groups
reported efficient MEG in QDs after realizing the effect of photocharging which was
suppressed by flowing or stirring the sample. For example, Stubbs et al. [37] detected
efficient MEG in InP nanoparticles (1.18 exciton per absorbed photon at 2.6Eg) with
supressing the impact of photocharging by stirring the sample vigorously. Likewise,
Hardman et al. and Gachet et al. reported efficient MEG in PbS [54] (1.6 exciton per
absorbed photon at 4E) and in type Il CdTe/CdSe [55] (1.6 exciton per absorbed photon
at 3.75Ey) QDs, respectively, after carefully taking the effect of photocharging into

consideration.
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2.7 Brief history of X-X interaction in type-11 QDs

The staggered band alignment of type-1l QDs enables their optical properties to be
manipulated by control of the core diameter and shell thickness; consequently, they have
been the subject of interest in many studies. The investigations were mainly about the
multi-exciton interactions and emission lifetime as a function of shell thickness. In this
regard, Klimov et al. [39] has reported a giant (~106 meV) repulsive Axx in CdS/ZnSe

type-11 NCs, using TRPL spectroscopy, as shown in Figure 2.18
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Figure 2.18. The TRPL spectra of CdS/ZnSe QDs at t=0 ns (red) (single exciton) and t= 10 ns
(biexciton) (blue). [Modified from [39]].

They also theoretically calculated the Axx and found about 91 meV which is
consistent with the experimental results. The authors™ motivation was that if the repulsive
Axx 1s greater than the transition line width then the balance between absorption and the
stimulated emission varies, enabling increased optical gain. Immediately after this paper,

the same group demonstrated large blue shifted Axx (80 meV) and optical gain in the
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single exciton regime of ZnTe/CdSe NCs. The X-X interaction results were supported with
theoretical calculations conducted in the same study [14]. In another study, Sachin and co-
workers [56] studied ultrafast charge dynamics of CdTe/CdS type-Il1 QDs using TRPL and
femtosecond TA spectroscopy. They observed an increase in the average emission lifetime
of carriers as the shell thickness increased in the studied QDs, indicating that as the CdS
shell thickness increases the overlap of the electron and hole wavefunction decreases.
Additionally, a direct relationship between the rise time and shell thickness was observed.
In a later study, the same group investigated the charge transfer dynamics of CdTe/CdSe
core-shell heterostructures and found that the carrier average emission lifetime was linearly

proportional to the CdSe shell thickness [57].

Piryantski et al. [18] theoretically calculated Axx in type-Il core-shell QDs. They
separately calculated the contribution to the Axx from direct Coulomb coupling, always
large and positive, and from core-shell interface polarization, either large and positive or
small and negative. Energy criteria were used to determine the carrier localization regimes
that define the type of QDs. For instance, the electron resides in the core if its energy is
less than the conduction band of the shell and the hole resides in the shell if its energy is
less than the valance band off-set, as shown in Figure 2.19. The group also quantitatively
measured the spatial separation between electrons and holes. The authors concluded that
the biexciton interaction energy in type-Il heterostructures is generally repulsive and larger
than the transition line width (on the order of 100 meV) enabling increased optical gain

[18].

In another study, lvanov et al. [40] studied carrier dynamics of type Il CdS/ZnSe
core/ shell heterostructures, in which electrons and holes reside in turn in the core and shell

using the TRPL experiment. The group managed to increase the average emission lifetime
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from 23 ns to 45 ns by increasing the ZnSe shell thickness in the single exciton regime,
showing that as the shell becomes thicker the spatial separation between the electron and
hole increases. In the high excitation densities, the ultrafast decay rate of biexcitons was
found to be slower as the ZnSe shell thickness increased. They observed ~70 meV
repulsive X-X binding energy in CdS/ZnSe core/shell heterostructures. The resultant
reconstructed TRPL spectra was sliced in times t=0 and t=2 ns, as shown in Figure 2.20. At
t=0 ns the recorded signal was attributed to biexciton emission whereas, at t= 2 ns the

signal is due to long-lived single excitons.

5 10 15 20 25 30 35 40
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Figure 2.19. Theoretically calculated constant-electron-hole overlap integral contours (decimal
numbers) and localization phase diagram based on the carrier energy criteria. R and H represent the
core radius and shell thickness, respectively. The electron is delocalized over the whole core-shell
structure in the left hand side quasi-Type Il regime, while, the hole is delocalized over the entire
structure in the right hand side quasi type 1l regime. A represents Angstrom unit. [Modified from

[18]].
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Figure 2.20. Comparison of t=0 ns PL component (circles) and t=2 ns PL component (squares) of
CdS/ZnSe core/shell heterostructures.[Modified from [40]].

The reported repulsive Axx was found to be directly proportional with the ZnSe shell
thickness. This characteristic feature was attributed to the fact that as the overlap integral
decreases, the attractive Coulomb interaction between electrons and holes drops and the

repulsive Coulomb interaction between electrons in the core increases [40].

Oron et al. [13] studied dynamics of type-11 CdTe/CdSe heterostructures using the
quasi-continuous-wave excitation technique. They observed a volume dependant emission
life time which altered from 20 ns for a CdTe core to 240 ns for the thickest CdSe shell.
Investigating the X-X interaction in CdTe/CdSe core-shell structures with a set of shell
thicknesses, they observed a maximum blue shift of ~30 meV in the thickest CdSe shell

[13].
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2.8 Summary

Colloidal QDs are semiconductor nanostructures in which electrons and holes are confined
in three dimensions due to strong quantum confinement. They have quasi-discrete energy
levels and their electronic and optical properties are size-dependant, which makes them
attractive for a number of applications. Depending on the material composition and charge
localization in QDs, they are categorized into two types: type-1 and type-Il. In the former
the electron and hole wavefuntion overlap is increased, whereas it is decreased in the latter.
Multiple exciton generation is efficient in colloidal QDs due to separated energy levels.
Therefore, these nanocrystals have a promising future regarding 3™ generation PVs. Due to
enhanced Coulomb interaction between carriers in QDs, Axx in these nanostructures is
significant, compared with bulk materials. Depending on the sign of Axx, the band gap of
the dot can either increase or decrease by the magnitude of Axx. Due to the spatial
separation of electrons and holes, the magnitude of Axx in type-1I QDs is significantly

larger than in type-1 QDs.
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Chapter 3: Experimental techniques

3.1 Introduction

Optical spectroscopy utilises the interactions between matter and light such as the
absorption and emission processes. Steady-state absorption and PL spectroscopy allow one
to characterise the basic optical transitions in materials and thus evaluate the quality of the
sample. These methods are widely used by scientist from a variety of disciplines as these
techniques offer direct access to the sample’s electronic structures. Moreover, ultrafast
optical spectroscopy is a prevailing tool that sheds light on ultrafast carrier dynamics of
materials since it can be non-destructive and its spectrum range is covered by the solar
spectrum. Further, the recent technological developments in the field of optical instruments
(i.e. ultrafast lasers and detectors) have opened doors to measure exciton dynamics more
accurately. For example, the major challenge in determining a correct MEG output in QDs
is the fast decay of multiple excitons due to Auger recombination in 10s to 100s of
picosecond [2]. In order to be able to measure the exciton dynamics before they
nonradiatively recombine, ultrafast lasers are employed as they provide short pulse
durations on the scale of sub-100 fs offering more than sufficient time-resolution. Ultrafast
TA spectroscopy directly measures the MEG signature in QDs and distinguishes between
Auger recombination of multi-excitons and radiative recombination of single excitons
(occurs on the time scale of 10s ns [3]). Likewise, a TRPL experiment is also commonly
used to detect ultrafast charge dynamics of materials as it also utilizes the remarkable
sensitivity of multichannel plates, which is a detector that amplifies incident electron signal
by creating an avalanche of the secondary electrons. Optical spectroscopy reveals the

electronic structures of semiconductors and answers how the properties of these materials
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change with size and shape. This chapter will examine the instruments and experiments

that are used in this project in detail.

3.2  Photoluminescence (PL) spectroscopy

PL in QDs is produced by the radiative recombination of excited electron and hole pairs,
radiating randomly polarised spontaneous light [4], following the excitation of the system
by absorbed photons, as illustrated in Figure 3.1. This process is the reverse of absorption,
where PL spectroscopy measures the emitted light intensity as function of wavelength and
absorption spectroscopy measures the light transmitted through the sample as a function of
wavelength. PL lifetimes in QDs occur on the time-scale of nanoseconds and the resultant
light is informative about the semiconductors’ electronic structure, in particular about the
band edge. The PL linewidth allow access to the materials’ size dispersion where a broad
linewidth is an indicator of large size dispersion. It is a powerful tool to determine the
electronic structures of materials following optical excitation and is a flexible and non-
damaging technique. In this study, the PL spectroscopy is primarily used to determine the

sample band edge and thus calculate the MEG threshold.
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Figure 3.1. PL process in semiconductor
QDs.
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The design of a common PL experiment basically consists of a light source (laser or
lamp), monochromator and photo detector and its data recording is straightforward. In this
study, a Horiba Jobin Yvon Fluorolog-3 model FL3-22iHR spectrofluorometer is used to
characterize the optical properties of QDs. A 450 W Xenon lamp is used to produce
continous pump wavelengths between 240 nm and 600 nm. Two double grating excitation
and emission monochromators are used to obtain high resolution and to reject the
maximum stray-light, as shown in Figure 3.2. A room temperature R928P photomultiplier
tube (PMT) from Hamamatsu Corp. is used to detect the emission spectra from 240 nm to
850 nm region which covers the emission spectrum of QDs used here. The sample

compartment is T-shaped, allowing access to a second emission detector if necessary.[5]

Source

Double-grating
Excitation Spectrometer

PMT

T-box Sample Double-grating
Compartment Module Emission Spectrometer

Figure 3.2. The -configuration of the Horiba Jobin Yvon Fluorolog-3 model FL3-22iHR
spectrofluorometer.[Taken from [5]]
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3.3  Absorption spectroscopy

Absorption is an outcome of the interaction between matter and light which is measured in
this work across the ultraviolet (UV), visible and NIR part of the spectrum. When a photon
is absorbed by a material, depending on the photon’s energy, an electron can be transferred
from the ground state to a higher energy level (from valance band to the conduction band
for semiconductors). The absorption spectrum allows direct access to the materials’
electronic levels where each level absorbs a particular amount of energy to reveal the
absorption transitions. That is to say, the wavelength corresponding to any transition shows
the position of the energy state in the material. In steady state absorption spectroscopy of
the QDs, the lowest absorption feature corresponds to the band gap which decreases as the
QDs size increases. Since carriers in a QD structure are confined in three dimensions, the
resultant absorption feature is an excitonic absorption transition. Steady state absorption
spectroscopy is the measurement of the intensity of the incident and transmitted light
through an absorbing medium for a desired spectrum range. Absorbance, A, is measured

from the transmission (T) where the relationship between them is expressed as [6];
A = —log(T). (3.1)
The amount of transmitted light through the sample is determined from [6];

T=—=e¢h8 (32

where P and Py are, respectively, the transmitted and incident amount of light.  and | are
the wavelength dependent absorption coefficient with unit of cm™ and the path length of
the sample in unit of cm, respectively. Absorption is described by the Beer Lambert law

which states that each section of sample absorbs the same fraction of light and the
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absorbance is directly proportional to the sample concentration. This is expressed as [6];
A= ¢lc, (3.3)

where, ¢ and ¢ are the molar absorptivity coefficient in the unit of M™*cm™ varying with
wavelength, and the molar concentration of the absorbing material in unit of M,

respectively.

In this study a Perkin Elmer Lambda 1050 UV/Vis/NIR spectrophotometer is used to
characterize the QDs. The device measures the amount of light passes through the sample
and hence absorbed by the sample. It consists of three fundamental features: a double
holographic grating spectrometer, a double beam and ratio-sensitive optical detection
scheme. The spectrometer is capable of measuring the absorption spectra of materials from
175 nm to 3300 nm range by using three unique detectors: a Photomultiplier R6872 (175-
860 nm), Peltier-cooled InGaAs (860-2500 nm), and PbS (1800-3300) detectors[7]. As the
source, a pre-aligned deuterium lamp and a halogen lamp are placed in the lamp
compartment to excite the sample with cw light. The absorption machine has a large, dual
sample compartment wherein sample and reference beams travel parallel to each other and
two 10 mm cuvette holders are located. By using two beams, the ratio between those
beams are recorded which removes signal variation due to any change in the intensity of
the source. The absorbance of the sample is proportional to the logarithm of this ratio. Here
the sample solution and the blank solvent are, respectively, placed in the sample and
reference cuvette holders and the ratio between the transmitted light is recorded. The
spectrometer is capable of characterizing both liquid and solid samples and features

detector optics that can compensate for the material’s width [7].
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3.4 Time correlated single photon counting (TCSPC)

TCSPC method is a widely used optical method of measuring the ultrafast carrier
dynamics of semiconductors. It directly records the PL intensity following excitation by
ultrafast pulses with high repetition rate where the PL intensity is proportional to the
number of created excitons. The delay time between the pump pulse and the recorded PL is
measured and the process is repeated for a substantial number of laser pulses. Hence the
PL decay curve results from the accumulated delayed photon distribution. This method can
provide MEG data with low pulse energy [8] where the probability of absorbing more than
one photon per dot is negligible. To detect the low excitation rates, a sensitive multi-

channel plate (MCP) is employed.

The common optical scheme of a TCSPC experiment consists of an ultrafast laser
source, a collection lens, a monochromator, an MCP and electronics, as shown in Figure
3.3. The sample is pumped with the high repetition ultrafast pulses and the resultant PL
signals are collected and then directed onto the MCP after passing through the
monochromator. A small fraction of the output from the excitation source is directed to the
photodiode (PD) to be used as the reference beam which determines the delay time by
means of electronics [9]. The time resolution in this method strongly depends on the

response of the MCP.
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Figure 3.3. Experimental set-up for a typical TCSPC experiment.

Femtosecond mode-locked lasers are widely used as the excitation source for the
TCSPC method as they offer unique characteristics i.e. low pulse energy, high repetition
rate, etc. In this study a Spectra Physics Mai Tai HP mode-locked Ti:sapphire femtosecond
laser is used as the main source. It offers sub-100 fs pulses between 720-850 nm with 80
MHz repetition rate which is ideal for collecting fast data. The high repetition rate of this
type of laser may cause the optical “pile-up” which results from the detection of more than
one photon in the same signal period and misrepresents the signal shape [9] and so is often
combined with a pulse selector. Another advantage of the mode-locked Ti:sapphire laser is
that its pulse duration is far less than the 10 ps which corresponds to the time spread of the
best detectors [9]. The TCSPC experimental set up used in this project was built by Stuart
Stubbs and Daniel Espinabarro-Valesquez. The oscillator is pumped by a CW diode-
pumped laser producing output at 532 nm with 12 W power. 800 nm peak emission of the
Ti:sapphire laser is directed to a Coherent Harmonic generator to produce 400 nm pump
pulses via a nonlinear second harmonic generation (SHG) process which is described in the
next section. One of the major limitations of a high repetition rate oscillator is that the time

period between two consecutive pulses is shorter than the exciton radiative recombination
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life time. For example, the radiative recombination life time of the excitons in the sample
is 10s of ns [3] in most of QDs. However, the time period between the two sequential
pulses of the Mai Tai HP Ti:Sapphire laser is about 12.5 ns which does not give a true
value of PL as the recombination process of PL has not completed yet. In order to
overcome this problem the oscillator repetition rate was decreased from 80 MHz to 8 MHz
using an APE Pulse Select device. This device consists of an acousto-optic modulator
(AOM) where a sound wave applied to its transparent crystal creates diffraction for some
of the laser pulse at the desired repetition rate, allowing it to be transmitted. The resultant
pump pulse at 400 nm with 8 MHz repetition rate can be focused on the sample using a
microscope objective lens to increase the pump fluence on the sample. The average power
at the sample position is measured to be around 3 mW corresponding to about 0.4 nJ per
pulse. The resultant PL trace is collected throughout a Spex monochromator before being
directed onto a MCP PMT (Hamamatsu R3809U-50) using a collector lens. The PMT has
a large detection area and low dark count rate. A small fraction of the output from the APE
Pulse Select is diverted to a silicon photodiode which is then amplified and sent to

electronics to determine the delay time between the laser pulse and the PL photon.

3.5 Femtosecond pump probe experiment

An ultrafast pump probe experiment, also known as TA, is an optical spectroscopic
technique that has the ability to measure the ultrafast carrier dynamics of materials
accurately since it uses laser pulses with sub-picosecond duration. Figure 3.9 illustrates a
detailed schematic representation of a typical femtosecond TA experiment. The energy of
the pump beam is high enough to excite the system and create hot electrons in QDs. The

subsequent probe pulse energy is tuned to a specific energy level to monitor the charge
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carrier population. Usually the probe beam energy is tuned to the band edge of the QDs.
The resultant spectroscopy shows the charge dynamics as a function of delay time
corresponding to the time between pump and probe beams which emerge from the same
source. With the development of the femtosecond laser, the ultrafast TA experiment has
replaced the flash-photolysis technique which was limited by poor time resolution, sample
damage due to long excitation time and the slow response of the detection instruments [9].
Since the ultrafast processes in QDs such as Auger recombination and MEG occur in time
scales of 10s of ps or less [10], they require a powerful tool with a better resolution. Hence
femtosecond lasers with pulses about 10s of fs are the best candidate to be used for

measuring MEG in QDs.

For a typical TA experiment a mode locked-femtosecond Ti:Sapphire laser is used as
the main source. However, the pulse energy of femtosecond laser output is in the nJ scale
which is not sufficient for the subsequent nonlinear processes i.e. white light continuum
(WLC) generation and frequency mixing. Therefore an amplifier is required to increase the
energy per pulse, though simultaneously decreasing the repetition rate. A substantial
amount of output from the amplifier is directed into an optical parametric amplifier (OPA)
and the output from this is then directed onto nonlinear crystals to generate second and
third harmonic wavelengths. The output from the OPA is used as the pump beam and
directed onto the sample to be excited following a chopping process which is phase-locked
to a lock-in amplifier and blocks every other pump pulse. The remaining amount of the
output from the amplifier is used as the probe beam and focused on to a sapphire window
to generate a WLC after passing through a delay stage. Two perpendicular mirrors are
placed on the delay line which moves backward and onward to control the delay time

between the pump and probe pulses. The delay time (At) is calculated from the relationship
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between the speed of light (c) and the delayed distance of the translation stage (Al) which

is expressed as;
At = 2Al/c, (3.4)

where the factor of 2 emerges from the back reflection of the light from the delay stage.
Here the key concern is that the beam path must be parallel to the delay line to avoid any
unexpected spatial movement of the probe beam when the delay line moves backward and
forward. In order to obtain a stable WLC from the sapphire plate, the beam power should
exceed a critical point which will be explained in the next section. The resultant WLC is
directed onto the sample. The pump and probe optical paths (starting from the beam
splitter placed just after the amplifier to the sample position) must be equal for some
position of the delay stage. The other important requirement is that the spot size of the
probe beam must be about 5 times smaller than that of the pump beam so that it
experiences a uniform level of excitation transversely [11]. In addition the angle between
both beams should be narrow enough so that walk-off does not significantly reduce the
pumped volume that can be probed. The intensity-attenuated probe beam is then directed
on to the detector after passing through the monochromator to separate the probe
wavelength from the WLC. The TA experiment principally measures the transmission
change (AT) between when the pump beam is on (Tpymping) @nd OFf (Tno pumping). IN order to
cancel out the contributions from the instruments the AT values are divided by the normal

transmission value (Tno pumping) Which is related to the absorption difference as [6];

T=-Axl,  (35)

where Acx is the absorption difference when pump is on and off, and | is the length of the
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sample.

3.5.1 Mode-locked Ti:sapphire laser pulse generation

In a TA experiment the source laser is the heart of the system since its characteristics play
a key role from the amplification to the detection process. Four key characterizations of a
laser source need to be considered in details before building the experiment; pulse width,
pulse energy, the dominant wavelength and the repetition rate [9]. However these
parameters can be modulated as required by introducing some external optics except the
pulse duration, which can only be modulated inside the cavity. Mode-locking arises when
controlling the gain or the loss of the laser cavity periodically at a frequency corresponding
to the laser repetition rate [1]. With recent rapid developments in optics technology,
modern mode-locked Ti:sapphire femtosecond lasers have become the favourite candidate
for the source laser in an ultrafast TA system [10, 11]. This is because, as well as being
tunable over a broad wavelength range, these lasers also can produce pulse widths of as
low as 10s of fs due to the fact that Ti®" ion offers a wide gain band. These lasers are
pumped with high intensity CW lasers since the saturation power of the absorber in
Ti:sapphire is relatively high [12]. A typical femtosecond mode-locked Ti:sapphire laser
produces wavelengths between 700 nm to 950 nm with a few nJ pulse energy and the
repetition rate of around 85 MHz. One of the most common method of generating
Ti:sapphire femtosecond pulses is active mode locking which usually employs an AOM
inside the optical cavity near to the end mirror, as shown in Figure 3.4. When the AOM is
driven with an electrical signal then the acoustic grating produced by the standing wave
will turn on and off to scatter light off of the optical path of the laser [13]. In that case the

AOM frequency must be equal to the laser repetition rate.
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Figure 3.4. A typical active mode-locking system to generate ultra-
short pulses. [Modified from [1]].

Ti:sapphire femtosecond lasers can also be based on the Kerr lens mode-locking
technique, which is a passive mode-locking method. In that case, the intense beam in the
gain medium undergoes self-focusing wherein each spatial point of the beam experiences
different refractive index in the amplifying medium. This effect occurs only when the
intensity of the beam is high enough and the resultant fast self-mode locking modes are
focused through a narrow slit that blocks the low intensity beams and CW modes, as

shown in Figure 3.5 [12].
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Figure 3.5. The schematic representation of mode-locked femtosecond Ti:Sapphire pulse generation.

As explained earlier for a pump probe experiment, pulses with energy in the

scale of nJ is not sufficient to excite enough electrons across the band gap of the QDs for
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our experiments or undergo the nonlinear conversion to produce a WLC. Hence amplifiers

are used to increase the pulse energy of the Ti:sapphire mode-locked seed lasers.

3.5.2 Amplification of short pulses

Ultra short pulses from a mode locked Ti:sapphire seed laser are typically amplified using
an optically pumped Ti:sapphire amplifier. In this process, the low energy pulses from the
oscillator are multiply passed through an optically pumped Ti:sapphire crystal placed in a
resonator wherein an electro-optical switch is also located to regulate the number of round
trips and hence pulse gain. Usually two Pockel cells are used as the electro-optic switch;
one of which acts as a pulse picker which accepts the low energy seed pulses into the
resonator to be amplified and reduces repetition rate and the other lets the amplified pulse
out of the resonator to be compressed, as outlined in Figure 3.6. However, some issues
arise during the amplification process. Firstly, the femtosecond pulses’ width is broaded as
they pass through the gain medium for amplification. Secondly, due to high intensity of the
seed laser the Ti:sapphire crystal and other optics can be damaged. To overcome these
problems the pulses are initially stretched in time and then recompressed to its initial

duration. This method is called chirped pulse amplification which temporarily decreases

the pulse intensity by increasing its width using a pair of gratings [12].
” Amplified
Faraday Pockels Femtosecond
Isglator r===~--~ -~ emee- -, Cell pulse
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Figure 3.6. A typical layout of a Ti:Sapphire regenerative amplifier.
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3.5.3 Nonlinear optics

In principle, nonlinear optics is about the behavior of light in a nonlinear medium where

the relationship between electric polarization (ﬁ) and electric field (E) is nonlinear rather

than being linear and expressed as [14];
ﬁ = €0X_E—f + 80X2E2+ ........ (36)

where y and y, denote the linear and 2" order nonlinear electric susceptibility,
respectively, and €, is the electric permittivity. Since the linear coefficient is typically
much greater than the nonlinear coefficients, a strong and coherent light source is needed
to produce a significant nonlinear response. Therefore a laser beam is used to investigate

the nonlinear phenomena rather than a normal light source.

3.5.4 Second harmonic generation

As explained earlier for a TA experiment the main source is a femtosecond Ti:sapphire
laser whose maximum efficiency occurs when the lasing wavelength is about 800 nm.
However, the band gap energy of most QDs lies above the energy level of the fundamental
wavelength of 800 nm and thus more energetic photons are needed to excite the QDs. In
addition to generate MEG in QDs, a photon energy greater than at least twice the band gap
is required. Therefore, energetic photons are needed. In this regard, a nonlinear medium is
used and new coherent light is generated from the 800 nm fundamental beam. When
strong laser light with a frequency of () propagates in a nonlinear medium new coherent
beams at double the frequency of the incident beam (2w) emerges, which is called SHG, as
seen in Figure 3.7. If the fundamental incident beam and the generated beam are out of

phase then destructive interference occurs and the intensity of the SHG beam decreases
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which is expressed as:

I <S""§)) . (37

2

where Ak is the degree of the phase mismatch between the fundamental beam and the SHG
and expressed as Ak = 2k, — k,,, and L is the thickness of the nonlinear medium. It is
clear that the maximum conversion efficiency occurs when both beams are in phase. Third
harmonic generation (THG) occurs when the fundamental beam (o) and SHG (20) interact
in a nonlinear medium providing that both interacted beams are phase matched, as shown
in Figure 3.7. Optical parametric amplification is another nonlinear phenomena occurring
as a result of two laser beams interacting. In this process two perfectly phase matched
beams (pump and signal) combine together to amplify the intensity of the signal beam
wherein a third beam (idler) also emerges, as shown in Figure 3.8. By rotating the
orientation of the nonlinear crystal in an OPA device, a wide tunability of the output beam
is achieved. Therefore, this phenomenon is particularly important for TA experiment

wherein the band gap of QDs vary.
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Figure 3.7. Schematic illustration of the SHG and THG processes.
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Figure 3.8. lllustration of OPA process.
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3.5.,5 White light generation

When an intense laser beam propagates in a nonlinear medium, the spectra of the initially
monochromatic light can broaden rapidly in this medium, producing wavelengths from the
ultraviolet to NIR region, this is called a WLC or supercontinuum [15]. A WLC can be
generated in any transparent material within any phase of matter including sapphire, quartz
and water, etc. To be able to produce WLC very high power laser pulses are required. In
this regard femtosecond pulses with energy in the scale of a few mJ are sufficient to
generate WLC as their peak power corresponds to 10s of megawatt. For example a
femtosecond Ti:sapphire laser pulses at 800 nm wavelength with modest input energy can
produce a broad WLC spectrum from 300 nm to 1500 nm with high spatial coherence
which is difficult to achieve with picosecond pulses [6]. WLC generation has been
explained by the self-focussing process (SFP), self-phase modulation (SPM) [15] and four
wave mixing [16] and it is still the subject of intense research [17]. The threshold for self-
focusing is equivalent to the power threshold of WLC and the critical pump power is

determined from [15];

3.771?
gnnny’

(3.8)

Pt =

where A is the incident beam’s wavelength and n; and n,, denote the refractive indexes in
the linear and nonlinear mediums, respectively. Femtosecond WLC has potential use in
many applications. In particular the high spatial coherence and wide spectral bandwidth
make it crucial for a TA experiment wherein the monitoring of intra-band and inter-band
transitions are the main objective. A monochromator is used to pick one specific
wavelength from the WLC corresponding to the monitored level in the electronic structure

of the sample.

Musa CADIRCI PhD Thesis &



Chapter 3 Experimental techniques

3.6  Visible ultrafast TA experiment

In this study a home built femtosecond TA experiment was used to monitor the exciton
dynamics of QDs at the sample band gap. The experiment was originally built by Stuart
Stubbs and Samantha Hardman and later modified by my colleague, Ali Al-Otaify, and me.
The principle of this experiment is basically that the ultra-short pump beam excites
electrons from the valance band to the conduction band and the subsequent probe pulse is
tuned to the band edge of the sample to monitor the resultant exciton population. Figure
3.9 illustrates the layout of the femtosecond Vis-TA experiment.

The main light source in this experiment was a Spectra Physics Tsunami Mode-
locked Ti:sapphire laser which was pumped by a Spectra Physics Millennia Pro laser. The
Millennia Pro laser is a diode-pumped frequency-doubled CW laser producing an output
beam of ~10 W at 532 nm. This laser employs neodymium-doped yttrium orthovanadete
(Nd:YVO,) and lithium triborate (LBO) crystals as the gain medium and SHG,
respectively. The mode-locked Ti:sapphire laser produces 95 fs pulses at 800 nm with a
repetition rate of 80 MHz and a pulse energy of about 15 nJ. The energy of these ultrafast
pulses is not sufficient for WLC generation or optical parametric amplification [13].
Therefore, the output of the oscillator is used to feed a Spectra Physics Spitfire Ti:Sapphire
regenerative amplifier to increase the energy of the ultrafast pulses.

The regenerative amplifier is pumped by a Spectra Physics Empower diode-pumped
Nd:YLF laser which produces SHG pulses at 527 nm with an average power of 20 W. The
mechanism of the amplifier used here operates as that demonstrated in Figure 3.6. Briefly,
the ~15 nJ (~500 mW average power) femtosecond pulses enter into the regenerative
amplifier and are directed only in the forward direction using the Faraday isolator. After

that the orientated pulses undergo a stretcher process where the pulses widen in time to
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prevent any damage to the crystal using a stretcher grating. Next, the first Pockels cell
picks the stretched pulses and modifies the repetition rate, followed by the amplification of
pulses in the resonator. The amplification process is completed after 20 passes of the pulse
in the gain medium which is then let out by switching on the second Pockels cell whose
timing is controlled by a computer. Then the amplified pulses are directed to a compressor
grating to recompress the amplified pulse to its initial duration. After these procedures, the
regenerative amplifier produces output pulses at 800 nm wavelength with a pulse energy of
around 4 mJ (~4 W average power) with a 1 kHz repetition rate [19]. About 95% of the
output of the regenerative amplifier is sent onto an OPA to produce pump wavelengths

tunable over a broad spectrum range.
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Figure 3.9. The Optical Outline of the Vis-TA experiment.
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In this experiment a TOPAS-C (Light conversion) OPA is used to convert the
ultrafast pulses at 800 nm wavelength with 1 kHz repetition rate into the desired pump
wavelength. It is a collinear OPA using a WLC as the seed for the signal, combined with
subsequent second and third harmonic generation mechanisms to produce pump
wavelength between 189 nm and 2800 nm. In particular, pump wavelengths corresponding
to the UV region are important in this project as the photon energy in these regions is
several times the band gap of the samples used in this study. This requirement is necessary
for investigating MEG. The OPA has an efficiency of ~33% at 1400 nm and can be tuned
from 1200 nm to 2800 nm. The combination of second and third harmonic generation and
sum frequency crystals allows one to produce the desired pump wavelengths. The
stabilization of the pump beam is important for monitoring the ultrafast charge dynamics
of QDs as each decay collection time is about 1 hour. In this context the OPA device is an

ideal source since it offers less than 1% root mean square energy stability [20].

3.6.1 Optical bench

A small fraction of the amplified pulses at 800 nm wavelength is directly sent to the optical
bench to generate WLC which is used as the probe beam. The beam is initially passed
through a pre-fixed iris to be roughly aligned and a neutral density (ND) filter to control
the average beam power for a stable WLC output. Then it is focused onto a 2 mm sapphire
plate to generate WLC following reflection off a 200 nm Newport translation stage that
controls the delay time between the pump and probe pulses’ arrivals. The delay stage is a
motorized device that includes a retro-reflector reflecting the incident beam parallel and in
the opposite direction with respect to its original path. As stated earlier each step of the
delay stage movement causes twice the change in the total path length of the probe beam

because the probe pulses pass the delay stage two times. By this device it is possible to
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adjust the incremental motion to down to 10 um corresponding a time resolution of about
60 fs (This indicates that the time resolution of the system is only limited by the pulse
duration). It is important to ensure that the incident beam is parallel to both delay stage and
to the optical table. After passing the delay stage, an average of 1 mW pump power of the
800 nm pulses are focused onto a 2 mm thick sapphire plate to generate WCL. The
stability of WLC output is crucial for a fixed probe beam corresponding to the sample’s
band edge. And thus the sapphire plate is slightly moved in the horizontal and vertical
directions to get the optimum position. The output of the sapphire plate is shown in Figure
3.10 which was optimized for a probe wavelength of 650 nm, which is the nearest value to

the band gap of most samples used here.
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Figure 3.10. The spectral output of the employed sapphire plate when pumping with 800 nm ultrafast
pulses at 1 m\W power.

The generated WLC is divided into two parts using a beamsplitter. One of which is called
sample beam and focused on the sample position so that the probe beam has a diameter of
~ 700 pm using two (500 mm and 250 nm focal length) achromatic doublet lenses. The

other part of the WLC beam is called the reference beam and by-passes the sample before
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being directed onto a Spectra Pro 2500i 0.5 metre imaging spectrometer. The reason for
splitting the probe beam is that the absorption change in an excited QD is low enough to be
confused with the contribution from the instruments. In a split beam system the difference
between the sample and reference beams is considered and the contribution from the
source or other instruments is cancelled out and sensitive absorbance measurements are
achieved. The reference and the attenuated sample beams are balanced using a tunable ND
filter. Both beams are sent onto the monochromator after passing through a 60 mm
achromatic doublet lens to be focused on the spectrometer’s entrance slit. The
monochromator disperses the two beams before sending them onto a pair of Vishay Si PIN
high speed photodiodes. The photodiodes transmit the detected signal to a Lock-in
amplifier (Stanford Research Systems SR830) which is connected to the computer. A Lab
View program was written to control the delay stage and to collect the output from the
lock-in amplifier. On the other hand the output from the OPA is directed to the sample
position after being modulated by a mechanical chopper which is phased-locked with the
lock-in amplifier. The frequency of the chopper is set to 500 Hz meaning that every other
pulse from the 1 kHz pump beam is blocked. Additionally the lock-in amplifier detects
only the transmission changes due to pump beam excitation, AT, which is the transmittance
difference between when the pump beam is on and off. This difference is then normalized
by the transmission at the sample band edge, AT/T, which is proportional to the average

number of excitons per QD, <N>, and expressed as;
AT(t) _ , <N>

D=2 (39

where A and g are the absorbance at the band edge and the degeneracy of the sample,

respectively. The angle between the directions of pump and probe beams at the sample
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position is set to be less than 30° such that the active volume is not significantly reduced by

beam walk-off.

3.7  High repetition infrared ultrafast TA experiment

The infrared (IR) femtosecond TA experiment is also a pump-probe experiment where the
pump beam perturbs the system of the QDs and the following probe beam monitors the
kinetics of electrons in the desired energy levels. In this experiment the photon energy of
the probe beam is considerable less with respect to the visible TA experiment and thus
usually the intra-band transition in the conduction band is monitored. The main difference
between these two experiments comes from the instrumentation. For example, as well as
using a high repetition rate amplifier, the IR TA experiment also detects the absorption
change in signal with detectors that work at cryogenic temperatures. It is a valuable
instrument for mapping out the ultrafast relaxation channels in QDs, particularly for
investigation of MEG. Because this technique does not monitor the exciton dynamics at the
band edge then there is no need to consider the effect of excited state emission on the
ground state bleach [21]. In addition, in an IR TA experiment the probe beam can be tuned
to the only optically allowed transition levels which gives a clear MEG signal [8]. On the
other hand, high repetition rate pulses also contribute to a clear ultrafast exciton dynamic
signal. Because when a system is pumped with low repetition rate femtosecond pulses then
the data acquiring rate becomes slower which can be minimised by replacing high
repetition rate sources. Taking into consideration these advantages we developed a high

repetition IR TA technique to record the ultrafast exciton dynamics of QDs.

3.7.1  Laser system

This system employs several commercially available laser and detection systems. 150 fs
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pulses are derived from a Coherent Mira-Optima 900-F seed laser. The oscillator is
pumped by a diode-pumped Coherent Verdi laser producing 18 W of continuous wave
radiation at 532 nm. The pump laser uses a Nd:YVO, crystal as the gain medium [22]. The
seed laser is a mode-locked Ti:Sapphire laser that has a tuning range between 700 nm and
980 nm and produces pulses with duration of 150 fs and 76 MHz repetition rate. As
explained earlier the ultrafast pulses are generated by applying the Kerr effect in the
Ti:Sapphire gain medium [23]. The produced femtosecond pulses have energy in the order
of 10s of nJ that is not sufficient to generate efficient WLC, and other nonlinear processes.
Therefore a Ti:Sapphire regenerative amplifier is used to increase the pulse energy of the

oscillator.

In this IR TA system, a CW-pumped Ti:Sapphire regenerative amplifier (Coherent
RegA Model 9000) is used to amplify the energy of femtosecond pulses from the nJ scale
to about 6 pJ with repetition rate of 250 kHz. About 14 W of output from the diode-
pumped Verdi laser is used to pump the amplifier. Unlike the amplifier used for Vis-TA,
this amplifier does not use a grating-based stretcher instead; it utilizes an AOM which uses
tellurium dioxide (TeO,) crystal. This crystal is highly dispersive, so that fs pulses stretch
in time to permit a safe amplification process after about 20 round trips in the Ti:Sapphire
crystal. The AOM also acts as a cavity dumper to control injected and ejected pulses in the
amplification process and the time between these pulses. A Faraday isolator is used to
prevent the feedback into the main oscillator and to permit unattenuated amplified pulses
from the amplifier. The RegA 9000 produces output pulses at 800 nm with ~6 pJ with
repetition rate between 10 kHz to 300 kHz and 1.4 W average power [24]. The extracted
high energy compressed pulses are directed to an OPA to convert the femtosecond 800 nm

pulses to higher frequencies.
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To convert the 800 nm output from the amplifier to longer wavelengths a Coherent
Model 9800 OPA is used, which is tunable from 1200 nm to 2400 nm. Approximately 25%
of the 800 nm RegA output is diverted onto a sapphire plate to generate WLC in the
spectral window between 460 - 1600 nm. The produced WLC is then combined with the
remaining 75% of the RegA output for the first pass through B-barium borate (BBO) to
produce a small amount of “signal” and “idler” beams. Next the signal and 800 nm beams
are separated and reflected off two different adjustable optical delay stages. That is because
of meeting the requirements for producing the remaining amount of the ‘“signal” and
“idler” beams whose frequency can be straightforwardly angle-tuned by a peripheral
micrometer. Eventually the OPA produces signal (1200-1600 nm) and idler (1600- 2400
nm) beams with average output of about 150 mW at 250 kHz corresponding to a pulse

energy of 0.6 pJ.
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Figure 3.11. Schematic layout of the ultrafast IR TA experiment.
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3.7.2  Optical bench

This experiment is two colour pump-probe IR TA spectroscopy where both beams emerge
from the OPA and directed towards the sample on the optical bench, as shown in Figure
3.11. The pump beam derived from residual 800 nm pulses from the OPA is directed onto
a Newport series delay line after passing through an ND filter. As stated earlier, the pump
translation stage adjusts the delay time between the pump and probe beams. Here the key
concern is that the travelled pump beam must be parallel to the translation stage to avoid
any walk-off of the pump beam when the delay line moves. This is achieved by walking
the beam in the far field by moving the delay line forth and back. A mechanical chopper is
mounted in the pump beam path and synchronized to the amplifier frequency to block
every other pulse. In that case, the lock-in amplifier (Stanford SR830) detects only the
signals with 125 kHz. The pump beam waist at the sample is measured to be around 800
pum. On the other part, the probe beam is derived from the idler output of the OPA which is
directed towards the sample using some optical components. A ND filter and iris are used
to govern the intensity and the beam diameter, respectively. The pump and probe beams
are focused on the sample with a narrow angle of about 20° to maximize the interaction
area as much as possible. The probe beam size is measured to be about 700 pm, smaller
than the pump beam waist, using an Ophir photonic beam profiler. The attenuated probe
beam is then directed onto a long-pass filter to block the contribution from the 800 nm
pump beam before passing through a spectrometer to be analyzed. A high speed InGaAs
detector is used to detect the transmission difference signal and to send into the lock-in

amplifier.
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3.7.3 Test results

The experiment was verified by taking some initial ultrafast exciton dynamics of PbS QDs.
Here the exciton population at the band gap of the sample is investigated rather than in
intraband transmission. That is because the interband ultrafast exciton dynamics of PbS
QDs has already been investigated which can be used as reference [25]. The PbS QDs were
bought from Sigma Aldrich Company. The samples were dispersed in hexane solvent and
kept in a 10 mm glass cuvette. The absorbance of the sample was adjusted to be around
0.12 at the band edge to well-observe the ultrafast dynamics of the QDs. Initially the
steady state absorption spectrum of the sample was carried out using the lambda 1050
UV/Vis UV/Vis/NIR spectrometer, as shown in Figure 3.12. As it is clear from the figure
that the band gap of the sample is about 1414 nm (~0.9 eV) which is within the limit of
idler output of the OPA that is used as probe. Hence the probe beam can be tuned to the
band edge of PbS QDs.
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Figure 3.12. Steady state absorption spectra for PbS QDs.
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The residual 800 nm (~1.8Ey) ultrafast pulses with an average power of 340 mW
(~2.7 pd/pulse) were used to pump the dots. Pump and probe beams are spatially and
temporally overlapped on the sample position. The translation stage is fine tuned to ensure
the pump beam does not displace as the stage moves. The small change in transmission,
AT, due to pump beam is captured by phase locking the chopper with the lock-in amplifier.
The transmission change is recorded as a function of time and is normalized by the
transmittance, T, at the band edge to remove the spectral response of the instruments, as
shown in Figure 3.13. The transient shown in the figure is the average of 10 consecutive

Scans.

As can be seen from the figure, a sharp rise emerges after about 150 ps indicating
that pump and probe are spatially overlapped and hence electrons are excited across the
band gap. Thereafter, the signal is a plateau demonstrating that only a long-lived exciton is
formed. This single exciton has a lifetime of the order of 10s of ns which is well beyond
the limit of this experiment. To confirm this result, Poisson statistics is used which
estimates the possibility of a dot to absorb N photons during a pulse, Py, and hence have N

excitons just after excitation which is given by:

€_<N>

— N
Py =< N>V

(3.10)
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Figure 3.13. The first recorded fractional transmittance transient using the IR TA experiment.

Since PbS QDs are 8 fold degenerate and the absorbance was about 0.12 then from
EQ.(3.9), <N> becomes about 0.066. Eq.(3.10) leads the probability of absorbing two
photons per dot during a pulse, P, is about 2x10" which is less than 5% of P;. Hence,
according to the Poisson distribution only a single exciton is formed when the PbS QDs are
pumped under the present circumstances, being consistent with the observed results.
Biexciton or multi-exciton can be formed if the pump power is increased to certain levels

where each dot absorbs more than one photon during a pulse.

3.8 Summary

Optical spectroscopy is the interaction between matter and light and does not destroy the
materials’ structure. Steady state PL and absorption spectroscopies reveal materials’

structures by measuring the emitted and transmitted light through materials as a function of
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wavelength, respectively. In this project, a Horiba Jobin Yvon Fluorolog-3 model FL3-
22iHR  spectrofluorometer and a Perkin Elmer Lambda 1050 UV/Vis/NIR
spectrophotometer are used to record linear PL and absorption spectroscopies of the dots.
In addition, a TCSPC experiment is used to measure the radiative recombination lifetimes
of the dots. This method counts every single PL photon as a function of the delay time with
respect to a reference pulse. The TA experiment is a pump-probe method in which the
pump pulse excites the sample and the subsequent probe beams monitors the charge
population at a desired energy level. In this work, a femtosecond TA experiment is used to
investigate the ultrafast charge dynamics of the QDs. Furthermore, a high repetition rate IR
TA experiment is built to measure the carrier dynamics of QDs by monitoring intra-band

transitions in the CB of the dots.
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Chapter 4: Ultrafast exciton dynamics of colloidal ZnTe/ZnSe type-I11
QDs

4.1 Introduction

In this chapter, the ultrafast exciton dynamics of ZnTe/ZnSe type-11 QDs will be described.
Firstly steady state absorption and PL spectra characterization will be presented. This will
be followed by a comprehensive investigation of charge relaxation and surface mediated

trapping using ultrafast TA spectroscopy.

41.1 Motivation

As explained in chapter 2, type-Il colloidal QDs have staggered band alignment wherein
electron and holes reside in different volumes of the structure, while, in type-I structures
both charges localise in the same volume, e.g core. Additionally, QDs can be also formed
in quasi type-1l structures where one of the charge localises in a certain section and the
other can reside in any section in the whole structure. Therefore their electron and hole
wavefunctions are easily modified by altering the core size and shell thickness during the
synthesising process which regulates the basic optical properties of the structure. For
instance, reducing the overlap of electron and hole wavefunctions results in an increase in
the exciton lifetime [1, 2] and increases Axx (either large red shift or large blue shift in the
band edge spectrum) [3]. These characteristic features in type-1l QDs put them in an
advantageous position over their type-I counterparts in terms of application areas, such as

lasers [4] and photovoltaics [5].

Many QDs contain heavy metals and hence are toxic and pollute the environment. The

use of those toxic QDs can result in increase of heavy-metals in the subcellular region of
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organisms as these organisms are easily decomposed [6-8]. Thus the use of toxic QDs is
limited by the Restriction of Hazardous Substances Directive (RoHS) of the European
Union [9]. However, zinc based QDs are environmentally friendly and are alternative
semiconductor QDs to Pb [10], Cd [11], Hg [12], and As [13] based-QDs. Additionally,
the particular reason for preferring ZnTe/ZnSe material is that the effective bandgap of
these QDs are wider than that of those Cd based QDs making ZnTe/ZnSe type-Il QDs
attractive for application in the visible region of the spectrum [14]. The wide band gap
type-11 QDs are particularly important for lasing applications as the absorption at high
energies are reduced and thus stimulated emission becomes dominant [15]. The lasing
threshold in QDs is about one exciton per dot on average and thus depends on nonradiative
Auger recombination [4]. Therefore, to understand optical gain dynamics it is critical to

study sub-nanosecond exciton dynamics of QDs.

4.1.2 Sample information

In this study the ultrafast exciton dynamics of a series of type-11 ZnTe/ZnSe core/shell
quantum dots were investigated using ultrafast TA spectroscopy. All samples have an
identical 4.1 nm ZnTe core surrounded with 1, 1.5 and 2 monolayer (ML) ZnSe shells. The
unit ML corresponds to about 0.5 nm thickness. The samples were fabricated by Simon M.
Fairclough at the University of Oxford using the synthesising method which is described in

detail elsewhere [16].

ZnTel/ZnSe core/shell dots were dispersed in anhydrous hexane and kept in 10 mm
path-length quartz cuvettes. The preparation of samples is conducted under nitrogen
purging to avoid oxidation of the surface using a glove box in the Chemistry Department at

the University of Manchester. The absorbance (natural logarithm of the ratio between the

Musa CADIRCI PhD Thesis 91



Chapter 4 Ultrafast exciton dynamics of colloidal ZnTe/ZnSe QDs

incident and the transmitted beams) of samples at the band edge is adjusted to be between
0.2-0.4 to detect the ultrafast charge dynamics of the QDs more efficiently. All samples
were vigorously stirred with a maximum speed of 1000 rpm during the TA experiment
using a Thermo Scientific, Variog Mini stirrer (unless otherwise stated) to avoid the

accumulation of photocharged QDs in the detection volume.

4.2 Photoluminescence and absorption spectroscopy

Primarily, the steady-state absorption and PL spectra experiments were performed by
Simon M. Fairclough at the University of Oxford using a Varian Cary 5000 UV-visible-
NIR spectrometer and a Varian Cary Eclipse fluorescence spectrophotometer, respectively.
It is clear from Figure 4.1 a) that the 4.1 nm ZnTe core only sample exhibits a sharp
absorption feature at around 450 nm (2.76 eV) which is a typical behaviour of a type-I
structure. The distinctive ground state absorption feature indicates a strong electron-hole
confinement in the ZnTe core. This well-defined peak is red shifted to 470 nm (~2.64 eV)
with formation of a 1 ML ZnSe shell, which is then shifted further to 480 nm (~2.6 eV)
and 490 nm (~2.53 eV) with increasing the shell thickness to 1.5 and 2 ML, respectively,
as shown in Figure 4.1 b)-d). The first excitonic peaks for the samples with 1 and 1.5 ML
ZnSe shells are still distinct (though less so in the latter case), suggestive of transition from
type-1 to quasi type-II structures. However, the 1S absorption feature is smeared with the
addition of 2 ML ZnSe shell onto ZnTe core which is a characteristics of transition from
type-1 form to that of type-Il wherein electrons and holes presumably are localised in the
ZnSe shell and ZnTe core, respectively [14]. The formation of 2 ML ZnSe shell causes
almost 40 nm red-shift in the absorption spectrum which is also another typical

distinctiveness for transition from type-1 to type-Il structure. This is because as the shell
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thickness increases the carrier wavefunction overlap decreases and hence the effective
band gap between ZnTe core and ZnSe shell becomes smaller and the carriers are confined
to a lesser degree. Figure 4.2 shows the schematic structure (top) and the energy band

profiles (bottom) for ZnTe/ZnSe core/shell structures.
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Figure 4.1. Absorption (black) and PL (red) spectra of ZnTe/ZnSe QDs at different steps which are a) 4.1 nm
core only, b) core with 1ML shell, ¢) 1.5 ML shell and d) 2 ML shell. For clarity the photoluminescence spectrum
of 1.5 ML ZnSe core is fitted with Gaussian fit shown in blue. This data is provided by Simon M. Fairclough,
University of Oxford.
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Figure 4.2. Schematic illustration of staggered band alignments for ZnTe/ZnSe type-11 QDs
in which electron and holes reside in different spatial regions leading to a decrease in the
wavefunction overlap. The green and purple curves demonstrate the wavefunctions of the
electrons and holes, respectively whereas r represents the radius of the spherical dot.
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Figure 4.3. Second derivative of the absorption spectra for ZnTe/ZnSe QDs with 1ML (black), 1.5 ML
(red) and 2 ML (blue) shell thicknesses.
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In addition to the obvious 1S absorption features, the absorption spectra in Figure
4.1 also illustrate weak transition features at shorter wavelengths which are more clearly
distinguishable from the 2" derivative of the absorption spectra, d*A/dA?, as shown in
Figure 4.3. These transitions can be interpreted in light of the multi-band model which
predicts the band structure of QDs more accurately than the single band approach [17].
Based on the core and shell thickness properties, this model also predicts the charge
localizations in QDs. According to this model, in the samples used here electrons and holes

accommodate in ZnSe shell and ZnTe core, respectively.
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Figure 4.4. Energy levels based on the multi-band model and the transition observed in the steady state
absorption spectra.

Figure 4.4 reveals the main energy states and three lowest energy transitions that
contribute to the steady state absorption spectra. According to the multi-band model, the
1S transition corresponds to the transition from the 1S3, state in the valance band to the
1s1/, in the conduction band and is the ground-state absorption feature. The next transition
is 2S, which, in this case, corresponds to the transition to the 1sy, state in the conduction
band from the 2S3/, in the valence band. After this is the 1P transition from the 1P3/, energy

level in the valance band to the 1py;, energy level in the conduction band. Here electron
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and hole states are respectively denoted as ng; and nQj;, where n is the number of level with
a given symmetry, q (Q)= s,p,d...(S,P,D....) is the lowest value of envelope angular
momentum and j is the total angular momentum. The degeneracy of the relevant energy
states in Figure 4.3 are linked to the total angular momentum as 2j+1. From the second
derivative graph in Figure 4.3, we can see that 2S absorption features for the samples with
1, 1.5 and 2 ML shells are around 440 nm (~2.82 eV), 452 nm (~2.75 eV) and 460 nm (2.7

eV), respectively.

The PL spectra are also red-shifted with increasing the ZnSe shell thickness, a
symbolic of transition to type-1I structure, as it is in the case of absorption spectra. The
ZnTe core did not exhibit any sign of PL, which is suggested to be due to the existence of
Te surface photocharging [16]. The ZnTe core with 1 ML ZnSe shell showed a PL
maximum at 488 nm (~2.6 eV) whereas, the sample with 2 ML shell thickness showed a
PL maximum position at 492 nm (~2.5 eV), as shown in Figure 4.1b) and d), respectively.
The PL spectrum of the 1.5 ML sample is dominated by that of ligands which makes it
difficult to distinguish the PL peak. Therefore, the PL spectrum for this sample is fitted
with a Gaussian function to be identified clearly which shows the maximum PL position at
about 485 nm (~2.6 eV), as shown in Figure 4.1 c¢). The full width at half maximum
(FWHM) of these PL spectra is between 30-40 nm supporting a narrow size distribution of

QDs.

4.3 Transient absorption spectroscopy

Since the exciton dynamics of QDs, such as Auger recombination, charge trapping, MEG,
etc. can occur in the order of a few picoseconds time scale, an ultrafast technique is

required to measure charge carrier dynamics of QDs. The time resolution of ultrafast laser
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spectroscopy is principally limited by the laser pulse duration, typically ~100 fs. This laser
pulse duration is at least 10 times shorter than that of the charge carrier dynamics of the
QDs under study and thus a sufficient temporal resolution can be achieved when
measuring exciton dynamics of QDs with such a laser system. Therefore, femtosecond TA
spectroscopy was used to observe the ultrafast exciton dynamics of the type-11 ZnTe/ZnSe
QDs at the absorption edge. The instrumentation and working principle of the experiment
is explained in detail in Chapter 3 section 4. Pump and probe beams are spatially
overlapped on the sample position. The pump beam diameter was adjusted to be about 2.5
mm at 400 nm (3.11 eV) excitation wavelength, whereas, the probe diameter was measured

to be around ~0.7 mm at the sample position.

4.3.1 Results and discussions

Figure 4.5 reveals pump induced fractional transmittance transients at the band edge of
each of the core/shell samples at a moderate pump power. In order to reduce the noise as
much as possible, each decay was averaged over at least 10 scans. The decay for the
sample with 1.5 ML is fitted with a bi-exponential expression as this function yields the

most reasonable decay parameters, such as time constants and errors:

AT(t) t t
T( =y, + Aj exp (— ;) + Azexp(— :—2) (4.1)

where, A; and A, are the amplitudes of transient components, and y, is the plateau,
representing the signal of the single long-lived exciton. Time constants for this sample are
found to be 40£13 ps and 114 +3 ps. On the other hand, the decays for the samples with 1
ML and 2 ML are globally fitted with a mono-exponential decay with a long-lived exciton
signal and the extracted time constants are found to be 17+1 ps and 435 ps, respectively.

These fast decays could be due to multi-excitons to single decay, MEG, trion
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recombination or hot and cold charge trapping on the sample surface. Now we attempt to
analyse each possible mechanism one by one and determine which one is applicable to the

recorded decays.

In a transmittance transient decay the ratio between the peak signal, (AT/T)mx
(before multi-exciton recombination), and plateau signal, (AT/T)x (after multi-exciton
recombination to single exciton), R, proportional to the average number of excitons
produced by each absorbed pump photon. Figure 4.6 depicts the process of biexciton
recombination in an excited QD. In this mechanism, multi-excitons are produced by
absorption of more than one photon per QD which relax to the CBM within 5 ps. Next
these excitons undergo nonradiative Auger recombination within 10s of ps, leaving behind
only one exciton. The lifetime for this the long-lived single exciton lifetime is about 10 ns
[12] which is well beyond the range of the TA experiment used in this work. To be able to
determine the impact of multi-exciton recombination on the above decays, the average
number of absorbed photons per QD needs to be evaluated. The Poisson statistic model

predicts the probability of N photons absorbed by a QD [18] which is given by;
Py =< N >V # (4.2)

where, <N> is the average number of absorbed photons per QD which can be predicted, for
small fractional transmittances, from AT/T, using Eq.(3.9). The degeneracy of the
conduction band minimum of ZnTe/ZnSe dots is two-fold. The AT/T values for each
sample are about 107 or less (see Figure 4.5). Likewise A values for all samples at 400 nm
are about 0.6 or less, as shown in Figure 4.1 b)-d). If we substitute the obtained values of
AT/T and A in Eq. (3.9), then <N> is found to be less than 10°. This value of <N> leads to

the probability of absorbing two or more photons per QD to be around 10” or less which is
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negligible.
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Figure 4.5. Fractional transmittance transients for ZnTe core with; a) 1 ML, b) 1.5 ML and ¢) 2 ML

ZnSe shell excited with moderate pump fluence. The scans were recorded under an excitation
wavelength of 400 nm (~3.11 eV).
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These calculations confirm that only single excitons are formed rather than multi-excitons
in each QD, meaning that multi-photon absorption cannot explain the greater than unity
values for R observed. Therefore, the rapid decays in the pump-induced fractional

transmittance change are not due to multi-excitons.

The second possible sub-nanosecond process that might affect the transients is the
MEG mechanism where more than one exciton is produced by absorbing a single energetic
photon [19]. However, the MEG effect cannot occur in the circumstances where the TA
experiment was performed. That is because the MEG threshold for type-11 ZnTe/ZnSe QDs
is given by Eq. (2.7). Thus in order to generate MEG, the dots must be pumped with a
photon energy of at least 2 times the sample’s band gap. However, the pump beam used
here was at 400 nm (~3.12 eV) corresponding to 1.2 times the band gap of the sample with

the lowest band gap. Therefore, the MEG impact on above transients is not possible.

Excitation and Cooling Bleach Maximum Bleach Plateau
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Figure 4.6. Schematic depiction of biexciton recombination process that undergoes Auger
recombination and thus has potential to affect the transmittance transient decays. (VBM is valance
band maximum)

Another physical process that causes R values to be larger than unity at low pump
fluences is trion recombination. This process also involves Auger recombination and has a
lifetime similar to that of biexciton decay, and thus can be confused with multi-exciton

decays or MEG [20, 21]. In some circumstances, the photo-excited charges in the
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conduction or valance band of a QD can become trapped on the surface of the QD for a
time period longer than that between sequential pump pulses. In a study, Midgett et al.[22]
reported that the life time of such trapped charges formed in PbSe QDs can last as long as
30 s which is well beyond the limit of this experiment. The formation of trions occurs
when a single photon is absorbed by a QD already containing such a long-lived trapping

charge, as shown in Figure 4.7.
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Figure 4.7. Schematic illustration of trion recombination that might account for large R values. (SS =
surface state).

Multi-excitons decay to a single long-lived exciton whereas trions rapidly decay
back to the state before the last pump pulse i.e. corresponding to the zero [20]. Since the
samples used here are not passivated with a final shell whose band gap is larger than that
of the core, electrons in ZnTe/ZnSe type-11 samples are exposed to the surface and are thus
prone to traps on the sample surface and thus give rise to large R values in the transient
decays. Therefore, trion formation could account for the large R value in the transmittance
transient of the samples. The significance of this process can be checked by comparing the
decay results taken under stirring and static conditions. That is because the effect of trion

formation on the R value is determined by stirring [23] or by flowing [24] the sample
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because QDs containing trapped charges are swept away from the detection volume
between subsequent pulses so that fresh QDs are excited. Thus to determine the impact of
trions on the results taken in this study, TA experiment was conducted under stirring (1000
rpm) and static conditions with all other factors remaining the same. In the stirring case a 6
X 5 mm stirring bar was placed in the cuvette where the sample solution was kept and by
means of a magnetic stirrer (Thermo Scientific, Variomag Mini) the sample was stirred

throughout the experiment.

Figure 4.8 shows the transient transmittance results taken under stirred and static
conditions. The stirred transient is well described by mono-exponential decay with a time
constant of 13+0.6 ps. However, the transient taken under static conditions is a bi-
exponential decay which yields time constants of 25+2 ps and 27048 ps, now similar in
form to the transient for the 1.5 ML sample. The second (longer) component is an order of
magnitude larger than the first (fast) one (about 10 times greater than the fast component).
We can say that the second time component is not due to biexciton decay to a single
exciton as the value of AT/T is less than 10 where the formation of biexcitons is
negligible. Therefore, the long time constant originates from trion recombination as the

photocharged QDs remain in the detection volume.
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Figure 4.8. Comparison of fractional transmittance transients for the sample with 1 ML shell under
stirred (red) and unstirred (green) circumstances with all other factors remaining the same. Black lines
represent the mono- and bi- exponential curve fits to the stirred and unstirred decays, respectively.

These results suggest that trion formation occurs in the stirred sample with 1.5 ML
shell whereas for the other samples trion formation is prevented by vigorously stirring the
sample. Trion formation also depends on the pump fluence [20], as well as stirring the
sample. That is due to the fact that, in some cases, the increased rate of trion formation at
high pump powers means that stirring becomes insufficient to supress the effect [22]. Trion
formation due to high pump fluence can be dominant when a substantial volume of
charged QDs gather together in the probe volume. In addition, the rate of trion generation
must be higher than that of loss by stirring and recombination. To address this aspect the
TA experiment is repeated at average pump powers of 1.2 mW and 2.5 mW under stirring
conditions with all other factors remaining the same. Results are shown in Figure 4.9. The
transmittance transient obtained at low pump fluence shows a mono-exponential decay

with a time constant of, t, 22+1 ps. In contrast, the decay taken under high pump fluence
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includes a further time constant, which is almost 8 times longer. Again here the possibility
of absorbing two photons per QD is negligible and thus biexciton recombination is not
significant as the values of AT/T is insufficient, being only about 107, Therefore, the trion
formation due to high pump fluence also suggests that the longer time constant in the

transmittance transient of the sample with 1.5 ML shell is due to trion development.
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Figure 4.9. The comparison of the fractional transmittance transients for the sample with 1 ML shell
conducted under high (green) and adequate (red) pump fluences with all other parameters remaining
same.

Hitherto, biexciton decay, MEG and trion recombination mechanisms have been
analysed in detail in this section and it is concluded that there is no significant effect of
multi-exciton decay and MEG on these transients. However, we observed that the longer
life time component in the decay for the sample with 1.5 ML is due to trion recombination.
In order to explain the short life time components (~20-60 ps) shown in Figure 4.5 that
causes large R values, an additional sub-nanosecond process is considered. In this regard,

the first idea that comes to mind is that the photo-excited electrons become trapped on the
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QD surface and thus depopulate the CBM, reducing the bleach on 20-60 ps time-scale but
do not persist there long enough to enable trion formation. Tyagi et.al [25] reported hot
and cooled electron trapping which has a significant effect on exciton dynamics in photo-
treated CdSe QDs. Figure 4.10 a) and b) illustrate the mechanisms of cooled and hot
electron trappings, respectively. In QDs the surface state lies between the CBM and VBM
and slightly close to the conduction band [26]. The cooled electron trapping is the
transition of electrons that are relaxed to the CBM to the surface state. Hot electron
trapping is the transition of electrons from a high energy state (excited state) to the surface
state that occurs straight after pump pulse excitation, and competes with relaxation to the
band edge. Tyagi et.al [25] reports that the cold electron trapping life time in CdSe QDs is
about 30 ps which is similar to that observed here. This result also suggests that the cooled
electron trapping is responsible for large R values in singly excited and vigorously stirred
QDs. In addition, the same study states that electron trapping affects the amplitude and
position of the band edge bleach signal, by providing a photo-induced absorption (PA) that

can overlap with the bleach spectrally.

Hence, differential transmission spectra of the bleach feature of the sample can help
to explain the possible mechanisms that occur in a sub-nanosecond time scale in excited
QDs. Bleach is the situation when all pump-created excitons relax to the band edge states
before recombination, reducing the absorption. To understand the exciton dynamic of type-
Il ZnTe/ZnSe in further in detail, the TA spectra for these samples was obtained at the
band edge region of the dots. The shape and sign of the bleach feature’s signal can explain
the depopulation of the CBM to the QDs’ surface. Figure 4.11 reveals the fractional
transient transmittance spectra for two samples at the time corresponding to the peak

position of decays shown in Figure 4.5 where the excited electrons populate the CBM in
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the system. In ideal cases, these spectra features should be due only to the state-filing
process. In transient transmittance spectra the state-filling response is symmetrical and
positive and has a width similar to that of 1S absorption and PL spectra. However, the
spectral results shown in Figure 4.10 are not consistent with the characteristics of a state-
filling only signal. The peak positions of these fractional bleaches are supposed to be the
same as the corresponding positions of the minima of the 2™ derivative absorption spectra
in Figure 4.3. Yet, the fractional bleaching deviates from the expected points to shorter
wavelengths. There are two possible reasons for this blue shift, repulsive exciton-exciton

interaction [27] and surface trapping [26].

a) Excitation and Cooling Bleach Maximum Bleach Plateau

Continuum ———— I I

> - 2’4&0_'@} B

VEM
P (@) @)
O Cooled electron trapping
b)
Continuum e I I

CBM ” <5ps .1 Os ps !

VEM O/ O ﬁj

Hot electron trapping

Figure 4.10. The diagram of a) cooled electron trapping and b) hot electron trapping processes that
might occur when the samples are pumped with ultrafast pulse at 400 nm (~3.11 eV).
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A broad PA that is due to surface trapping is observed at longer wavelength. This
PA feature spectrally overlaps with the fractional bleaching and affects the shape, position
and magnitude of the state-filling signal. Therefore, the observed blue shift in the peak of
the transient bleach at the band-edge is largely due to carrier trapping on the QD surface.
For example the broad PA for the sample with 2 ML has a significant effect so that the
bleach at the band edge is almost entirely disappeared. It is expected that the Axx can be an
order of magnitude larger in Type Il QD than in Type I. Values as large as 100 meV for
CdS/zZnSe QDs have been reported [27], resulting in shifts of spectroscopic features that
are significant in comparison with the linewidth of the band edge transition. However, the
observed shift in Figure 4.11 is certainly too large and the wrong shape to be attributed just

to the multi-exciton interactions in the dots.

Photon Energy (eV) Photon Energy (eV)
2.9 2.8 2.7 2.6 25 24 28 27 27 26 26 25 2.5
4 10—+ by 10—
0.5- 0.5
o 5
P | e
t0.0 : 0.0
'— -~
= 2
0.5 -0.5
425 450 475 500 450 475 500
Wavelength (nm) Wavelength (nm)

Figure 4.11. Differential TA spectra for 4.1 nm ZnTe core with a) 1 ML and b) 2 ML ZnSe shells. The
spectra were recorded under 400 nm (~3.11 eV) excitation wavelength.

Tyagi et.al [25] proposed that excited state absorption (ESA) causes a negative

broad PA feature. The ESA process occurs when the pump pulse generates an exciton and
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the subsequent probe pulse excites the previous charge to the continuum of the CB which
Is an unexpected feature for ideal non-photocharged QDs [25]. In that case, due to trapping
of an electron on the surface, the symmetry of the system is disturbed and thus the
forbidden transitions, which are in this case ESA, are allowed. Therefore, this perturbation
of symmetry and modifying of optical selection rules are responsible for the broad PA

signal observed in the transmittance transient spectra in Figures 4.11.

The hot electron trapping mechanism also results in a broad PA signal which can be
determined from the early stage of transmittance transients wherein the initial rise time
corresponds to the relaxation time of the electrons. It has been suggested that Auger
relaxation [28], phonon emission[29] and surface mediated relaxation [26, 30] contribute
to the hot carrier relaxation process. Auger relaxation is proportional to the carrier
wavefunction overlap and thus is more rapid for smaller NCs of type-l structures.
However, the rate of phonon emission depends on the energy level separation and hence
increases for large QDs. Figure 4.12 illustrates the initial stage of the decays of 1 and 2 ML
samples recorded for the time resolution of about 3 ps, and the observed electron relaxation
time is about 10 ps for both samples. However, the signature of the hot electron trapping is
not detected in these decays. Therefore, the early stage of transmittance decays of the same
samples were carried out by adjusting the step size of the delay stage to 0.1 mm
corresponding to time resolution of ~ 0.7 ps that is regarded as high resolution time delays,
as shown in Figure 4.13. In an ideal state filling process, the initial rise is expected to be
monotonic starting from ground to the bleach maximum, meaning that hot electrons relax
from excited states to the CBM, as it is for 2 ML sample curve. However, as it is clear that
the initial rise for 1 ML starts from -15 x 10 value to the bleach maximum (~5 x 10).

The presence of negative signal in the small step transmission spectra shows that the
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generated hot electrons relax not from the hot state but from the surface of the QDs

indicating that there is significant hot electron trapping in these QDs.
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Figure 4.12. The normalised initial rise time for ZnTe/ZnSe samples with 1 ML (black) and 2 ML (red)
recorded with time resolution of about 3 ps.
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Figure 4.13. Small step fractional transmittance transients for the 4.1 nm core with 1 ML (black) and 2
ML (red) shell ZnTe/ZnSe QDs. The time resolution for this data is about 0.7 ps.
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4.4 Summary

Ultrafast exciton dynamics of type-1l ZnTe/ZnSe core/shell QDs has been investigated
using a visible femtosecond TA experiment. It was found that hot and cold electron
trapping take place which last for a time period of 10s of ps whose existence cannot be
eliminated even with stirring the QD solution vigorously. A broad PA signal was observed
that distorted and shifted the band edge bleach. The origin of the broad PA signal was
found to be hot and cold electron trapping and ESA due to the presence of the surface state.
Accumulation of charged QDs due to surface trapping was also detected in both cases
when the samples were static at moderate pump powers and when the samples were stirred
at high pump powers. This type of surface trapping resulted in bi-exponential transient

decay with a second feature of about 10 times longer than the fast feature.
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Chapter 5: Ultrafast charge dynamics in CulnSe, and CulnS, QDs

5.1 Introduction
In this chapter picosecond exciton dynamics of CulnSe, and CulnS; colloidal QDs will be

investigated using an ultrafast TA experiment. Initially, the PL and absorption
spectroscopies of the samples will be carried out. Next the ultrafast relaxation channels in

these QDs will be revealed in detail by investigating charge dynamics of the sample.

5.1.1 Motivation

Recently, colloidal QDs of ternary semiconductors, such as CulnSe, and CulnS; (CIS in
short), have drawn significant interest due to their unique characteristics. As well as being
cheap to produce in large scale, these materials are also of engineered nanostructures which
have size-tunable optical properties, making them attractive for numerous applications. In
addition, like zinc-based materials, CIS QDs are also environmentally-friendly materials
that have potential to be alternatives to toxic QDs [1, 2]. These QDs have a direct band gap
so that they have potential to emit efficiently light in the visible and NIR region of the
spectrum [3, 4]. Therefore, CIS QDs have a promising future for light emitting types of
display electronics [5], NIR photodetectors [3], and in particular, in the biolabeling region
(650-900 nm) [6] where the light absorption of water molecules is negligible. In addition,
since CIS QDs have a direct low bandgap in the NIR region (up to 1.05 eV) , they are
considered as a strong candidate for maximising the efficiency of the single junction solar
cells where only one electron hole pair is produced per excited QD [3]. CIS QDs can also
be used in the third generation photovoltaics, utilising MEG where the excess energy of the
absorbed photon also contributes to the photocurrent, increasing the device efficiency as

high as 44% [7].
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The efficiency of the proposed optoelectronic devices depends on the employed QDs’
quality and hence surface properties, such as surface trapping and non-radiative
recombination which occur in the ps time scale [8-11]. It has been shown that the PL QY
of NCs increases significantly with eliminating charge trapping on the surface [12].
Likewise, some recent reports have indicated that surface trapping restricts the MEG
efficiency [13, 14], charge transfer in photovoltaics [15] and lasing [16]. To date ultrafast
exciton dynamics of lead chalcogenide (PbX, X=S, Se, or Te) semiconductor QDs have
been intensively investigated as they have a bandgap in the NIR spectral range, well-suited
for photovoltaics and photodetectors. Further, some recent studies reported experimental
ultrafast exciton dynamics of InAs [10], AIP [17] and CdS [9] NCs and theoretical
explanation of trap-mediated processes on an ultrafast time-scale in InAs QDs [18].
Recently, CulnS, QDs have been used to measure the ultrafast electron transition time
from excited donor materials into a TiO, substrate where the transfer rate was found to be
5.75 x 10 s [19]. In another study, the PL quantum efficiency of CuInS, QDs was
significantly increased by growing CdS or ZnS monolayers around the material [20].
Similarly, the PL efficiency of CulnSe, QDs has been improved by ~60% using ZnSe and
ZnS shells [21]. Despite these few initial studies, there is still limited knowledge about the

ultrafast exciton dynamics of CIS colloidal QDs.

5.1.2 Sample information

In this study CulnSe; and CulnS, QDs with two different sizes from each material were
obtained from Nanoco Group plc. Samples were dispersed either in anhydrous hexane or
dry toluene. A glove box was used to prepare samples under nitrogen atmosphere to avoid
oxidation that has a detrimental effect on the optical properties of the materials. The

solutions were kept in 5 mm wide and 10 mm long quartz cuvettes during the study
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process. The concentrations of solutions were adjusted so that the absorbance was between

0.2 and 0.4 to observe the ultrafast dynamics of QDs in a concentration free condition.

5.2 Initial sample characterization

Initially, the steady-state absorption and PL spectra of the samples were recorded to define
the basic optical transition positions for the CIS samples using a Perkin Elmer Lambda
1050 spectrophotometer and a Horiba Jobin Yvon Fluorolog-3 model FL3-22iHR
Spectrofluorometer, respectively. These machines are described in detail in Section 3 and 2
in Chapter 3, respectively. The excitation wavelength of the PL spectrofluorometer was
tuned to 400 nm (~3.11 eV) to acquire the PL spectra. When recording absorption spectra,
cuvettes of either anhydrous hexane or blank dry toluene were used in the reference arm.
Figure 5.1 a) and b) depict the absorbance and PL spectra for two different CulnSe;
samples. As seen from Figure 5.1 a), the absorption shoulder for the first sample is about
660 nm (~1.88 eV). However, it is hard from the largely featureless rise of the absorption
spectrum of the second CulnSe, sample to decide the position of the absorption band gap.
This is attributed to the large size distribution of the nanoparticles [4]. Therefore, the
ground-state absorption feature for this sample was evaluated from the differential TA
spectra where the hot electrons quickly occupy the available states in the minimum of the
conduction band, resulting in bleach. Figure 5.2 shows the differential TA spectra, which
confirms the absorption band edge to be about 770 nm (~1.61 eV) and the 2" derivative of
the 1S absorption spectra for the second CulnSe, sample, d?A/d)?>. Based on the
absorption band gap information of CulnSe; dots, their sizes are estimated from effective
mass approximation calculations data for ternary chalcopyrite NCs provided in Ref.[5].

With reference to this approximation, 660 nm (~1.88 eV) and 770 nm (~1.61 eV) band
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gaps correspond to diameters of 2.3 nm and 3.0 nm, respectively. The PL peak position for
2.3 nm dots is found to be about 766 nm (~1.62 eV) with a width of 101 nm. The broad PL
width is attributed to large size and shape distribution of the dots [4]. There is about 106
nm global Stoke shift between PL and absorption spectra which originates from strong
electron-phonon coupling, band edge exciton fine structure and inhomogeneous size
dispersion [22-24]. Therefore, the PL maximum position for the 3.0 nm sample was
expected to be about 950 nm. However, this is out of the spectral range of the PL machine

and hence it is not shown here.
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Figure 5.1. a) Linear absorption (black) and PL (red) spectra for CulnSe, QDs with 2.3 nm diameter
and b) absorption spectra for CulnSe, QDs with 3.0 nm diameter.
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Figure 5.2. The comparison of the 2™ derivative of the 1S absorption spectra (black) and the fractional
transmittance spectra (blue) for CulnSe, sample with 3.0 nm diameter.

Figure 5.3 illustrates the absorption and PL spectra of CulnS, samples. The 1S absorption
spectra for each sample are found to be about 540 nm (2.3 eV) and 515 nm (~2.41 eV) as
at these points the absorption spectra show smear features. Based on the absorption band
edge data, the size estimation of CulnS, samples were predicted from effective mass
approximation calculations for ternary chalcopyrite QDs [5] which let to diameters of
roughly 2.4 nm and 2.1 nm, respectively. The PL peak energies occurred at 635 nm
(~1.96eV) and at 745 nm (~1.67 eV) for the samples with sizes of 2.1 nm and of 2.4 nm,
respectively. Liang et al.[20] also have estimated the empirical relationship between the PL
peak energies and size information for CulnS;, which agrees well with the sizes estimated
for samples used here. From Figure 5.3 the full width at half maximum (FWHM) for 2.1
nm and 2.4 nm samples are found to be 99+1 nm and 105+1 nm, respectively. The wide
width of PL spectra show the large size and shape distribution of the dots [4]. The size

inhomogeneity for those samples are also confirmed from the mainly featureless profile of
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absorption spectra of the samples [4].
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Figure 5.3. The absorption and PL spectra for CulnS, QDs with diameters of 2.1 nm (black) and 2.4
nm (red). The PL spectra were recorded at 400 nm (~3.11 eV) excitation wavelength.

5.3 Transient absorption spectroscopy

The femtosecond TA experiment used here is described in detail in Chapter 3 section 4.
The excitation wavelengths were adjusted to be both 450 nm (2.76 eV) for CulnS; and
400nm (~3.11 eV) for CulnSe; dots. The probe wavelengths for the case of CulnSe, QDs
were tuned to 660 nm (~1.88 eV) and 770 nm (~1.61 eV) for the dots with diameters of
2.3nm and 3.0 nm, respectively. Similarly, for the CulnS; case, the probe beam wavelength
was adjusted to match the absorption edge i.e. 540 nm (2.3 eV) and 515 nm (~2.41 eV) for

the dots with diameters of 2.4 nm and 2.1 nm, respectively. All other experimental
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parameters remained the same as described in Chapter 3.

5.3.1 Results and discussions for CulnSe, QDs

Figure 5.4 a) and b) show the pump induced fractional transmittance transients for CulnSe;
QDs at several different pump powers, when they were excited at 400 nm (~3.11eV) pump
wavelength. This pump photon energy corresponds to about 1.65 and 1.9 times of the band
gaps of the samples with sizes of 2.3 nm and 3.0 nm, respectively, i.e. too low to allow
MEG to occur. Here the pump fluence was adjusted to be as low as possible to ensure the
probability of absorbing more than one photon per dot is negligible. Hence, the incident
pump power range was kept between 0.3 mW and 3 mW. The transients involve two
phases; initial rise (~10 ps) and decay to plateau (10s -100s of ps). The former corresponds
to the process of hot exciton relaxation from the higher states to the band edge where they
fill states, reaching the absorption at the probe wavelength and increasing the transmittance
[25]. The latter process is when the relaxed carriers undergo recombination or trapping [9].
The transients for the 2.3 nm sample are globally fitted with mono-exponential decay to a
plateau. This plateau represents the long-lived single exciton whose lifetime is too long to
be detected with the TA experiment used here. This fitting yields a time constant of
32.1+0.3 ps. On the other hand, the decay transients for the 3.0 nm sample are bi-
exponential to a plateau, and a global fit yields rapid time constants of 32.8+0.5 ps and

49714 ps.
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Figure 5.4. Pump-induced fractional transmittance transients for CulnSe, QDs with diameters of a) 2.3
nm and b) 3.0 nm for 400 nm (~3.11eV) excitation wavelength. Olive and Grey lines represent the
mono-and bi-exponential fittings, respectively.

The observed ultrafast decay lifetimes are in the order of the picosecond time scale,
consistent with Auger recombination of multi-excitons, generated either by multi-photon

absorption, MEG, trion decay, or surface trapping [8, 9, 22, 26]. Now we will analyse these

ultrafast processes one by one in detail and decide which one is dominant in the transient
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decays shown in Figure 5.4 a) and b). As explained previously in Chapter 4, a process that
might describe the decays is biexciton (or multi-exciton) decay to a single exciton via
efficient Auger recombination. Multi-excitons can be produced at high pump fluences
where the numbers of absorbed photons per dot per pulse are more than one. Hence, it is
necessary to estimate the average number of absorbed photons per dot to determine the
potential effect of biexciton recombination on the observed decays. Poisson statistics
defines the possibility of a dot to absorb N photons during a pulse and hence have N
excitons just after excitation which is given in Eq. (4.2). The average number of absorbed
photons per QD, <N>, is expressed in Eq. (3.9). The maximum AT/T in Figure 5.4 a) is
about 5x107 and the absorbance of the nanocrystal solution at the band edge is about 0.3.
Then, from Eq. (3.9), the maximum value of <N> becomes 0.033. After substituting the
calculated <N> value into Eq. (4.2), we obtain the probability of absorbing two photons
per dot during a pump pulse, P,, to be about 5.3x10™ which is negligible compared with
the probability of absorbing one photon per dot, P, which is about 0.032 for the same dots
[10]. These results are not consistent with the mono-exponential decay fitting of the
transients of 2.3 nm QDs as the transients consist of two decays; a ps non-radiative feature
and a long-lived single exciton feature. Hence it is crucial to explain the origin of the ps
non-radiative decay component. Similarly, if we apply the Poisson statistics to the
transients of the 3.0 nm samples, the P, value for this sample becomes about 3.5x10°®,
which is negligible compared with the value of P; for the same dots which is about
2.7x10°. Thus it is concluded that the observed decays are not due to multi-exciton
recombination where the multi-excitons are generated by the absorption of more than one

photon per QD per pulse.

As stated above, the MEG mechanism is capable of producing more than one
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exciton from a single absorbed photon. However, the MEG onset threshold depends on the
effective masses of carriers and the bandgap of the material and whose expression is given
in Eq.(2.7). Since the ratio between effective masses of electrons and holes, m;/mj, is
about 0.12 for CulnSe; [27], then the MEG threshold becomes around 2.12E,. However,
the transmittance transients for each sample were recorded for a pump wavelength of 400
nm, which is below the MEG threshold for both samples. Thus it is concluded that there is

no effect of the MEG process on the observed transients.

Transmittance decay on the time scale of 10s and 100s of ps can also be a result of
trion formation. The importance of this effect was recognised after a number of careful
MEG studies [13, 14], as cartooned in Figure 4.7. The effect of trions is determined by
comparing the transients conducted under stirring and static circumstances. In the former
case, the accumulated QDs with long-lived trapping charges are swept out of the detection
volume and fresh QDs are swept in, removing or reducing the effect of trions. Here,
therefore, the fractional transmittance transients were recorded under stirring and static
conditions for the sample with 2.3 nm diameter and the results are presented in Figure 5.5.
Despite some noise in the stirred case, there is no significant difference between the two
decays and they are both well-described by a global single exponential fit with a time
constant of 331 ps. This suggests that there is no significant charge trapping that lasts
longer than the time period between two laser pulses. However, in certain cases, the whole
QDs in the solution can contain the long-lived charges and thus the stirring cannot suppress
the effect of trions properly as there is no fresh QDs to be pumped. Therefore, a different
approach is proposed to observe the trion formation in QDs which is the investigation of
the transmittance change in the sample during a one-hour experiment [10]. In that case, the

first, last and the average of 10 consecutive decays are compared and if there is a trion
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formation, the decay dynamics will be changed to the gradual accumulation of trapped
charges [10]. Figure 5.6 a) and b) compare the decays taken at the beginning of experiment
and at the end of the experiment and the average of 10 consecutive scans taken during the
experiment for the samples with sizes of 2.3 nm and 3.0 nm, respectively. In both cases,
there is no visible difference between the first, second and the average decays, meaning
that the samples do not change during the experiment. The decays for 2.3 nm dots are well-
described with global single exponential fitting which yields a time constant of 34+2 ps,
whereas, the decays for the 3.0 nm sample are globally fitted with a bi-exponential
function with time constants of 36+2 ps and 500£9 ps. These findings indicate that there is
no significant effect of trions for the transients observed for both 2.3 nm and 3.0 nm

CulnSe; QDs, respectively.
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Figure 5.5. Fractional transmittance transients for the 2.3 nm CulnSe, QDs for stirred (black) and
static (red) samples. The grey lines are single exponential fits for both transients.
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bleach, and previous studies on CdSe QDs have shown that this can occur on the timescale
of 10s ps [8]. Similar features were also observed in ZnTe/ZnSe type-1I QDs shown in
Chapter 4. Thus, trapping could explain the observed decays even if short-lived compared

to the pulse-to-pulse separation. Such trapping has been shown to result in PA in the region
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of the band edge which changes to the shape and position of the bleach [9]. As seen in
Figure 5.2, the transient transmittance spectrum for the 3.0 nm sample is positive over the
scanned spectral region but has a narrower FWHM and is significantly red-shifted
compared with the d*A/dA? curve, which shows strong evidence of electron trapping of the
surface. Thus it is concluded that the short decay feature for the 3.0 nm sample is attributed

to direct depopulation of carriers from the band edge.

Recently, it has been reported that a highly emissive channel with a lifetime of
190ns, less than the time period between consecutive laser pulses, was observed in CulnS,
NCs [20]. As this feature could not be supressed with coating the bare CulnS, dots with a
CdS shell, it is attributed to the recombination of the electrons in the CBM with the holes
trapped in the internal states, being far from the surface states. Since the electronic
structures of CulnSe, and CulnS; are very similar, then the long decay feature for the
3.0nm sample could be attributed to the recombination of the electrons with the internal

trapped holes.

Figure 5.7 reveals the differential TA spectra at the band edge region for the 2.3 nm
sample recorded at t= 12 ps, when all photogenerated excitons occupy the band edge.
Clearly, there is no negative sign of the TA spectra over the scanned region. This suggests
that the sample with diameter of 2.3 nm is free from surface trapped electrons. As
explained in Chapter 4, d?A/d\? shows the location of the absorption band edge more
clearly, which is plotted for 2.3 nm in Figure 5.7 to compare with the TA spectra. As it is
apparent from the evaluation of two curves the minimum of d*A/dA? overlaps with the
maximum of the TA spectra. This indicates that the TA spectrum is only due to the
occupying of band edge states by hot carriers where the absorption is decreased at the

probe wavelength. Thus, as it was for the 3.0 nm sample, we can conclude that the decay
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feature with 32.1+0.3 ps for the 2.3 nm sample could be due to the hole trapping of the

internal defect site which was observed for the first time in CulnS, QDs [20].
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Figure 5.7. Comparison of the Savisky-Golay smoothed differential TA spectrum (black) and the 2™
derivative absorption spectrum (red) for 2.3 nm diameter CulnSe, QDs. An excitation energy of ~3.11
eV (1.65E,) was used to record the TA spectrum.

5.3.2 Results and discussion for CulnS, QDs

Figure 5.8 a) and b) show the AT/T values as a function of delay time between the pump
and probe pulses for 2.1 nm and 2.4 nm diameter CulnS; QDs for several average pump
powers, respectively. An excitation wavelength of 450 nm (2.76 eV) was chosen which
corresponds to about 1.14 and 1.2 times the absorption band gaps of 2.1 nm and 2.4 nm
diameters samples, respectively, i.e. too weak to onset the MEG mechanism for the
samples. Each decay is the average of 10 consecutive scans of the delay stage. It can be
seen clearly from the figures that the pump induced changes in transmittance increases as

the pump fluence increases. In addition, as the pump fluence increases the appearance of
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the initial decay becomes clearer for both samples. The decays taken under absorbed pump
powers of 0.3 mW, 0.4 mW and 0.5 mW for 2.1 nm dots are well-described with a global
single exponential fitting which gives a time constant of 87+8 ps. However, the decay
recorded under 1 mW absorbed pump power for the same sample is fitted with a bi-
exponential decay that yields time constants of 24.4+0.9 ps and 88+1 ps. The emergence of
the short life time at high pump fluence indicates that an extra ultrafast recombination or
surface-mediated trapping takes place in 2.1 nm NCs. On the other hand, all decays for
2.4nm diameter samples are well explained by a global mono-exponential fit which yields
a time constant of 117£10 ps. It is certain that the additional decay feature at 1 mW pump

fluence for the 2.1 nm sample is not due to the MEG process. This is because, since the
ratio between the effective masses of electrons and holes, me/mh is about 0.12 in CulnS;

QDs [27], then the MEG onset becomes 2.12E4 using Eq.(2.7). However, the pump

wavelength used is 1.14E4 for the sample with 2.1 nm diameter.

Since the degeneracy of CulnS, QDs is 2 fold [20], the absorbance at the band edge
is 0.3 and the maximum AT/T for the 2.1 nm sample is about 1.2x10°3, then using Eq. (3.9)
the maximum <N> value for the 2.1 nm QDs is calculated to be 8x10. By substituting the
<N> value into Eq.(4.2) we obtain the probability of absorbing two photons per QD during
a pulse, P,, for the 2.1 nm dots is about 3x10°. This value is insignificant compared with
the P, value which is about 8x107. This indicates that when 2.1 nm samples are pumped at
pump fluence levels of 1 mW or less, only one photon per QD is absorbed, meaning that
only the signal of the long-lived exciton ought to arise from the transient decays. However,
as shown in Figure 5.8 a), there are two components that are not explained by Poisson
statistics; the emerged fast decay feature when pumping with 1 mW absorbed pump power
and the long decay component when pumping below 1 mW absorbed pump power.
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Therefore, time constants of 24.4+£0.9 ps and 88+1 ps are more likely to be due to either

trion formation or surface trapping of carriers, or any other ultrafast process occurring in

the sample.
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Figure 5.8. The pump induced fractional transmittance transients for a) 2.1 nm and b) 2.4 nm CulnS,
QDs for an absorbed pump fluence alternating between 0.2 mW and 1 mW at 450 nm (2.76 eV)
excitation wavelength. The olive and grey lines in a) represent mono- (r=87+8 ps) and bi-exponential
(1:=24.4+0.9 ps and 1,=88x1 ps) fittings, respectively, whereas the grey lines in b) show the global
single exponential fit to the decays with a time constant of 117+10 ps.
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Similarly, if we consider the 2.4 nm diameter sample case, the maximum AT/T in
Figure 5.8 b) is about 2.5x10° which yields the maximum <N> value of roughly 0.02 at
the band edge absorbance of 0.3. Based on this calculation, P; and P, for 2.4 nm NCs are
calculated to be ~2x102 and ~2x10™, respectively. Hence, the value of P is negligible in
comparison with that of P;. This suggests that at the excitation levels of 0.6 mW or less
only one photon is absorbed per QD and hence the resultant decay must be in the form of a
plateau. However, this conclusion is not consistent with the transient decays observed in
Figure 5.8 b), as it is mono-exponential in form. Hence, it is necessary to determine the

origin of the time constant of 117+10 ps extracted from Figure 5.8 b).

Figure 5.9 compares the differential TA spectra taken at t=0 ps and t=20 ps and the
d?A/d)? for 2.4 nm diameter CulnS, QDs. The spectrum recorded at t=0 ps corresponds to
the time when all photo-generated carriers relax to the sample band edge and hence AT/T
is maximum, whereas, t=20 ps corresponds to the time when the relaxed excitons have
started to leave the band edge states by recombination or trapping [9]. Since the minimum
position of d?A/dA? corresponds to the absorption band edge of the dots, the maximum of
the TA spectrum ought to be overlapped with the minimum of d?A/dA? spectrum. As it is
clear from Figure 5.9 the pump induced transmittance change spectrum is positive over the
scanned spectral region (470 nm — 600 nm) and its maximum position (~546 nm) matches
well with the minimum of the d?A/d)? spectra. This feature is attributed to the fact that the
pump induced bleach occurs when the carriers occupy the absorption band edge of the
sample, reducing the absorption at the probe wavelength. In addition, the pump induced
transmittance change spectrum is of similar shape and breadth to the linear absorption
spectra which further supports that the observed differential TA spectrum is purely due to

the relaxation of hot carriers from the higher states to the absorption band edge. The
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broadness of the differential absorption spectra is attributed to the large size dispersion of
CulnS; samples [4]. Therefore, it is concluded that direct surface trapping in 2.4 nm dots

does not occur.
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Figure 5.9. The comparison of the fractional differential TA spectra at t= 0 ps (black) and t=20 ps
(green) and the Savisky-Golay smoothed second derivative absorption spectra (red) for 2.4 nm
diameter sample. The pump energy was tuned to 2.76 eV (1.2E,) when collecting the TA spectra data.
Figure 5.10 compares the first, last and the average scans of decay transients for the
2.4 nm sample to investigate the effect of trion formation. It is obvious from the decays
there is no distinct difference between the three scans and they are all take a mono-
exponential form with a global lifetime of 1171 ps. This suggests that the 2.4 nm samples
are not photo-damaged to build-up QDs with long-lived trapped charges. Up until now,
MEG, absorption of multi-photons, direct surface trapping and trion formation have been
introduced to the transient decays of 2.4 nm CulnS; dots, but none of these processes could

explain the mono-exponential decay feature observed for this sample. Thus, it is concluded

that the observed transient is consistent with the radiative recombination of trapped holes
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in the internal defect states with the electron in the CBM, which occurs on the time scale of

100s of ns [20].
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Figure 5.10. The comparison of the first, last and the average of cycles of 10 scans of the fractional
transmittance transients for 2.4 nm dots. The grey lines denote the mono-exponential fittings.

Figure 5.11 compares the fractional transmittance transients for 2.1 nm dots
recorded when the solution is vigorously stirred to when it was static for the excitation
level of 1 mW absorbed power with all other parameters remaining the same. It is known
that if there is the effect of trions on the TA decays of NCs, then this contribution is
suppressed by stirring the sample strongly. However, it is apparent from the figure that
there is no appreciable difference between the transients recorded under stirring and static
circumstances at high power excitation levels. Both decays are well fitted with global bi-
exponential decays which yield time constants of 24.4+0.4 ps and 122+6 ps, meaning that

there is no build-up of the QDs containing the long-lived surface trapped charges. The first,
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last and average transmittance decays were also compared to ensure that the trion formed
QDs are not dispersed all over the sample solution where the stirring cannot defeat the
effect of the trions accurately, as shown in Figure 5.12. Obviously, there is no noticeable
difference between three the transient decays which are bi-exponential in form yielding
global fit time constants of 24.4+0.4 ps and 122+1 ps, meaning that QDs with long-lived
trapped charges are not spread in the solution. These two figures suggest that the effect of
trion formation is not significant on the transient decays observed for the 2.1 nm QDs and
hence the fast decay component in the same transient is not associated with the build-up of

photo-excited carriers in long-lived surface traps.

2.1 nm CulnS, dot

12‘ A —Stil’l’ed hV:114E .
\ — Static g

9 Bi-exponential fit
5 Mo N o _
- 6 i
2 ¢ =24.4+0.4 ps

34 1 =122+6 ps .

0’

0 100 200 300 400 500
Time (ps)

Figure 5.11. The fractional transmittance transients for 2.1 nm diameter CulnS, dots performed under
stirring (black) and static (red) conditions. Green line represents bi-exponential fittings to the decays.
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Figure 5.12. Fractional transmittance transient for the first, last and average decays of 10 consecutive
scan for 2.1 nm CulnS, dots.

Figure 5.13 compares the fractional differential TA spectra at the band edge region
taken at delay times between pump and probe beams equal to 0 ps and 650 ps and the
d?A/d)? spectrum. At t=0 ps, all photo-generated excitons occupy the band edge states and
the absorption is minimum at the probe frequency. However, at t=650 ps all pump created
excitons thermalize to the band edge and any multi-excitons recombine and only one
exciton remains in the lowest energy state of the dot, and hence the absorption at the probe
wavelength is relatively high. It is clear from the figure that both TA spectra for the 2.1 nm
sample is not coincident with the d?A/dA? spectrum. The maximum of the TA spectra occur
at about 530 nm (~2.34 eV), whereas, the minimum of d?A/dA? arises at about 515 nm
(~2.4 eV), corresponding to the absorption band edge of the sample. In addition, the
differential TA spectra are not always positive over the scanned region (475 nm-600 nm).
Except for the spectral region from 495 nm (~2.51 eV) to 561 nm (~2.21 eV), the sign of

AT/T is negative over the scanned spectral window indicating that absorption is increasing.
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This odd behaviour of the TA spectrum at the band edge region indicates that direct
surface trapping occurs in 2.1 nm dots and hence the resultant TA spectrum is not solely
due to a state filling effect but also due to the effect of PA. Thus it is concluded that the
short decay feature observed in the transient decay recorded at 1 mW absorbed pump
power is attributed to direct charge trapping at the surface which was observed in CdSe [9],

InA [10] and ZnTe/ZnSe QDs in Chapter 4.

As explained above, Liang et al.[20] reported that the bleach decay in CulnS, QDs
is affected by the electron recombination with a hole trapped in an internal defect state.
According to the authors, the large shift between the PL and band edge absorption spectra
is also due to the intra-gap hole trap states in the emission process. Therefore, we conclude
that the observed long decay feature at low pump powers for the 2.1 nm sample is

consistent with the intra-gap hole trap state formed when the sample is photo-damaged by

pump pulses.
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Figure 5.13. The fractional transmittance spectra for 2.1 nm sample at time t= 0 ps (black) and t= 650
ps after peak of transients at 1 mW absorbed pump power and the Savisky-Golay smoothed second
derivative of the absorption spectra. The TA spectra were taken under a pump energy of 2.76 eV (1.14E).
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5.4 Summary

Ultrafast exciton dynamics of ternary CulnSe, and CulnS, QDs has been studied using an
ultrafast TA experiment. It was found that these QDs are free from the build-up of long-
live charge trapping. However, direct surface trapping of charges was observed for both
materials, which survive for 10s of ps. This type of charge trapping changed the position
and shape of the TA spectra recorded. In addition, the trapping of holes on the internal
defect states was observed for these materials. Such trapped holes last for about 100s of ps

and radiatively recombine with the electrons occupying the CBM.
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Chapter 6: Tripled MEG efficiency in type-11 QDs

6.1  Introduction

In this chapter, tripled MEG efficiency is demonstrated in CdSe/CdTe/CdS and
CdTe/CdSe/CdS core/shell/shell and CdTe/CdS core/shell structures. The design of these
structures reduced the rate of hot carrier cooling by both Auger cooling and the surface
mediated trapping processes and thus increase the MEG vyield. The samples are primarily
characterized by linear absorption and PL spectra that were followed by lifetime
measurements using TCSPC. Next we performed studies of MEG QY measurements using

the ultrafast TA experiment.

6.1.1 Motivation

As explained in Chapter 2, the MEG process occurs when the excess energy of hot carriers
is utilized to produce extra electron hole pairs in QDs (Figure 6.1a)). This process is still
the subject of intensive study to understand its dynamics and generality. Beard et.al [1]
indicated that in an ideal case after exceeding the threshold photon energy, MEG efficiency
must increase by 100% for each increase of photon energy equivalent to Eg. Thus MEG
efficiency is not best associated with only the photon energy but with the photon energy
divided by Eg4. Photocharging of QDs during excitation resulted in false MEG QYs in the
earlier MEG reports [2-4]. After realization of charge trapping at the sample surface, which
results in false MEG efficiencies, MEG has been reported in many materials, including InP
[5], PbS [6], HgTe [7] and CdTe/CdSe core/shell structures [8]. However the MEG QY
beyond the onset was found to be linear instead of being staircase and the rate of QY
increase per E; was about 40% [9]. Schaller et.al.[10] have reported 110%/E, slope

efficiency for CdSe QDs. However, that study was conducted before awareness of the
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photocharging effect. On the other hand, two recent works have claimed that the observed
MEG efficiencies in QDs to date is significantly less than the theoretical limit and too
small to have substantial effect on the next generation photovoltaics [9]. This indicates that
one or more ultrafast electron cooling process, such as Auger relaxation [11], surface
mediated cooling [12, 13] or phonon emission [14] are competing with MEG in NCs.
Phonon emission for electrons in QDs is reduced relative to bulk materials due to their
discrete energy states where the separation of these states is at least three times wider than
the phonon emission [9]. Multi-phonon scattering can still occur but is weak [15].

Therefore, MEG is dominant in comparison with phonon cooling in QDs [14].

Auger cooling is a mechanism by which the hot electron relaxes by transmitting its
Kinetic energy to its geminate hole which then cools via phonon emission, as shown in
Figure 6.1c). That is because in QDs, the separation of states in the valance band is usually
smaller than in the conduction band and thus the hole can relax via fast phonon emission
[16]. Auger cooling typically occurs on a time scale of about 1 ps [17]. To decrease the
Auger cooling rate, the QD structure must be engineered to reduce the electron and hole
wavefunction overlap as much as possible [18]. Therefore, since type-11 heterostructures
increase charge separation, the Auger cooling mechanism in these structures is suppressed

compared with their type-I counterparts.

Another process that has a detrimental effect on MEG vyield is surface mediated
relaxation, as shown in Figure 6.1 b). This can be reduced by adding a shell to the QD with
a wide bandgap which acts as a barrier to both electrons and holes, reducing their
interaction with the NC surface [5]. With all these in mind, as shown in Figure 6.1d), an
unpassivated core only type-I QD is prone to surface mediated cooling (orange), fast Auger

cooling (red), and MEG (purple) processes, reducing MEG QY. However, in a well
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passivated type-11 heterostructure surface-mediated and Auger cooling are suppressed and

thus MEG QY will increase (Figure 6.1 €)).

a) MEG b) Surface Cooling c) Auger Cooling
| | AN \ CB
. N

d) e)
®
— ——] |-CB
N
Eg 1 -

W Egerr)

ﬁ} N — }”B
A

Type-| Structure Type-Il Structure

Figure 6.1. Schematic illustration of ultrafast cooling processes for hot electrons in a QD: a) MEG
(purple), b) surface cooling (orange) and c) Auger cooling (red), and their relative rate comparison in
a: d) type-1 and e) core/shell type-ll structure. (The arrow width indicates the probability of
occurrence. SS= surface state. The green and dark blue lines show the wavefunctions of electron and
hole, respectively.)

6.1.2 Sample preparation

In this study, three CdSe/CdTe/CdS and two CdTe/CdSe/CdS core/shell/shell structures
and a CdTe/CdS core/shell structure were studied. In this chapter the samples will be

labelled as CdSe/CdTe/CdS1, CdSe/CdTe/CdS2, CdSe/CdTe/CdS3, CdTe/CdSe/CdS],
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CdTe/CdSe/CdS2, and CdTe/CdSe. They were synthesised by Robert Page at the School of
Chemistry of The University of Manchester using the hot-injection method described
elsewhere [19]. The samples were prepared under a nitrogen atmosphere in a glove box
and dispersed in anhydrous hexane. This solvent allows the TA of the dots to be conducted
in a broad range of the electromagnetic spectrum i.e. from the IR to the UV range of the
spectrum, as hexane transmits light down to the deep UV part of the spectrum. The
concentrations of the solutions were adjusted so that the absorbance (natural logarithm of
the ratio between the incident and the transmitted beams) was around 0.2 at wavelengths
corresponding to the optical band gaps’ of the samples. This is because that the absorbance
window of 0.2-0.6 is the region where the picosecond exciton dynamics of QDs are
effectively investigated. A 5 ml, 10 mm long rectangular quartz cuvette was used to keep
the sample in during the experiment. Quartz material also does not absorb light down to the
deep UV part of the spectrum, permitting the dots to be pumped within a broad range. The
samples were vigorously stirred during the experiment to avoid any possible photocharging

effect, unless otherwise stated.

6.2  Optical characterization

6.2.1 Absorption and PL spectra

Initially, the steady state absorption and PL spectra of the samples were recorded to
characterize the basic optical transition positions in the samples using the Perkin Elmer
Lambda 1050 UV/Vis/NIR spectrophotometer and the Horiba Jobin Yvon Fluorolog-3
model FL3-22iHR spectrofluorometer, respectively. Figure 6.2 illustrates the linear
absorption and PL spectra of all NCs used in this study. It is apparent from Figure 6.2 a)

that the CdSe core has a clear 1S feature at 553 nm (~2.3 eV) that is red-shifted to 721 nm
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(~1.72 eV) with formation of the CdTe inner shell.

Similarly, the PL spectrum is red-shifted from 555 nm (~2.24 eV) to 728 nm (~1.7 eV)
with addition of the CdTe shell. This is less than the bulk band gap of CdSe (~1.75 eV
[20]) and indicates that the effective band gap corresponds to the energy difference
between the valance band of the CdTe and the conduction band of CdSe. This is evidence
that the formation of the CdTe inner shell transforms the structure from a type-I form to a
type-11 form [21] wherein the electrons and holes reside in the CdSe core and CdTe shells,
respectively. The addition of the CdS outer shell also causes a slight red shift in both
spectra, indicating some wavefunction penetration into the outer shell. Similar features
were observed for other samples whose absorption and PL spectra of the final situation are
presented in Figure 6.2 b)-f). In the case of the CdTe/CdSe core/shell structure, holes and
electrons are confined in the core and shell, respectively. Finally, the CdTe/CdS core/shell
has a type-Il structure where the valance band of the CdTe core lies above the valance
band of CdS and the conduction band of CdTe lies below that of the CdS material [22].
The FWHM for PL spectra of all samples is between 45-51 nm which is in the range of

narrow size distribution, indicating that the size and shape of the QDs are well-controlled.
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Figure 6.2. Absorption and PL spectra for; a) a typical CdSe core before and after addition of first a
CdTe and then a CdS shell, b) and c) other two sets of CdSe/CdTe/CdS samples, d) and e)
CdTe/CdSe/CdS samples and f) CdTe/CdS sample. For PL spectra, 400 nm (~3.11 eV) excitation pump
wavelength was chosen. The absorption curves in the case of a) are vertically offset for simplicity. The
PL peak wavelengths for CdSe core, CdSe/CdTe core/shell and CdSe/CdTe/CdS core/shell/shell
structures in a) are 555 nm, 728 nm, and 743 nm, respectively. Similarly the PL peak wavelengths in
the cases of b), ¢), d), e) and f) are 695 nm, 647 nm, 705 nm, 715 nm, and 638 nm, respectively.
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6.2.2 Photoluminescence decay studies using TCSPC

To ascertain the radiative lifetime of each stage when developing the CdSe/CdTe/CdS
core/shell/shell structure, a TCSPC experiment was employed. The set-up for this
experiment is described in Chapter 3 in detail. However, in brief, femtosecond laser pulses
at 400 nm were used to excite the samples and the emission decay traces were recorded at

their peak wavelength using a Hamamatsu R3809U-5 multi-channel plate.

—=— CdSe
—s=— CdSe/CdTe
—s— CdSe/CdTe/CdS

10000

Counts
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!  hv=~3.11eV
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Figure 6.3. The PL decay transients for a CdSe core (black), CdSe/CdTe core/shell (red) and
CdSe/CdTe/CdS core/shell/shell (blue) structures. Grey lines represent the bi- exponential curve fits to
the decays.

Table 6.1. The extracted radiative time constants after fitting each PL decay transient with bi-
exponential decay.

Sample 71 (NS) T, (NS)
CdSe 0.90+0.01 14.80+0.10
CdSe/CdTe 2.22+0.03 21.30+0.05
CdSe/CdTe/CdS 4.32+0.04 39.72+0.21
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The peak PL wavelengths for CdSe, CdSe/CdTe, and CdSe/CdTe/CdS structures
were 567 nm (~2.2 eV), 665 nm (~1.87 eV) and 748 nm (~1.7 eV), respectively. Figure 6.3
illustrates the PL decay recorded at each stage of the CdSe/CdTe/CdS3 core/shell/shell
structure. All decays are fitted biexponentially and the resultant time constants are
presented in Table 6.1. With the formation of the inner and outer shell, the behaviour of
decays varies considerably. The decay time constants of CdSe are increased significantly
with the addition of a CdTe shell because the spatial separation of electrons and holes
results in a reduced recombination rate. The recombination lifetimes further increase as the
final CdS shell is grown around the CdSe/CdTe core/shell structure, which decreases

surface-mediated recombination.

6.3 MEG studies of type-I1 structures using the TA experiment

The relaxation of electrons and subsequent nonradiative recombination processes were
probed at the band edge using the ultrafast pump-probe experiment. The pump pulse
creates hot electron hole pairs and the subsequent probe beam is tuned to the optical
absorption edge to monitor the population of carriers at the band edge. Changes in the
delay between the pump and probe pulses allows one to record the number of carriers in

the CBM on a picosecond time scale.

The set-up of the TA experiment used in this study is explained in Chapter 3 in
detail. Initially the pump beam wavelength was set to 450 nm (~2.8 eV) to measure
ultrafast exciton dynamics without any MEG effect, as the excitation wavelength is below
the MEG threshold. Above the MEG threshold, high energy pump beams of 260 nm (~4.78
eV), 250 nm (~4.97 eV) and 232 nm (~5.35 eV) were used. Each transient is the average of

at least 10 consecutive scans. Unless otherwise stated, the transients were recorded under
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the stirring condition of 1000 rpm. In all cases the fluence of the pump beam was kept as

low as possible to avoid the absorption of more than one photon per dot.

6.3.1 Results and discussions

Figure 6.4 a) and b) show the pump induced fractional transmittance transients of the
CdSe/CdTe/CdS3 and CdTe/CdSe/CdS2 samples for several different pump powers, below
the MEG threshold, respectively. A fast decay becomes apparent as the pump fluence
increases. All transients are globally fitted with a mono-exponential decay to a plateau.
The plateau corresponds to a long-lived single exciton whose lifetime is too long to be
detected with the TA experiment used here. The decay corresponds to a biexciton decay
and the lifetime of which for the CdSe based NCs was measured to be 151+3 ps, whereas,

it was 80+1 ps for the CdTe based NCs.

Since 2.76 eV lies below the MEG threshold, only a flat transient is expected at low
pump fluences where the probability of absorbing more than one photon is negligible. The
flat signal corresponds to a single exciton which recombines in the ns time-scale. However,
if the fluence is increased then a second exciton is produced by absorbing two photons per
dot, the decay of the resulting biexciton corresponds to a sub-nanosecond decay in the
transmission transient. This decay is mono-exponential in form. Sometimes sub-ns
transients are observed that are bi-exponential in form where the second sub-nanosecond
decay component is attributed to the surface-mediated cooling system [20, 21]. However,
as illustrated in Figure 6.4 a) and b), there is no the second picosecond decay component in
the samples used in this study. This indicates that the CdS final shell acts as a proper
barrier to stop the interaction between the hot carriers and the NC surface. And thus in

these samples the rate of surface-related recombination is not significant and the
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probability of efficient MEG is increased.

,7.@  cdse/cdTe/CdS3

8 1.8 \\ )
= T
= ( “—__Increasing|fluence
< \*_\'—“% _
0.9 —
OO T T T T T T T 1
0 150 300 450 600
Time (ps)
(b) CdTe/CdSe/CdS2
10 hv= 1.5E
global_80 +1 pS ’
~__ '
=
- Increasing|fluence
= 54
|_
< —_— _
O_ T T T T T T
0 150 300 450

Time (ps)

Figure 6.4. Transmittance transients taken on a) CdSe/CdTe/CdS3 and b) CdTe/CdSe/CdS2 samples
for different pump fluences and at the photon energy of 2.76 eV. Grey lines represent the mono-
exponential curve fits to transients.

In a transmittance transient at the bleach, the rise time indicates the relaxation time
of hot carriers from the excited state to the CBM. Thus, the rise time of the

CdSe/CdTe/CdS1 sample is compared to the corresponding samples of CdSe core only,
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and CdSe/CdTe core/shell QDs, as shown in Figure 6.5. The relaxation time for CdSe core
only type-I structure is about 5 ps that is consistent with the previously reported values for
type-1 PbSe and qausi type-Il PbSe/PbS QDs [18]. The electron cooling time for the
CdSe/CdTe core/shell structure is significantly increased to about 15 ps. This indicates that
the formation of CdTe shell separates the electrons and holes from each other and
consequently the Auger cooling rate is decreased. The addition of the final CdS shell
extends the cooling time further to around 25 ps. This demonstrates that the CdS shell
reduces the interaction between the hot carrier and the NC surface, decreasing the surface
mediated cooling rate. These features further support that the MEG rate in the
core/shell/shell samples is favoured over other ultrafast cooling processes.
—— CdSe core

—— CdSe/CdTe core/shell
1 0 i — CdSe/CdTe/CdS core/shell/shell

0.8
hv=2.76 eV

=
|_
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§ 0.6-
3 ~5 ps
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o CdSe/CdTe/CdS ~25 pS
Z 0.2
O 5 10 15 20 25 30 35 40
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Figure 6.5. Initial bleach rise for standard CdSe QDs before and after the addition of the inner CdTe
shell and outer CdS shell.

Musa CADIRCI PhD Thesis 148



Chapter 6 Tripled MEG efficiency in type-II QDs

CdSe/CdTe/CdS1
2.54 Stirred
— Static

2.0 Mono-exponential fits
©1.5-
= 1.0
z . globaI: 83i4 pS

0.5

0 150 300 450
Time (ps)

Figure 6.6. Transmittance transients for CdSe/CdTe/CdS1 for stirred (black) and static (grey)
conditions.

Figure 6.6 illustrates the fractional transmittance transients for the
CdSe/CdTe/CdS1 sample recorded under stirred and static conditions at a photon energy of
~5.36 eV (~2.75E). As explained in the previous chapter, the fast transmittance transients
in the time scale of 10s and 100s of ps can be a result of photocharging of the sample [20,
21]. In this mechanism, a photo-generated charge is trapped on the surface for a time
period longer than the time between two sequential pump pulses. Next, a subsequent pulse
generates an exciton allowing trion formation instead of single exciton. The effect of trion
decay is observed by comparing the transients conducted in stirring and static
circumstances. In the former case, the accumulated charged QDs are swept out of the
active zone and then fresh QDs are pumped. However, as is clearly seen from Figure 6.6,
there is no observable difference between the stirred and static decays and both decays are
fitted with a global single-exponential function with a time constant of 834 ps. This

indicates that the samples are not susceptible to the photocharging.
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It has been observed in ref.[21] that significant surface trapping may occur in some
NC without accumulation of photocharged QDs and thus it is impossible to observe the
surface charging effect by comparing the stirred and static decays. In this condition, the
cooled electron directly moves to the NC surface in the timescale of 10s of ps. Electrons in
the CBM are de-populated and thus the band-edge bleach is affected. Its spectral shape is
distorted in a way that the bleach signal becomes broader and is distorted in shape. In
addition, its sign is reversed in some cases [21, 22]. Figure 6.7 shows the differential
transmission spectra for the CdSe/CdTe/CdS2 sample at the time where all hot electrons
are cooled and before the recombination of pump-created multi-excitons started (maximum
bleach). It is apparent from the figure that the spectrum shows a bleach feature
corresponding to the 1S absorption feature of the sample. Overall, the shape is similar to
the absorption edge and PL spectra. Its sign is not reversed at all. This indicates that the
CdS outer shell accurately supresses the direct surface photocharging and the NCs used

here are well-passivated structures.
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Figure 6.7. The TA spectrum in the band-edge region recorded at the delay time corresponding to the
bleach maximum for CdSe/CdTe/CdS2.
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As explained earlier, according to the energy conservation rule in order to create
extra excitons by absorbing one photon per NC, the energy of the pump photon must be at
least twice the band edge of the NC. Thus, here wavelengths of 260 nm (~4.78 eV), 250
nm (~4.97 eV) and 232 nm (~5.35 eV) were used to investigate the MEG signal in the
QDs. Figure 6.8 compares the transients taken above (dash) and below (grey) the MEG
threshold at similar levels of low fluences where the probability of absorbing more than
one photon per dot per pulse is negligible for three samples. It is clear from the figure that
with excitations corresponding to the above MEG threshold region, a fast decay feature
emerges in the three cases. However, this fast decay component vanishes in the case of

below MEG threshold excitations.
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Figure 6.8. The comparison of the fractional change in transmission, AT/T, taken under high (dashed)
and low (grey) excitation energies for a) CdTe/CdSe/CdS2, b) CdSe/CdTe/CdS1 and c) CdTe/CdS
samples. Black lines represent the mono-exponential curve fits to the decays corresponding to above
MEG threshold case.
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The observed fast decay cannot be due to formation of a biexciton by absorbing of
more than one photon per dot per pulse. That is because as explained in the previous
chapter, the average number of photons absorbed per pulse, <n>, is related to the signal
corresponding to the maximum bleach value in a transmittance TA decay, ATma/T, and is

given by [23];
<N >=2ATpe/T,  (6.1)

where A is the absorbance of the solution at the band edge. The Poisson distribution
governs the probability of a QD to absorb n photons during a pump pulse excitation as

[23];

Pn =<n>" e

(6.2)

n! -’
The calculated probability of absorbing a biexciton due to absorbing two photons per pulse
is less than 5% of the probability of forming a single exciton. As explained in ref.[20], this
value indicates that formation of a biexciton due to absorbing more than one photon per
pulse is negligible. Therefore, it is believed that the high energy pump photons used to

pump the samples in this study create extra excitons in the QD system and the emerged fast

decays in the case of above MEG threshold excitation in Figure 6.8 is due to MEG.

Figure 6.9 compares the rise times of transients for above and below MEG
threshold excitation cases of the CdSe/CdTe/CdS3 sample. The initial rise time
corresponds to the hot carrier relaxation time. In the case of high pump energy (2.62E),
the electron relaxation is 5-10 ps faster than that of low pump energy (1.46Ey). This
indicates that when MEG occurs, the hot carrier dissipates its energy to a carrier in the

valance band and thus more quickly relaxes to the CBM. In other words, MEG increases
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the overall carrier relaxation rate in these dots. This is further evidence for MEG

manifestation in the investigated dots.

The change in the fractional transmittance at the bleach is a measure to quantify
exciton population in the CBM of an excited QD. In the limit of vanishing fluence, the
initial maximum signal in the fractional transmittance transient (after cooling is completed
and before recombination is started), AT (0)/T, is equivalent to the biexciton (or multi-
exciton) population produced by the pump pulse, while, the signal at the plateau
corresponds to the population of QDs excited at the beginning. The ratio between them, R,
in the limit of vanishing fluence, where each excited QD has absorbed only one photon,
gives the average exciton population created by absorption of one photon per QD and thus

the MEG QY [9].

CdSe/CdTe/CdS2
3- — hv=262E,

ho = 1.46Eg

AT/T, 10°

10 20 30 40 50
Time (ps)

Figure 6.9. Initial bleach rises for above (black) and below (red) MEG threshold for CdSe/CdTe/CdS2.

Figure 6.10 shows the variation of R values as a function of pump fluence for
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excitation energies above and below MEG threshold in all samples used in this study. Each

curve is fitted with the following function [5];

AT(0)
T

R=k

[1 —exp(— %ATT(O))]_I, (6.3)

where, k is a constant whose formula for our sample is 2A™. It is clear from Figure 6.10,
the common trend is that R values increase with the pump fluence. In the limit of vanishing
fluence, R values for all samples go to unity for below MEG threshold pumping. This
indicates that the absorbed low energy photons do not produce extra excitons, limiting the
QY to 100%. On the other hand, R values at low pump fluences for all samples are
significantly greater than unity in the case of above MEG threshold. This shows that the
absorbed energetic photon per pulse dissipates its additional energy to a third carrier in the
valance band to produce extra excitons in the dot. In that case the QY becomes more than
100%. To give a few examples, the additional exciton yield per QD for the
CdSe/CdTe/CdS3 sample for pump photon energies of 3.11Eg and 2.9E are observed to be
0.74+0.02 and 0.45+0.06, respectively. These values correspond to a QY of 174% at
3.11E; and 145% at 2.9E; The CdTe/CdS sample produces additional excitons of

0.21+0.08 per dot at 2.63E,4 corresponding to a QY of 121% at 2.63E,.

Figure 6.11 a) shows the additional excitons created via MEG as a function of
absolute incident photon energy for all NC designs used in this study with the indicated
band gap energies. The data in the figure corresponding to above the MEG threshold is
widely distributed. Beard et al.[24] showed that the right method of determining the MEG
QY is plotting the QY versus the incident photon energy divided by Eg. Since for ideal
MEG, efficiency is expected to be increased by 100% for each photon energy increment

equivalent to the band gap, the MEG QY should be associated with the incident photon
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energy normalised to Eg [1]. Therefore, in the present study, the generated extra excitons

via MEG is plotted against pump energy normalised to the band gap energy, as shown in

Figure 6.11 b).
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Figure 6.10. The comparison of average number of excitons created per absorbed photon per pulse for
above and below MEG excitations for a)CdSe/CdTe/CdS1, b)CdSe/CdTe/CdS2, c)CdSe/CdTe/CdS3,

d)CdTe/CdSe/CdS1, e)CdTe/CdSe/CdS2, and f)CdTe/CdS samples.
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The measurements clearly show that the data points are distributed narrowly rather
than broadly as in the case of Figure 6.11 a). Overall the results agree well with the model
predicted in ref.[24]. Since MEG only depends on the pump photon energy normalised to
Eg [6, 24], the results presented in Figure 6.11 b) is due to MEG manifestation. As each
sample has different design and thus properties, they can show different MEG efficiencies
and thresholds. However, in general, each sample exhibits broadly similar MEG
performance. A linear fit to those data above the 2.52 point yields a MEG threshold of
(2.59£0.16) Eg. This value agrees well with the energy partition model which leads to a
theoretical MEG threshold of 2.58E, for the same materials calculated using Eq.(2.7).
Moreover, the MEG threshold observed here is similar to that of previously investigated
CdSe [10], CdTe [25] and CdSe/CdTe/CdS/zZnS [8] core/shell type-11 QDs. The results are
also in good agreement with the energy conservation which dictates that the MEG
threshold in a QD must be at least twice band gap. As explained earlier, the slope
efficiency of the linear fit corresponds to the MEG efficiency which is (142+9)%/Eg4 here.
In other words, an average additional exciton of 1.42+0.09 is produced at each increment

of the pump photon energy equivalent to the band gap of the QD.

As compiled in ref.[9], the slope efficiencies of type-1 QDs observed so far lie
between 30%/E4 and 40%/Ey. Gachet et al.[8] reported a MEG efficiency of 53%/Ey in
CdTe/CdSe/CdS/zZnS type-11 structures wherein ideally Auger cooling is expected to be
suppressed. The observed MEG efficiency value in this study is about three times greater
than that observed in ref.[8]. This indicates that the QDs used in this study are well-
engineered and that not only Auger cooling is suppressed but also surface-related cooling

is effectively controlled by growing a CdS outer shell around a type-I11 structure.
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6.4 Summary

In this chapter, a significantly improved MEG efficiency has been demonstrated in type-1I
QDs using the TA experiment. Auger and surface-mediated cooling rates were suppressed
to increase the MEG rate by well-engineering the electron and hole wavefunction overlap
and carefully controlling the QDs’ surface. The MEG QY was found to be proportional to
the excitation photon energy normalized by the sample band gap energy. The MEG
threshold for those type-I1 structures was observed to be (2.59+0.16)Ey, which is similar to
the previously reported values for their type-I counterparts. However, a MEG QY slope
efficiency of (142+9)%/E4 was observed for the type-11 QDs used here. This value is about
3 times higher than previously reported for colloidal nanocrystals. Type-I1 QDs with well-

passivated surfaces could improve the efficiency of PVs significantly if MEG is utilized

properly.
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Chapter 7: Attractive biexciton interaction energy in type-I11 QDs

7.1 Introduction

In this chapter, the femtosecond TA spectroscopy is used to study biexciton interactions in
both CdSe/CdTe/CdS and CdTe/CdSe/CdS core/shell/shell and CdTe/CdS core/shell QDs.
A procedure is used to ensure that only relaxed biexcitons contribute to the observed
spectra. Each sample was initially characterized by steady-state absorption and PL
spectroscopy. Analysis of the TA spectra of various samples yielded large attractive
interaction energies of 30-60 meV. This is followed by studies of PL lifetimes and multi-

exciton interactions using the TRPL spectroscopy previously used by others.

7.1.1 Motivation

To date, several studies have reported large repulsive exciton-exciton interaction energy
(Axx>0) in type-1l QDs using transient PL experiments. For instance, Klimov et al.[1]
reported a repulsive Axx value of ~100 meV in CdS/ZnSe type-1l NCs based on features
observed in the TRPL spectra. Similar values have been observed in CdS/ZnSe [2] and
ZnTe /CdSe core/shell QDs [3] using the same method. These results are shown in Chapter
2 in detail. The authors claimed that the observed spectral shift is largely due to a repulsive
Coulomb interaction between two excitons and the band gap of the material is increased by
a magnitude corresponding to the magnitude of Axx. Using an effective mass approach,
modelling has been indicated, Axx in type-Il structures is always large and repulsive. Since
the Axx can have a magnitude greater than the emission linewidth and is positive then the
absorption at the emission wavelengths can be decreased [3] which improve the efficiency

of type —II QDs for lasers applications [4]. However, in these PL studies the authors
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considered the QD system as two level which contains two electrons in the ground system
before excitation and did not consider the contribution from the higher electronic states [1].
However, it has been shown that there are allowed transitions from high energy states,
which are neglected in this two level approach [5]. These high energy transitions might
affect the reported results, calling their interpretation into doubt. In addition, since the data
in TRPL methods is collected straight after the excitation, then the resultant spectra can

have contributions of higher-order multi-excitons.

On the other hand, it has been suggested that a large attractive Axx (<0) in type-l1I
QDs will decrease the material’s band gap significantly [6]. In such case, the threshold for
MEG will be reduced and thus the potential efficiency of a solar cell based on QDs would
increase [6]. Such a threshold reduction would complement the MEG efficiency

improvements found for type-11 QDs in the work described in the previous chapter.

In support of the possibility that Axx may be negative for type-I1 QDs, Avidan et
al.[7] calculated Axx in ZnSe/CdS type-I1 structures and found that the magnitude and sign
of Axx depends on the geometry of the structures. In addition, Stuart K. Stubbs and his
colleagues reported attractive Axx with a magnitude of -96£7 meV in quasi-type II
CdSe/CdTe/CdS QDs using the TA experiment, as shown in Figure 7.1. This large
attractive Axx let to the band gap energy to be red-shifted by its magnitude. However, this
measurement was done immediately after photo-excitation, and the contribution of higher-

order multi-excitons could not be discounted.

The results obtained in the last two studies are impressive and promising as they
imply that an accurate design of type-Il structures might potentially increase significantly

the efficiency of photovoltaics. However, clearly much work remains to be done to shed
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light on this aspect of the applications of type-I1 QDs. To move further, in this study we
devise a new experimental technique to investigate Axx in type-1l QDs. The experiment
used here is an ultrafast TA experiment with a fixed delay time of 650 ps between pump
and probe pulses which corresponds to the time when carrier cooling to the band edge and
the recombination of pump-created multi-excitons are completed and only a single long-
lived exciton remains in the system. This is confirmed by looking at the transient
transmittance decay figures in this chapter as all figures show a plateau after about 200 ps
delay that lasts beyond 800 ps delay time point. The second exciton is formed when the
probe beam arrives after 650 ps. Hence the observed results are solely due to biexciton

interactions.

0.024

0.01+

0.00-
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170 175 180 18 180 195 200 205
Energy (eV)

Figure 7.1. Differential transmission spectra for CdSe/CdTe/CdS QDs taken by Stuart K. Stubbs. Axx
is extracted from the fit to the spectra using Eq.(2.10)

7.2  Sample information

The samples used in this study were three different sets of CdSe/CdTe/CdS and two sets of
CdTe/CdSe/CdS core/shell/shell and a CdTe/CdS core/shell type-1l QDs. The samples

were produced by Robert Page at the Department of Chemistry of The University of
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Manchester using a hot-injection process. They were prepared under nitrogen purging to
avoid oxidation and dispersed in dry toluene solvent. It has been experimentally proved
that the ultrafast exciton dynamics of QDs can be effectively monitored when the
absorbance at the band edge (the natural logarithm of the ratio between the incident and the
transmitted beams) is between the values of 0.2 and 0.6 [8-11]. Therefore we adjusted the
absorbance at the absorption shoulder between those values. The samples were preserved
in a 5 ml wide and 10 mm long quartz cuvette. To prevent any sample photocharging, the
samples are stirred at 1000 rpm using a magnetic stirrer during the TA experiment. All

measruments were carried out under room temperature.

The localization of charges are determined from the band alignment of the samples
using energy criteria explained in Chapter 2. Thus, electrons and holes are localised in the
shell and core, respectively in CdTe/CdSe, and CdTe/CdS QDs, whilst, it is vice-versa in
the case of CdSe/CdTe QDs. It has been shown that surface-mediated charge trapping will
deteriorate the PL QY [12] and the MEG efficiency[13] in colloidal QDs. Therefore,
CdSe/CdTe and CdTe/CdSe core/shell structures are passivated with CdS outer shell so
that the hot carriers do not interact with the sample surface. The thickness of CdS is only a
few monolayer and almost equall for all the samples. The core/shell and core/shell/shell
structures used in this chapter are in the form of either quasi-type-Il or type-11 and will be

called type-II structure throughout the thesis.

7.3  Optical characterization

7.3.1 Absorption and PL spectra

In order to characterise the QDs, we initially performed steady-state absorption and PL
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spectra using a Perkin Elmer Lambda 1050 spectrophotometer and a Horiba Jobin Yvon
Fluorolog-3 model FL3-22iHR Spectrofluorometer, respectively. The principle of these
technigies are shown in detail in Chapter 3. The PL spectra were recored for all the
samples using a photon excitation wavelength of 400 nm (3.11 eV). Figures 7.2 a) and b)
show the steady-state absorption and PL spectra developments of CdSe and CdTe core-
based structures before and after addition of the inner shell and CdS shell, respectively.
The curves of absorption spectra are vertically offset for clarity. The absorption and PL
spectra for CdTe/CdS heterostructure are presented in Figure 6.2 f) in Chapter 6. Clearly
from these figures 7.2 a) and b), the formation of the inner and outer shells results in a red
shift for both materials. That proves that the material is transforming from a type-1 to type-

Il structure where the overlap of electron and hole wavefunction is decreased.

In Figure 7.2 a), the CdSe core has a clear 1S absorption feature at 555 nm (~2.74
eV) that is red shifted to 630 nm (~1.97 eV) and then to 666 nm (~1.87 eV) with formation
of a CdTe inner shell and a CdS outher shell, respectively (see also Table 7.2). In addition,
the ground state absorption feature curves for the CdSe/CdTe core/shell and
CdSe/CdTe/CdS core/shell/shell are smeared compared with that of the CdSe core. This is
a further confirmation that the structures transformed from a type-1 form to that of a type-1l
[14] wherein the electron and holes reside in the CdSe core and CdTe shells, respectively,
reducing the oscillator strength of the band edge transitions. Similarly, the PL spectrum of
CdSe was red shifted from 567 nm (~2.2 eV) to 670 nm (~1.85 eV) with addition of
CdTe, and to 700 nm (~1.77 eV) with addition of the final CdS shell (see also Table 7.2).
The 1S absorption and PL maximum values for the rest of the CdSe core-based samples
are shown in Table 7.2. The bold digits at the end of each sample indicate the sample

labelling. All samples show a global Stoke shift between the absorption-edge and the PL
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maximum which for some samples goes up to 40 meV. The large shift between these
spectra is explained by a strong electron-phonon interaction, size dispersion effect and
band-edge exciton fine structure [15-17]. The absoprtion band gap energies for these
nanoparticles are higher than that of the corresponded bulk crystals which indicates that

quantum confinement is dominant in QDs.

Based on the band edge absorption spectra and transmission electron microscopy
size measurements, Yu et al. [18] have developed new models to determine sizes of CdSe
and CdTe QDs. These models are the most reliable sources to calculate the theoretical size
information of the aforsaid QDs. Hence, the diameters D for the different CdSe core

samples were calculated from;

Dcgse = (1.6122 X 1079)A* — (2.6575 X 107)A3 + (1.6242 x 1073)12 — (0.4277)1 +

(41.57) (7.1)
and similarly, for the different CdTe core samples;

Dcgre = (9.8127 X 1077)A3 — (1.7147 x 1073)22 + (1.0064)1 — (194.84)

(7.2)

where, A is the ground state absorption of the material. Based on these expressions, the
core diameters of CdSe QDs were found to be approximately 3.2, 3.6 and 4.2 nm; we label
them as small, medium and large cores, respectively. Likewise, the CdTe QDs core
diameters were found to be approximetly 3.7 and 3.9 nm, and they are labeled as small and
large cores, respectively. The CdSe and CdTe core diameters presented in figures 7.2 a)
and b) were that of 3.2 and 3.7 nm (regarded as small cores), respectively. The large CdTe
core is used for the CdTe/CdS structure as it was used to obtain efficient MEG in Chapter

6. For CdSe core based QDs, the samples labelled as 1,2,3,4 and 5 have a core diameter of
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4.2 nm, the samples labelled as 6 and 5 have a core diameter of 3.6 nm and the samples
branded as 8,9,10,11,12,13 have a core diameter of 3.2 nm. Similarly, for CdTe core made
QDs, the samples notated as 1,2,3,4 and 5 consist of a 3.7 nm diameter core, whereas, the
sample 6 has a core diameter of 3.9 nm. A summary of the sample labelling is presented in

Table 7.1.

Table 7.1. The labelling of the samples used in this Chapter. The bold digits at the end of each sample
represent the sample number.

CdSe core based samples

Large core (~4.2 nm) Medium core (~3.6 nm) Small core (~3.2 nm) ‘
CdSe/CdTe/CdS1 CdSe/CdTe/CdS6 CdSe/CdTe8
CdSe/CdTe2 CdSe/CdTe/CdS7 CdSe/CdTe/CdS9
CdSe/CdTe/CdS3 CdSe/CdTel0
CdSe/CdTe4 CdSe/CdTe/CdS11
CdSe/CdTe/CdS5 CdSe/CdTel2

CdSe/CdTe/CdS13
CdTe core based samples
Small core (~3.7 nm) Large core (~3.9 nm)

CdTe/CdSel CdTe/CdSe/CdS6
CdTe/CdSe/CdS2

CdTe/CdSe3

CdTe/CdSe/CdS4

CdTe/CdSe/CdS5

The linear absorption and PL spectra for the small CdTe core-based structure in
Figure 7.2 b) also exhibits similar behaviours with that of the small CdSe core-based
samples. The PL spectrum shown in Figure 7.2 b) was recorded by Robert Page at the
School of Chemistry of The University of Manchester using a fluoroSENS (Gilden
photonics) PL machine. The absorption band gap for the CdTe core is redshifted from
600nm (~2.07 eV) to 635 nm (~1.96 eV) with addition of the CdSe inner shell. This
indicates that the 1S absorbtion feature becomes an effective band gap corresponding to
the energy between the conduction band minimum of the CdSe shell and the valance band

maximum of the CdTe core. In this stiuation, electrons and holes are confined to the core
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and shell, respectively.
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Figure 7.2. Absorption and PL spectra progress for a) CdSe and b) CdTe core-based structures before
and after addition of the inner and outer shells. The PL excitation wavelength was chosen to be 400 nm
(3.11eV).

The resultant effective band gap is further shifted to 675 nm (~1.84eV) with
formation of the final CdS shell. Similarly, the PL spectra for this set of sample designs is
red-shifted with addition of the inner and outer shells. The small CdTe core has a PL peak
at 630 nm (~2.00 eV) whereas, this value is shifted to 655 nm (~1.91 eV) and 685 nm

(~1.81 eV) with addition of the CdSe and CdS shells, respectively. This is again another
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proof of transformation from type-1 form to that of a type-Il. The first steady-state
absorption and PL peak values for all CdTe core-based QDs are provided in Table 7.3.
Similar to that of the CdSe core-commisioned samples, these samples also show a Stoke

shift up to 30 meV between the PL maximum and the 1S absorption feature.

Table 7.2. The summary of the ground state absorption and PL maximum values for CdSe core-based
samples.

1S Absorption (nm) PL (nm)

Sample

Large CdSe core (~4.2 nm) 590 608
CdSe/CdTe/CdS1 658 691
CdSe/CdTe2 638 664
CdSe/CdTe/CdS3 670 692
CdSe/CdTe4 650 669
CdSe/CdTe/CdS5 672 675
Medium CdSe core (~3.6 nm) 572 603
CdSe/CdTe/CdS6 637 647
CdSe/CdTe/CdS7 655 664
Small CdSe core (~3.2 nm) 555 567
CdSe/CdTe8 630 671
CdSe/CdTe/CdS9 666 700
CdSe/CdTel0 713 728
CdSe/CdTe/CdS11 723 748
CdSe/CdTel2 622 669
CdSe/CdTe/CdS13 655 695

Table 7.3. The compilation of band edge absorption and maximum PL wavelengths values for CdTe
core-based samples.

1S Absorption (nm) PL (nm)

Sample

Small CdTe core (~3.7nm) 600 614
CdTe/CdSel 635 642
CdTe/CdSe/CdS2 690 705
CdTe/CdSe3 659 666
CdTe/CdSe/CdS4 675 679
CdTe/CdSe/CdS5 715 718
Large CdTe core (~3.9 nm) 621 629
CdTe/CdSe/CdS6 685 715
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7.4  Results and discussions

7.4.1 Biexciton interaction energy measurements using TA experiment

An ultrafast TA experiment was used to monitor X-X interaction in the lowest conduction
band level of the QDs. This method is a pump-probe experiment wherein the pump beam
excites the system and the subsequent probe beam monitors the exciton population at the
desired energy levels. The ultrafast TA experiment is explained in Chapter 3 (see section
3.4.) in detail. The pump beam was set to 450 nm (~2.8 eV) which lies below the MEG
threshold of the samples. The differential transmittance spectra for fixed At (650 ps for our
samples), the time between the arrivals of pump and probe beams, was recorded using the

monochromator over the wavelength range of the sample band gap.

The EQ.(2.9) is used to fit the recorded differential transmittance spectra to extract
the magnitude and sign of the Axx. This equation is used when carrier relaxation is
completed and only one exciton remains at the band edge of the QD [15]. The second
exciton is formed by the absorption of probe pulse. As explained in Chapter 2, depending
on the magnitude and sign of the Axx, three scenarios can take place in QDs; small and
attractive Axx, large and repulsive Axx, and large and attactive Axx. The shape of the
differential transmission spectra is altered at each situation, as shown in Figure 7.3. In the
case of small and attarctive Axx which occurs in type-1 QDs, the spectrum is almost
symmetrical as there is no any significant force from neither side of the spectrum.
However, if large and repulsive Axx takes place then the observed differential transmission
spectra is skewed to the blue. In the third scenario, if Axx is large and attractive then the
recorded spectra is skewed to the red. Fitting Eq.(2.9) enables the sign and magnitude to be

extracted from the TA spectrum.
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Figure 7.3. Three possible consequence of Axx arising in QDs. The orange spectrum
represents the small attractive Ayx occurring in type-1 QDs. The blue spectra
corresponds to large repulsive Ayxx which is skewed to high energy side.. The red
spectrum is attributed to large and attractive Axy in type-11 QDs which is skewed to
low energy side.

Transient transmittance decays for the samples were obtained to observe the
biexciton decay constants and the effects of any photocharging on the ultrafast dynamics of
the dots. Then the differential transmittance spectra of these dots were recorded to
investigate Axx in type-1l structures. Figure 7.4 a) and b) provide example pump induced
fractional transmittance transients obtained for different pump fluences for
CdSe/CdTe/CdS13 and CdTe/CdSe/CdS5 samples at excitation pump wavelength of
450nm ( ~2.76 eV), respectively. The pump energy lies below the MEG threshold of the
sample and thus there is no MEG contribution in the obtained transients. Both figures are
well-described with global mono-exponential decays to plateau. The time constants for
CdSe/CdTe/CdS13 and CdTe/CdSe/CdS5 were found to 80+1 ps and 108+1 ps,
respectively. The flat signals beyond the mono-exponential decays indicate the existence of
the long-lived single exciton whose lifetime is too long to be identified with the ultrafast
TA experiment. The radiative lifetime of the single exciton for CdSe core-based samples is

found to be in the order of 10s of ns, as shown in the previous section. The radiative single
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exciton lifetimes for CdTe/CdSe [19] and CdTe/CdS [20] have been reported to be in the
order of 10s of ns. This shows that the employed ultrafast TA experiment is not capable of
measuring the single exciton lifetimes of the samples used here. The observed transients
also show that there is no surface mediated-relaxation due to use of the final CdS shell.
Because, researchers have shown that in some cases, despite expecting decays in mono-
exponential form, they could be bi-exponential or tri-exponential in form due to surface
trapping [9, 21]. However, as expected from the used excitation power levels, the

transients in Figure 7.4 fitted with a mono-exponential decay.

Figure 7.5 shows the fractional transmittance transients for the CdSe/CdTe/CdS3
sample obtained under stirring and static conditions, with all other parameters remaining
same. Both decays are globally fitted with a single exponential decay with a characteristic
time constant of 11749 ps. It is apparent from the figure that both decays are nearly
identical. This confirms that there is no formation of trions which occurs when a geminate
partner of a charge traps on the sample surface for a time period more than the time
between two consecutive pulses [22]. This is further evidence since the addition of the
final CdS shell around the core/shell structures reduces charge interaction with the sample

surface.
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Figure 7.4. The variation of the fractional transmittance transients of a) CdSe/CdTe/CdS13 and b)
CdTe/CdSe/CdS5 core/shell shell samples with different pump fluences for the photon energy of 2.76
eV. The black lines indicate mono-exponential fit.
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Similarly, the bleach transients (monitoring carrier population at the band edge) for
the CdTe/CdSe/CdS6 sample recorded under stirring and static conditions, with all other
experimental parameters remaining the same, shown in Figure 7.6. The decays are globally
fitted with a single exponential function which yields a time constant of 1051 ps. There is
no significant difference between stirring and static conditions. This also proves that the
CdS shell acts as a proper barrier between the sample surface and charges and thus

photocharging is not an obstacle for these samples.
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Figure 7.5. The comparison of the fractional transmittance transients of CdSe/CdTe/CdS3 sample
monitored when the sample is stirred at 1000 rpm (black) and when it is statics (red). The sample is
excited with a photon energy of 2.76 eV, corresponding to 1.49 times of the sample band gap.

Figure 7.7 a) and b) illustrate the initial high resolution fractional transmittance
transients at 450 nm (2.76 eV) pump wavelength for the CdSe/CdTe/CdS9 and
CdTe/CdSe/CdS4 samples, respectively. The delay stage step size for these transients was
adjust to be 0.1 mm which corresponds to a delay time of 667 fs that is considered to be a

high resolution delay time between pump and probe pulses. Research has shown that the
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hot electrons from the higher energy states of the conduction band directly move to the
sample surface, resulting in direct surface trapping [23, 24]. One of the significant sign of
direct surface trapping is that the initial rise in the bleach transient starts at somewhere
below zero; this is explained in detail in Chapter 4. However, as clearly seen from the
initial growth of the fractional transmittance transients, there is a monotonic initial rise
starting from zero to the bleach maximum. This indicates that the hot electrons relax to the
CBM instead of trapping on the surface. Hence, it can be concluded that the outer CdS

shell acts as an efficient block to stop the charge interaction with the sample surface.
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Figure 7.6. The fractional transmittance transients for CdTe/CdSe/CdS6 sample under stirring (black)
and static (red) conditions at 2.76 eV excitation energy, corresponding to about 1.5 times of the sample
band gap.
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Figure 7.7. The initial bleach rise for a) CdSe/CdTe/CdS9 and b) CdTe/CdSe/CdS4 core/shell/shell
structures with pump energy of 2.76 eV.

The differential transmission spectra known as TA spectra at the anticipated
wavelength range is recorded by fixing the delay time, At, corresponding to the time
between arrivals of pump and probe beams. In this work, the delay time is fixed to 650 ps,
by which time all hot excitons are cooled to the band edge and the pump created multi-
excitons are recombined; before recombination of the long-lived single exciton. This can
be confirmed from the above transmittance transient decays as 650 ps in those transients
corresponds to the plateau, indicating the presence of only a long-lived exciton. The
second exciton is created with the probe beam and hence the resultant interaction between

excitons is purely due to the interaction between two excitons, and not more.

Figure 7.8 a) presents the differential transmission spectra of the large CdSe core-
based CdSe/CdTe/CdS5 core/shell/shell QDs. Eq.(2.9) is fitted to the spectrum and it is
deconvoluted into two components; one at ~1.81 eV and another at ~1.94 eV,
corresponding the linear 1S and 2S absorption spectra, respectively, as shown in Figure
7.9. The derived differential transmittance spectra corresponding to the 1S absorption

feature is of similar shape and breadth to the ground state absorption edge of the
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CdSe/CdTe/CdS5 core/shell/shell sample, as shown in Figure 7.8 b). However, the peak
position of the TA spectra is slightly red-shifted with respect to the ground state absorption
spectrum. The magnitude of the redshift is extracted to be -25.10+1.70 meV from the
fitting function. This indicates that the interaction between the two excitons (one from the
pump pulse and the other from probe pulse) in the dot results in a decrease of about 25
meV in the dot band gap. The additional evidence for the red-shift of the band gap is that
the peak is skewed to the lower energies, which is consistent with the explanation of Figure
7.3. The primary aim here was to investigate the effect of Axx on the material’s band gap
and thus we focused on the change in the differential spectra corresponded to the sample
band gap. The observed 2S and higher order pump-induced absorption spectra do not
contribute to the dots’ absorption band gaps. The position of the observed pump-induced
2S transitions are compared with the theoretical calculated estimations using the multi-
band model [5]. For example, the theoretical calculated 2S transition occurs at about 1.88
eV for the CdSe/CdTe/CdS5 core/shell/shell QD, which is slightly different than the

experimental pump-induced 2S.

Figure 7.10 a) and b) compare the TA spectrum and the ground state absorption
spectrum of the small core CdSe/CdTe/CdS13 type-ll structure. The TA spectrum is
recorded at 650 ps after the arrival of pump pulse which assures that only the long-lived
single exciton exists. EQ. (2.9) is used to fit the differential transmittance spectra which is
deconvoluted into two bands; corresponding to the signals of 1S and 2S absorption
features. The derived peaks are found to be at 1.77+0.02 eV and 1.85+0.01eV for 1S and
2S features, respectively. The recorded TA spectrum is skewed to the low energy side,
indicative of an attractive interaction between excitons. The spectral shape and breadth of

the first pump-induced absorption feature is similar to the band edge spectra. The FWHM
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of the 1S differential spectra is found to about 91.8+2.0 meV.
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Figure 7.8. a) The TA spectra of large core CdSe/CdTe/CdS5 core/shell/shell sample for 650 ps time
delay between the pump and probe pulses. The red band relates to the sample bandgap, whereas, the
green band represents the 2S absorption feature. b) The ground state absorption spectra of
CdSe/CdTe/CdS5 sample. The red dashed line shows a Gaussian fit to the 1S absorption spectra.
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Figure 7.9. lllustration of the absorption transitions that can be observed from the
differential TA spectra.

The magnitude and shape of the obtained TA spectra is also consistent with previously
reported type-1 CdSe QDs [15, 25]. The attractive biexciton interaction energy is measured
to be -59+2 meV, indicating that the band gap of the CdSe/CdTe/CdS13 type-1l1 QDs is

decreased by that amount of energy. The position of the 2S transition for the
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CdSe/CdTe/CdS13 sample is estimated from the theoretical calculation [5] to be about
1.88 eV which is less than 100 meV different than the experimentally observed pump-

induced 2S transition [5].
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Figure 7.10. Comparison of a) the transient absorption and b) first absorption edge of the small core
CdSe/CdTe/CdS13 QDs. The transient absorption spectra consists of contribution from pump-induced
1S (red) and 2S (green) absorption spectra. The blue line is the fit of eq.(2.13) to the data taken at 650
ps after the arrival of pump beam. Gaussian fit is done to the ground state absorption spectra (red
dashed line).

Axx was measured for all the CdSe core-based samples and the results are
presented in Table 7.4. All type-I1 samples showed attractive biexciton interaction energies
with magnitude between about -25 meV and -60 meV. CdSe core only samples have a

type-1 design and thus they showed a Axx value of as low as -16 meV.

Typical TA spectra for CdTe core-based CdTe/CdSe/Cd5 and CdTe/CdS samples
are provided in Figure 7.11 a) and b) and the corresponding first steady-state absorption
features are shown in Figure 7.11 c¢) and d), respectively. Eqg.(2.9) is used to fit the TA
spectra and the 1S ground state absorption spectra is fitted with a Gaussian function to
derive the peak parameters accurately. First and second pump-induced absorption features

occur at 1.73+0.02 eV and 1.83+0.01 eV for the CdTe/CdSe/CdS5 sample, respectively
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and at 1.93+£0.03 eV and 1.96+0.02 eV for CdTe/CdS QDs, respectively. The first pump-
induced absorption features for both samples agree well with their steady state band edge
absorption features regarding the breadth. For example, the transition line width for the 1S
TA spectra of CdTe/CdSe/CdS5 is measured to be 0.07+0.01 eV which is consistent with
0.06+0.01 eV measured for the corresponded 1S linear absorption spectra of the same
sample. The 1S TA spectrum features in Figure 7.11 a) and b) are similar to those reported
for CdTe/CdSe [19] and CdTe/CdS [20] type-1I QDs, respectively. However, in these
studies, it was observed that photocharging of the samples was significant. In comparison,
the dots used here are well-passivated with the final CdS shell to avoid any PA features
associated with surface-mediated cooling. The estimated theoretical 2S transition for
CdTe/CdSe/CdS5 was found to be about 1.81 eV which is almost consistent with the

observed value.

Table 7.4. The summary of biexciton interaction energy values for CdSe core based samples.

Axx (meV)

Sample

CdSe/CdTe/CdS1 -34.00+1.54
CdSe/CdTe2 -27.00+1.00
CdSe/CdTe4 -50.00£0.50
CdSe/CdTe/CdS5 -25.10+1.70
Medium CdSe core (~3.6 nm) -16.10+6.11
CdSe/CdTe/CdS6 -28.02+4.04
CdSe/CdTe/CdS7 -60.00£7.21
Small CdSe core (~3.2 nm) -17.00+2.03
CdSe/CdTe8 -46.01+7.01
CdSe/CdTe/CdS9 -36.10+2.21
CdSe/CdTel0 -34.10+1.50
CdSe/CdTe/CdS13 -59.10 £2.30

The analysis of the TA spectra for the rest of the CdTe core-structured samples

yielded attractive biexciton interaction energies between -11 meV and -59 meV. The
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summary of all CdTe core based samples are shown in Table 7.5. The smallest Axx value
is observed in the CdTe core only sample which is an expected value for type-I structures
[15] wherein the hole and electron wavefunctions are completely overlapped. However, the
magnitude of Axx is significantly higher for the core/shell and core/shell/shell structures.
This is a typical behaviour of type-11 and quasi-type-II structures [26], wherein the carrier
wavefuntions overlap is reduced. Therefore, the large attractive biexciton interaction

energy in type-1l QDs can increase the efficiency of solar cells by decreasing the MEG

threshold.
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Figure 7.11. The differential transmission transients for a) CdTe/CdSe/CdS5 and b) CdTe/CdS and the
corresponded first linear absorption peaks for ¢) CdTe/CdSe/CdS5 and d) CdTe/CdS samples. The
transient absorption spectra are recorded for 650 ps delay between the pump and probe pulses. They
are deconvoluted into 1S (red lines) and 2S (green lines) transient absorption bands. The first linear
absorption band edge features are fitted with Gaussian function (dashed red lines).
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Table 7.5. The values of the observed attractive biexciton interaction energies in CdTe core based
samples.

Axx (meV)
Sample
Small CdTe core (~3.7 nm) -11.22+0.41
CdTe/CdSel -16.10+0.31
CdTe/CdSe/CdS2 -59.20+1.72
CdTe/CdSe3 -27.22+0.64
CdTe/CdSe/CdS4 -49.30+1.40
CdTe/CdSe/CdS5 -45.00+1.23
CdTe/CdSe/CdS6 -51.40+0.33

7.4.2  Photoluminescence time decay measurements

In order to further understand the effect of growing CdTe and CdS shells on the CdSe core
we performed PL time decay measurements on the CdSe core-based samples before and
after addition of CdTe and CdS shells. The TCSPC method used is explained in detail in
Chapter 3 (see section 3.4). Figure 7.12 shows the typical change in PL decay dynamics of
a series of CdSe core-based samples as the shells are added. The detection wavelengths for
the experiment were set at the PL peak of the samples; these were 567 nm (~2.19 eV),
728nm (~1.71 eV) and 748 nm (~1.66 eV) for small CdSe core, CdSe/CdTel0 and
CdSe/CdTe/CdS11, respectively. Comparing the different cases, clearly the PL lifetimes
increase when going from the single CdSe core (black line) to the type 1l CdSe/CdTe (red
line) and CdSe/CdTe/CdS (blue line) systems with the single and double shell cases,
respectively. Also shown (see Figure 7.12) are the biexponential decay function global
fittings (grey line). The extracted emission life times are summarized in Table 7.6. These
values further rise with the formation of a CdS outer shell, which is used as a barrier to
eliminate surface-mediated recombination in the samples. This is typical evidence - and as
expected from their absorption and PL behaviours (see Figure 7.2) - of converting from
type-1 design to type-1l design as the spatial separation of electrons and holes results in a
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longer charge recombination lifetime [27]. As expected, the observed radiative lifetimes
are much longer than the duration of the TA experiment shown above, confirming that

single exciton recombination does not interfere with the X-X interaction measurements.
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Figure 7.12. The time-resolved emission decays of CdSe core (black), CdSe/CdTel0 (red), and
CdSe/CdTe/CdS11 (blue) samples. The curves are globally fitted with a biexponential function (grey
lines).

Table 7.6. The summary of radiative exciton lifetimes obtained from PL decays of small CdSe core-
based samples. It is clear that the emission lifetimes increase with addition of CdTe inner shell. Errors
shown are statistical uncertainties calculated by the fitting software.

Sample 71 (NS) T, (NS)
3.15 nm CdSe core 1.28+0.01 20.96+0.10
CdSe/CdTel0 2.78+0.02 34.00+0.14
CdSe/CdTe/CdS11 4.32+0.04 39.72+0.22

Figure 7.13 shows the PL decay transients for large CdSe core-based samples. The

only difference between CdSe/CdTe/CdS1 and CdSe/CdTe/CdS3 is the thickness of CdTe
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inner shell (the latter is thicker), all other parameters are identical. Similarly the CdSe core
and the CdS final shell are identical in both cases. The PL emission was recorded for each
sample at 687 nm (~1.81 eV), 664 nm (~1.87 eV), and 692 nm (~1.80 eV) for
CdSe/CdTe/CdS1, CdSe/CdTe2, and CdSe/CdTe/CdS3 samples, respectively. The decays
are fitted with global biexponential functions. The derived emission lifetimes are presented
in Table 7.7. As expected, the PL lifetime increases considerably with the addition of the
CdS final shell. In addition, increasing the thickness of the CdTe shell increases the PL

emission lifetime.

CdSe/CdTe/CdS1 |
CdSe/CdTe2
CdSe/CdTe/CdS3

O 20 40 60 80 100
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Figure 7.13. PL decay curves of CdSe/CdTe and CdSe/CdTe/ CdS samples with 4.2 nm core. The grey
lines represent a global bi-exponential fit.

Table 7.7. PL emission lifetimes of the core/shell and core/shell/shell samples with 4.2 nm core.

Sample 71 (NS) T, (NS)
CdSe/CdTe/CdS1 1.56+0.01 18.40+0.06
CdSe/CdTe2 2.194+0.01 20.00£0.00
CdSe/CdTe/CdS3 2.35+0.01 22.00+0.00
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7.4.3 Multi-exciton interaction energy studies using the TRPL method

In order to understand why we observe X-X attraction whilst others have reported
repulsive interaction, we followed the steps of previous experimental reports [2, 3] using
TRPL. In this method, the TRPL spectrum is recorded at early and late times at high
excitation levels to determine the shift between these two spectra. It has been suggested
that the early-time spectra is due to biexciton interactions and thus the displacement
between the early- and late-time spectra is interpreted as the biexciton interaction energy
[2, 3]. In the present study the obtained results are compared with the Axx results taken by
the ultrafast TA experiment. The TRPL were derived from the TCSPC results explained in
the previous section. The PL decays were recorded for all CdSe core-based samples at the
PL peak wavelength. The process was repeated for the spectral range spanning from 40 nm
below to 40 nm above the wavelength of the PL peak with 4 nm intervals for CdSe core-
based samples. The average power of 400 nm and ~90 fs pulses with 8 MHz repetition rate
was about 1.5 mW at the sample position. A microscope objective lens was used to focus
the beam so that the beam has a diameter of about 0.7 mm on the sample. In that case the
increased pump fluence will allow us to access the multi-exciton regime [2]. The
absorbance of samples was adjusted to be between 0.2 and 0.5 at the wavelength

corresponding to the sample band gap.

Figure 7.14 illustrates the normalised PL spectrum of the CdSe/CdTe/CdS9 sample
at time delays of 0 ns and 2 ns. The 2 ns time delay corresponds to the PL spectra when all
multi-excitons are recombined and only one long-lived exciton remains in the system. This
is confirmed with the fact that the long-lived spectrum is of similar shape with the steady-
state PL spectrum of the CdSe/CdTe/CdS9 sample and they both have a coincidence peak

at about 700 nm (~1.8 eV). In contrast, the t=0 ns spectrum has a contribution from all
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multi-exciton emissions and is blue-shifted with respect to the t=2 ns spectra. Therefore,
the t= 0 ns PL spectrum is deconvoluted into two bands: one of which (black) corresponds
to single exciton recombination and the other (grey) represents the multi-exciton emission
spectra. The single exciton spectrum deconvoluted from the early PL spectrum is similar
with the long-lived single exciton spectrum. However, the emission spectrum for the multi-
exciton is about 40 meV blue shifted with respect to the single exciton emission spectrum.
Further, the grey spectrum is broader than the black spectrum. Likewise, the short-lived PL
curve (t=0 ns) is broader than the long-lived curve.
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Figure 7.14. The normalized PL spectrum of CdSe/CdTe/CdS9 recorded at t= 0 ns (blue square) and t=
2 ns (red circles). The short-lived spectrum is deconvoluted into two parts: single exciton spectra
(black) and multi-exciton spectra (grey).
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Similarly, the same procedure is applied to the CdSe/CdTe/CdS1 sample which has
a CdSe core diameter of about 4.2 nm, regarded as large core. Figure 7.15 compares the
long-lived (red circle) and short-lived (blue square) PL spectra for the CdSe/CdTe/CdS1
sample. The short-lived emission spectrum is recorded straight after the excitation with
~90 fs pulses at 400 nm (~3.11 eV), whereas the long-lived spectrum is monitored 2 ns
after the excitation. As expected, the peak wavelength of the t=2 ns spectra is about 691nm
(~1.80 eV) which is the same as the peak wavelength of the steady state PL spectra of the
same sample shown in Table 7.2. Therefore, the long-lived spectrum is due to single
exciton emission. On the other hand, the t=0 ns spectrum is shifted to shorter wavelengths
with regard to the t=2 ns spectrum. Additionally, this spectrum is broader than the single
exciton emission. Thus, it is believed that the short-lived spectra consist of contributions
from both single exciton emission and multi-exciton emissions. And hence to see the effect
of contributions from multi-exciton emissions, the short-lived emission curve is divided
into two components; the single exciton emission part (black) and multi-exciton emission
part (grey), as shown in Figure 7.15. The peak position of the single exciton PL curve is
the same as that of the long-lived PL curve. However, the multi-exciton emission
component appears to be broader than the single exciton PL component. In addition, it is
blue-shifted with respect to the single exciton emission spectra. The spacing between these

two components is found to be about 20 meV.

The TRPL spectra of two series of CdSe core-based samples (small and large cores)
were also recorded. The effect of multi-exciton emission is observed for only some of
them, for the others no shift was seen. The peak wavelengths of the long-lived emission
spectra and of the components of the short-lived emission spectra and the corresponding

blue shift values between two components are given in Table 7.8. The values show that the

Musa CADIRCI PhD Thesis 187



Chapter 7 Attractive biexciton interaction energy in type-II QDs

blue shift between the single-and multi-exciton emission spectra varies for the different

samples, with a value being between 0 meV and 40 meV.
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Figure 7.15. The normalised emission spectra recorded at early (blue squares) and late (red circles)

times for CdSe/CdTe/CdS1. Both spectra are fitted with Lorentz function. The late-time PL spectrum
is deconvoluted into single exciton component (black) and multi-exciton component (grey).

Table 7.8. The summary of blue shift between the single and multi exciton emission spectra for CdSe
core-structured samples.

Blue shift (meV)

Sample

CdSe/CdTe/CdS1 20
CdSe/CdTe/CdS3 10
CdSe/CdTe4 0
Small CdSe core (~3.15 nm) 10
CdSe/CdTe8 0
CdSe/CdTe/CdS9 40
CdSe/CdTel0 0
CdSe/CdTe/CdS11 0
CdSe/CdTel2 10
CdSe/CdTe/CdS13 10
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Similar features have been observed in CdS/ZnSe [1, 2] and ZnTe /CdSe core/shell
QDs [3] using the same method. The authors of these reports claimed that the long-lived
emission spectra occur in the single exciton regime and are identical with the steady state
PL spectra and hence this emission is due to single exciton emission. However, the short-
lived emission is a result of both single-and biexciton emission spectra. Therefore, the
spacing between two components of the short-lived emission curve is considered as due to
the repulsive X-X interaction. And thus, to the authors’ perspective, the material band gap
is increased by the value corresponding to the shift between two constituents of the short-
lived spectra. According to the model used in these studies, in the biexciton regime, same-
sign charges confine in the same volume of the QDs and the Coulomb repulsion between
them will extend the material band gap. Hence, as a result of the widening of the band gap,

the biexciton emission occurs at shorter wavelengths regarding the single exciton emission.

An effective mass model suggests that biexciton interaction in type—Il QDs is a
result of two main factors. Firstly, direct Coulomb repulsion between same sign charges
confined in the same volume of dot, which is large and repulsive [26]. Secondly,
polarization at the core/shell interface is another component that affects the magnitude and
sign of the X-X interaction. This component is related to the dielectric constant change and
its sign is negative (attractive) if the dielectric constant of the core is smaller than that of
the shell [26]. The interface polarization component has an effect of about 30 % on the
total biexciton interaction energy in type-ll heterostructures. Therefore, the biexciton
interaction energy in type-Il is always positive. However, Professor Stanko Tomi¢ at the
University of Salford is currently developing a model to explain Axx in type-11 QDs. It is
based on an atomistic model that includes Coulomb repulsion, interface polarization and

configuration interactions between electrons which varies with shell thickness and is
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usually attractive in type-Il1 QDs. Initial X-X interaction calculations based on this model

agree well (see next) with results obtained here using the TA experiment.

The CdTe shell thicknesses of CdSe/CdTe2, CdSe/CdTe4, CdSe/CdTe8 and
CdSe/CdTel0 core/shell samples were estimated by comparing absorption edge
measurement theoretical results available in the literature [5]. The shell thicknesses were
found to be about 0.2 nm, 0.5 nm, 1 nm and 2 nm, respectively. Figure 7.16 compares the
experimental and theoretical Axx values. The calculated X-X interaction in CdSe/CdTe
type-11 structures is attractive which is consistent with the experimental results. Clearly the
Axx is minimum when the CdTe shell thickness is about 0.5 nm and then goes towards zero
as the thickness increases. Finally, if the CdTe shell thickness is equal or bigger than 1.75
nm, then X-X interaction becomes repulsive in CdSe/CdTe type-Il QDs. The Axx value for
the CdSe/CdTel0 sample slightly diverges from the theoretical trend line. Nevertheless,
the other three experimentally observed Axx values are perfectly in line with the theoretical

results.

Clearly, there is a discrepancy between the measured attractive Axx using the TA
experiment and the blue-shift in the early TRPL spectra since the latter is considered to be
due to the repulsive X-X interaction in the literature [1, 3, 26]. Hence, it is necessary to
compare the results and methods side-by-side to resolve the conflict between the results.
To start with the TRPL method, the PL signals are collected straight after the excitation
with 400 nm (~3.12 eV) ultrafast pulses. Since the biexcitons are created here with a
probability described by the Poisson distribution, a significant population of biexcitons
mean that there will also be a comparable population of tri-excitons, which will also

contribute to the PL. Further, emission from hot states has also been reported which
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produces a short-lived, blue-shifted component to the PL spectra [28].
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Figure 7.16. The theoretically calculated Axx values as a function of shell thickness for a 4 nm core
diameter (black) and 3 nm core diameter (red) CdSe/CdTe core/shell QDs and experimentally
measured Axx values as a function of shell thickness for 4.2 nm (blue) core and 3.2 nm (pink) core
diameters CdSe/CdTe core/shell structures. The theoretical results are provided by Professor Stanko
Tomi¢ at the University of Salford.

The authors assumed that the single exciton is perfectly relaxed to the sample band edge
and the system is considered as a single-band model. However, it is worth mentioning that
it has been shown that the single-band model does not recognize the second and third
absorption features clearly [5]. Furthermore, recent work has shown that the presence of
hot carriers perturb the electronic structure of a QD, increasing the optical transition

strength of forbidden transitions [29].

However, when investigating exciton interactions with the ultrafast TA experiment,

the resultant spectrum is free from these effects. In our case, the spectra were recorded 650

Musa CADIRCI PhD Thesis 191



Chapter 7 Attractive biexciton interaction energy in type-II QDs

ps after the arrival of the pump pulse. By that time, the entire pump produced excitons
decay to the QD band edge and any multi-excitons have recombined; only one exciton now
remains in the band edge of the structure. This can be confirmed from the transmittance
transient decays in the figures 7.7 a) and b), where the 650 ps region corresponds to the
plateau which is the signal of the long-lived exciton. The second exciton is created at the
band edge by the probe pulse after 650 ps. Hence, the observed shift in the TA spectra is

purely due to X-X interaction in the QDs.

7.5 Summary

In this chapter, spectral properties of multi-excitons have been investigated in a set of
CdSe/CdTe/CdS and CdTe/CdSe/CdS core/shell/shell and CdTe/CdS core/shell type-II
QDs using both the TA and the TRPL experiments. Large attractive Axx up to ~-60 meV
was observed using the TA method. The delay time between pump and probe was set to
650 ps to ensure that the obtained spectra are only due to the interaction between two
excitons. However, a blue-shift up to 30 meV was observed using the TRPL method. This
is attributed to the interaction between more than two excitons and emission from higher
order states as PL photons are collected straight after excitation by this method. Hence the
TA experiment is the most reliable tool to measure Axx in QDs. A large attractive Axx Will

decrease the MEG threshold in QDs and thus increase the efficiency of PVs.
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Chapter 8: Conclusions and further work

Colloidal QDs are nanoscale semiconducting materials that have size-dependant band
gaps. Owing to strong quantum confinement in QDs, they exhibit quasi-discrete energy
level structures which are of interest to researchers as they result in characteristics useful
for numerous applications. MEG is one such feature of QDs, and is predicted to increase
the efficiency of next generation solar cells significantly. The main motivation of this
thesis is to investigate the ultrafast charge dynamics, in particular MEG, of several
different types of colloidal QDs using a number of different optical spectroscopies. This
chapter summarizes the work detailed in this thesis and highlights the possible future work

upon the finding obtained here.

Primarily steady-state absorption and PL spectroscopies were used in order to gain
insight into the electronic structure of the studied NCs. A TCSPC experiment was used to
measure fluorescent lifetimes of the QDs down to a few 10s of picoseconds. With the use
of the TRPL method, we studied the multi-exciton interactions for both CdSe/CdTe
core/shell and CdSe/CdTe/CdS core/shell/shell QDs. Ultrafast TA is an effective tool to
investigate MEG and to determine the MEG QY in these materials. In this thesis a visible
femtosecond TA experiment was employed to investigate carrier dynamics of the QDs on
the femtosecond time scale. In addition a high repetition rate IR ultrafast TA experiment
was designed and built to observe intraband exciton relaxation in QDs with a high
accuracy. The ultrafast IR system was tested using the well-known and previously
investigated PbS QDs. The results obtained were in good agreement with previous reports.
Due to the low energy per pulse, only long-lived single excitons formed. This experiment

could be further developed to monitor intraband exciton dynamics of QDs. For example, a
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difference frequency generator (DFG) could be employed to access wavelengths in the
deeper IR region which can be used as the probe beam. Given an increased energy per
pulse, a second and third harmonic generator unit could be used to access the pump beam

in the visible and UV region of the spectrum.

The sub-nanosecond carrier dynamics of ZnTe/ZnSe core/shell type-11 NCs at the
band edge were investigated at an excitation photon energy of ~3.1 eV and under different
experimental conditions of stirred and static or high and moderate powers. These type-1I
QD structures are promising candidates for developing new efficient and environmentally
friendly optoelectronic devices. The analysis of the picosecond transient transmission
decays yielded two decay features (a slow and fast) for the static and high power cases.
The slower component was found to be 10 times longer than the other decay component.
This was attributed to the formation of trions which occur when the excited electron traps
on the sample surface, leaving its geminate partner un-recombined for a time period longer
then the time between two subsequent pump pulses. The observed trion formation is in
strong agreement with the literature [1, 2], emphasising the importance of stirring the
sample and of modest pump power. On the other hand, substantial hot and cold electron
trapping on the surface was also observed in these nano-structures. A broad PA absorption
spectrum was observed mainly at energies corresponding to the blue side of the band edge.
This feature was attributed to the occurrence of surface-mediated electron cooling in the
ZnTel/ZnSe core/shell QDs as similar results had been previously observed in CdSe QDs
[3]. The hot electron trapping life time was determined and found to be a few tens of ps
(19.2+0.5 ps). Since the surface-mediated cooling reverses and broadens the TA spectrum
which spectrally overlaps with the band edge bleach, cancellation and alteration occurred

in the observed band edge bleach. Hot electron trapping was confirmed by observing the
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initial rise time of the fractional transmittance transient which initially corresponded to a
PA, indicating that hot electron relaxation can be directly to the sample surface. The
observed hot and cold electron trapping features for ZnTe/ZnSe core/shell QDs were
consistent with the previous reports [3, 4]. The results obtained for ZnTe/ZnSe core/shell

QDs were published in the journal of Physical Chemistry Chemical Physics [5].

Surface-mediated cooling is detrimental for both MEG QY [1, 7] and PL QY [8].
The effective method to eliminate this issue is to over-coat the QD with a material that has
wider band gap which acts as a barrier to prevent the charge interaction with the sample
surface [8, 9]. Hence, the studied ZnTe/ZnSe core/shell QDs could be passivated by over-
coating the structure with a higher band gap material, such as CdS [9, 10], or ZnS [11], to
obtain better results. In addition, since ZnTe/ZnSe core/shell QDs have a wide band gap,
optical gain studies can be carried out on these materials which could inspire the

development of the QD-based lasers and amplifiers.

The ultrafast exciton dynamics of CulnSe, and CulnS; colloidal NCs have also
been investigated at excitation energies of ~3.11 eV and 2.76 eV, respectively, using the
visible ultrafast TA set-up. The reason for choosing these materials is twofold: first,
CulnSe; and CulnS, QDs are less toxic, being alternatives to the toxic QDs, such as Pb and
Cd. Second, these nanostructures can emit light in the spectrum spanning from the visible
and NIR region, making them promising materials for a number of electro-optics devices,
in particular for next generation solar cells utilizing MEG. The fractional transmittance
transient decays for two different sizes of CulnSe, QDs were recorded: the first sample
yielded a single life time of 32.1+0.3 ps, whereas, two decay features with lifetimes of
32.8+0.5 ps and 497+4 ps were extracted from the second sample. Decays for different dot

sizes were found to be not consistent with the Poissonian distribution. Since the TA

Musa CADIRCI PhD Thesis 197



Chapter 8 Conclusions and further work

spectrum did not changed and there was no discernable difference between stirred and
static cases for the first sample, then the observed decay feature was attributed to the
radiative recombination of holes which are trapped in an internal defect site. As the TA
spectrum of the second CulnSe, dot was shifted and altered, the fast decay feature
observed for this sample was attributed to surface-mediated cooling which arises when
charges directly depopulate the CBM. The about 10 times slower time constant was

attributed to radiative trapped hole recombination, in agreement with the literature [12].

The transient decays of one of the CulnS, samples were fitted with single
exponential function with a time constant of 117+10 ps, which was not consistent with the
Poissonian statistics. The transients recorded under static and stirring conditions and the
observed TA spectra for the same samples were also not in line with Poissonian statistics.
Similarly, in the case of the second CulnS, sample, the transient decays at moderate pump
power Yyielded a single time constant with time constant of 86.5+8.4 ps. In contrast, the
decay recorded at high pump power yielded a second feature which was about 10 times
faster than the first decay constant. The effect of the faster decay component was also
confirmed from the differential TA spectra recorded at the band edge region wherein the
position of the bleach peak was shifted and reversed. This was attributed to the formation
of direct surface trapping which is consistent with the literature [3, 13]. However, the long
decay feature for both sample sizes was attributed to the intra-gap hole trap state due to

photo-damage of the QDs which was previously reported for the same material [12].

Enhanced engineering of the CulnSe, and CulnS, QDs by better controlling their
size, shape and surface quality will result in improved characteristics. For example, a large
size of these QDs can have a direct band gap in the NIR where the utilization of solar

radiation is maximum. In addition, the sub-nanosecond relaxation channels that compete
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with MEG can be supressed by passivating the sample with CdS or ZnS [12] to increase
both PL QY as well as MEG efficiency. Furthermore, since these materials are eco-
friendly, their type-11 counterparts could be synthesised to gain more control over the QDs’
properties. Ultrafast exciton dynamics in QDs of other novel, narrow-band gap materials
like Ge, SiGe, and InSb could be investigated [14] and their suitability for solar cells can
be discussed. Finally, both experimental and theoretical studies are undoubtedly required

to shed light on the mechanisms that are detrimental to MEG efficiency.

It has been shown that the MEG efficiency in QDs can be significantly improved
by carefully controlling the surface and structure of the QD. Auger relaxation, surface
mediated cooling, and phonon emission mechanisms compete with MEG and were
successfully suppressed, resulting in tripled MEG efficiency in CdSe/CdTe/CdS and
CdTe/CdSe/CdS and CdTe/CdS core/shell/shell and core/shell structures. The thin layer of
CdsS was effectively used to prevent the charge interaction with the sample surface. An
overall MEG threshold for these materials was observed to be (2.59+0.16) E4 which is
slightly improved in comparison with the value of about 2.65E, that was previously
observed in CdTe/CdSe/CdS/zZnS QDs [15] and consistent with other reported results of
type-1 structures [16, 17]. The average MEG efficiency for the QDs used here was found to
be about (142+9)%/Eg. This value is at least three times higher than that of previously
reported results [15-17]. Finally, the spectral properties of excitons and biexcitons in type-
Il QDs were investigated and large attractive biexciton interaction energies up to about -
60meV were observed in a set of CdSe/CdTe/CdS and CdTe/CdSe/CdS core/shell/shell
and CdTe/CdS core/shell QDs. The delay time between pump and probe experiment was
set to 650 ps which confirms that the resultant interaction is only due to biexciton

interaction. The results show that the solar cells performance could be considerably
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increased as an attractive large interaction energy would decrease MEG threshold.

The results show that, if optimised, MEG in type-Il QDs could significantly
enhance the efficiency of solar cells. These results are not restricted to the Cd-based QDs
used here. Different types of materials, in particular environment friendly ones, could be
used for efficient MEG. In addition, it is also interesting to investigate how MEG QY
varies with the materials’ morphology [18]. Another key challenge is the extraction of
charges from the QD before recombination, wherein the MEG effect could be directly
measured from photocurrent. Despite a successful attempt of enhancing photocurrent via
MEG [19], clearly much work is required to extract MEG generated excitons efficiently.
The work of attractive X-X interaction in type-11 QDs could be implemented in different
materials to gain a complete depiction of working dots which is crucial regarding

designing next generation PV devices.
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