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ABSTRACT

The optical property analysis-of short-chain thiol-containing molecules capping on
CdSe/znS quantum dots (QDs) is reported. The electronic and optical properties of
QDs are closely related with the highly surface-to-volume ratio and their surface
electronic structure. Here we used core/shell QDs with some thiol molecules including
B-Mercaptoethanol(BME), 3-Mercaptopropionic acid (MPA), and
1-propanethiol(NPM) to examine the effect of QD surface-thiol interaction of defect
sites in short (immediately) and long (24 hr.) aging time. A comprehensive study of
ultrafast spectroscopy, up conversion fluorescence, and temperature-dependent
photoluminescence was used to clarify the function of thiols on QDs surface. We found
the thiol molecules interact with QD only by weak coordination-type bonds through the
sulfur lone-pair electrons. The thiol molecules can passivate the surface of QDs by
preventing core electron from defect sites on the surface thus enhance PL intensity.
While the strong covalent-type bonds are formed as thiol turn to thiolate through the
long time incubation, new hole traps would be produced thus PL intensity quench.
Thiol-containing molecules under investigation show different performance, which

attribute to anti-oxidation, dissociation ability and second-order oxygen of the thiols.


http://www.ieo.nctu.edu.tw/about/riki.php?id=Institute%20of%20Electro-Optical%20Engineering&CID=7

Finally, we found that the surface passivation occurs as long as the QDs are surrounded
with negative charges since thiol-/-dithiol molecules have sulfur lone-pair electrons.
That is the main reason why thiol-molecules usually apply to exchange ligands on the

QDs surface.
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Chapter 1 Introduction

1-1 Semiconductor Quantum Dots

Colloidal semiconductor nanocrystals (NCs) or quantum dots (QDs) possess
superior luminescence properties, high oscillator strength, photostability, broad
absorption and narrow emission spectra, and thus attract a lot of research attention as
promising materials for various application including bio-imaging, bio-labeling and
coding, FRET-based sensors, and as for microscopy, nanophotonics, and
optoelectronic devices [1]. A substantial amount of work has focused on the
measurement of properties in CdSe/ZnS core shell QDs, primarily due to the relative
ease in synthesizing sample (well developed for 1I-VI NCs) in the strong confinement
regime ( r < ag = 5.6nm._) with narrow size dispersion and increased absorption
coefficient [2].

However, the restrict size of QDs cause large surface-to-volume ratio dictates
their electronic and optical properties are dominated by the surface electronic structure,
particularly band-gap “electronic states [3]. Defects on the QDs surface such as
unpassivated dangling bonds, adatoms, kinks, and vacancies often form shallow or
deep trap states of electrons or holes make broad electronic states. These dominate their
optical characteristics such as quantum yields (QY), photobleaching, blinking
behaviors and Auger recombination. To date, a number of methods have been
developed to passivate and control the surface of colloidal QDs. The surface
modification can control the surface defects, micro-structural morphology and surface
electronic density distribution for optimization of optical properties [4, 5]. Thus, an
appropriate chemical treatment of the QD surface can have extensive application. For
example, slowing down the electron cooling rate by capping ligands exchange is

important for the solar cell application [6-9].
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Figure 1-1.0u Chen et al. exhibit surface-functionalization-dependent excitonic
absorption (a) Show that the transition energy and extinction coefficient of the E;
(2Sh3/21Se) excitonic band of these nanocrystals can be strongly modified by their
surface ligands as well as ligand-associated surface atomic arrangement. (b)

Scheme of ligand effects on the electronic structure of a CdSe Nanocrystal [4].



1-2 Motivation and literature review
Capping by the polymers or inorganic shell layers with higher band gap or

molecule/atomic ligands exchange has been proved to be effective method for surface
passivation and further confinement of charged carriers, therefore leading to a high
luminescence efficiency [10, 11]. Thiol molecules are widely used in surface
modification of QDs as well as metallic nanoparticles. Also, the optical properties of
QDs are usually altered after the transform from thiol to thiolate whose chain lengths
are relatively short. However, this process is complex and material dependent and has
not been fully elucidated. Thiol-contained small molecules, beta-mercaptoethanol
(BME), flush in pH-neutral aqueous solution can nearly completely suppress the
blinking of single CdSe/ZnS QD was first discovered by Taekjip Ha and coworkers
[12]. They have concluded these short chain thiols are highly dependent on the
concentration, rather than number of thiol groups per molecule. It is surprising that the
BME does not permanently change to show the quantum dot properties because the
blinking behavior reappears immediately after replacing the buffer shown in Figure 1-2.
The response attributed to thiol moiety, a potent ‘electron donor, that could donate
electrons to the surface electron traps renders them incapable of accepting electrons

from the dot.
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Figure 1-2. (a) Typical intensity time trace of CdSe/ZnS single-molecule QDs in
TN buffer (upper panel) and in BME solution (lower panel). (b) Showing blinking
behavior of single-molecule QDs reverse immediately as different solution

delivered via a flow system [12].



Besides, Klimov et al. studied the PL efficiency and carrier dynamics as
functions of thiol concentration, aging time, and pH to confirm the effect of thiols on
QDs photophysics [11]. The continuous wave (CW) PL was used to characterize QY
shown in Figure 1-3, as a combination of time-resolved transient-absorption (TA) in
1S, and PL (t-PL) measurements, was used to monitor dynamics of photoexcited
electrons and holes shown in Figure 1-4. Where the TA is only sensitive to changes in
electron dynamics and t-PL is sensitive to both electron and hole dynamics. They found
the thiol (in pH-neutral and acidic conditions) can provide surface passivation of QDs
and enhance their quantum yields, while the thiolate (in basic conditions) plays as the
hole traps and quench the PL.-As -Ha’s work, it demonstrates strong concentration

dependence.

— 20
2 —— 2500 mM BME
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= 30 —— 50 mM BME
< 20 —— 25 mM BME
3 10 —— 0 mM BME

0
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Figure 1-3. (a) Effect of BME concentration and time on PL QYs of CdSe/ZnS
QDs in pH-neutral conditions. QDs concentration is 0.02 M, with BME

maximum 8 order higher than it [11].
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the electron decay channel (fast 2 ps time constant) disappears. (b) Electron
dynamics (up to 1 ns) are stable, with no return of the fast component over a day.
(c) Time-resolved PL demonstrating the appearance over several hours of a new
decay channel (1.6 ns dynamics). (d) PL intensity as a function of time and pH

[11].



Recently, the higher concentrations of BME will increase the radiative
recombination lifetime in QDs due to elimination of oxygen in solution has been
demonstrated by Nadeau et al. [13]. The luminescence lifetime decays were measured
by time-correlated single photon counting (TCSPS) and fit to a model of radiative
recombination and trapping. It confirms the BME antioxidant effects and the
complicated processes involved concentration, pH, aging time, and QDs materials.
Figure 1-5 shows the irregular fluorescence spectra at different pH values and BME
concentrations. The relations of these factors need to be clarified.

In addition, Nelson et al. observe that the thiol molecule will create electronic
traps on the PbS QDs surface and these trap states strongly depend on the chemical
nature (e.g., anchoring groups, conjugation, and molecular length) of the molecule
bonding to the QD surface [3]. These trap sites are mobile at the room temperature and
the behavior also occurs in CdSe QDs by theoretical calculation [14]. The reversible
formation of surface electronic trap states on thiolate-capped PbS QDs can be attributed

to the mobility of surface capping molecules.
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1-3 Layout of thesis

The surface-dependent optical properties of colloidal quantum dots have been
extensively studied in the past two decades. This advance has led to the preparation of a
variety of high-quality colloidal nanocrystals with composition of II-VI, I11-VI, and
IV-VI semiconductors. The CdSe/ZnS core/shell colloidal QDs under investigation
were purchased from Invitrogen Canada Inc. To our best knowledge, the QDs were
widely used in many single-particle experiments and the function of short chain
thiol-containing molecules yet to be clarified. So far, there is no ensemble ultrafast
spectroscopy and temperature dependent PL data combined to understand the effect of
surface ligand on structure and optical properties of QDs. Ultrafast spectroscopy
provides a suitable means to investigate dynamical processes. Temperature dependent
fluorescence experiments. further study the surface modification influence including
band gap, surface trap site and activation energy.

In this study, we used QD sample with different thiol-containing molecules to
examine the effect of QD surface-thiol interaction on defect sites immediately and long
aging time (24 hours). The thesis Is organized as follows. The first chapter is a briefly
introduction to colloidal semiconductor quantum dots (QDs) and related research
review carrying on the motivation of this study. Chapter 2 presents a basic knowledge
of semiconductor quantum dots structures and optical properties. The thiol-containing
short chain molecules used in this study were also depicted in this chapter.

The description of the measurement system including transient absorption
pump-probe technique and temperature dependent system setup are described in
Chapter 3. We discuss the fundamental principles and the detailed experimental setups
and sample used in our experiments. Besides, the real photos of these experiment
systems were also shown in this chapter.

In chapter 4 we provided the detailed experimental results and interpretation for

9



CdSe/ZnS core/shell quantum dots with short chain thiol molecules. We applied
up-conversion photoluminescence and pump-probe transient absorption to detect the
carrier dynamics on various time scales and discuss the physical meaning of the
spectroscopy. The results were also confirmed by temperature dependent PL
experiments. To identify the variety of thiol-molecules and QDs interaction, the steady
state fluorescence vs. time was used. A summary and suggestions for future work were

briefly described in chapter 5.




Chapter 2 Semiconductor Quantum Dots (QDs) and Organic

molecules

2-1 Quantum confinement in Semiconductor QDs

Usually, a natural length scale of electronic excitations in macroscopic, bulk
semiconductors is given by the exciton Bohr radius, ag, which is determined by the
strength of the electron-hole (e-h) Coulomb interaction. In ultrasmall NCs with sizes
comparable with or smaller than ag, the dimensions of the nanoparticle but not the
strength of the e-h Coulomb coupling define the spatial extent of the e-h pair state and
hence the size of the NC exciton.The quantum dots (QDs), one of the central materials
in nanoscience, iIs a semiconductor crystal with a physical size in the nano-order scale
(~1-10 nm). The size of semiconductor QDs must within the Bohr radius. It is often
called an “artificial atom” because researchers can create nanostructures which yield
properties similar to those of real atoms. The key feature of these inorganic materials is
that they are physically intermediate between the limit of molecules and bulk solid.
Being in this regime, the quantum dot is one of the canonical systems of nanoscience
[15]. At nanoscale dimensions, the normal collective electronic properties of the solid
become severely disordered and the electrons tend to follow “particle in a box” model,
to account for approximated band structure. It represents a class of
quasi-zero-dimensional objects in which carrier motion is restricted in all three
directions. Bulk crystalline structure is preserved in NCs; however, due to
three-dimensional (3D) quantum confinement NCs have atomic-like discrete energy
spectra that are strongly size dependent [16]. If a QD is irradiated by light with photon
energy (#v) higher than bandgap (Eg), an electron will be excited from valence band to
conduction band. The bound state of the electron-hole pair is called an “exciton”,

which can be used to study the relationship between the particle size and bandgap
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energy of QDs. Equation 2-1 shows the dimension of particles decreases as the energy
increases. By using the quantum confinement effects, it is possible to tune the energy
bandgap. Therefore, the emission color could be changed over the whole visible range
by varying the QD size, as shown in Figure 2-2(a) [17]. Moreover, the QD emission
spectrum is symmetric in line shape and narrow in peak width. The absorption of QDs
has an increase in probability at higher energies and a broadband and continuous

absorption spectrum as presented in Figure 2-2 (b) [18].

h? 1 1 1.8e2
Eg,QD % Eg‘b 4 (ﬁ) (m_e & m_h) . (471'808R) Eq' (2_1)
Where Eg, gps and Eg, , are the bandgap energies of the bulk solid and quantum dot,
respectively. R is the radius of QDs, me is the effective mass of the electron in the solid,
eis elementary charge of the electron, h is Planck’s constant, the my, Is the effective

mass of the hole in the solid, and eis the dielectric constant of the solid.
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Bulk semiconductor Semiconductor NC

1D(e)
1P(e)
Conduction
band
1S(e)-
Energy gap | E,(bulk) E_(NC)
Valence 1S(h)
band 1P(h)
1D(h)

Figure 2-1. The bulk semiconductor has continuous conduction and valence
energy bands séparated by a fixed energy gap, Eg, whereas a semiconductor QDs
is characterized by discrete atomic-like states and a QD size-dependent energy
gap. The QD energy stfuctures are shown for the model case of a two-band
semiconductor, which has a single parabolic conduction band and a single

parabolic valence band [19].
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Figure 2-2. (a) Tunability of QDs nanocrystal. (b) Absorption and emission
spectra of four CdSe/ZnS QDs. The blue line indicates the 488nm line of an argon
ion laser, which can be used to efficiently excite all four types of QDs

simultaneously. (c) The colorful PL spectrum [17, 18].
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2-2 Structure properties of QDs
2-2.1 Surface of QDs

The dependence of optical properties on particle size is largely a result of the
internal structure of the nanocrystal. However, as the crystal get much smaller like
quantum dots, the number of atoms on the surface increases, which can also impact the
optical properties. The atoms on the surface of a crystal facet are incompletely bonded
within the crystal lattice, thus disrupting the crystalline periodicity and leaving one or
more “dangling orbital” on each atom pointed outward from the crystal. If these surface
energy states are within the QDs bandgap, they can trap charge carriers at the surface,
thereby reducing the overlap between the electron and hole, increasing the probability
of nonradiative decay events. In fact, most semiconductor QDs are suspended in
solution and covered with organic ligands. Thereby, the dangling bonds on the exposed
facets are “passivated” by bonding with atoms or molecules, minimizing intra bandgap
surface states and reducing surface atomic reconstruction. For colloidal QDs
suspensions, molecules with polar end groups and hydrophilic polymers could absorb
to positively charged QDs by their negatively charged properties [20].

The surface trap state could significantly modulate the fluorescence. The
colloidal QDs often show two fluorescence emission bands: one at the band edge and
another at lower energy resulting from recombination at intra band gap defect sites on
the surface. Figure 2-3 demonstrates the surface properties dependent fluorescence [21].
The existence of trap states of QDs may lead to low fluorescence quantum yield, broad
fluorescence, and blinking because of charge recombination pathway. In addition,
defects on the surface of QDs functioned as temporary surface traps for an electron or

hole, which can result in nonradiative relaxation and reduce quantum yield [17].
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2-2.2 Shell passivation

For practical light-emitting applications, it is advantageous to coat
semiconductor QDs with a shell in order to stabilize and maximize fluorescence. This
not only passivates the surface bonds but also buries the semiconductor in a potential
energy well, concentrating the charge carriers in the nanocrystal core, away from the
surface [15, 17, 22]. Thereby, surface defect states and trap sites will have a diminished
impact on the fluorescence efficiency and fewer environmental factors will influence
the emission intensity. For colloid QDs, the normal progress of capping a shell to
surround CdSe QDs Is CdSe/CdS or CdSe/zZnS core/shell structure so that have
efficient and stable fluorescence. Wider band gap CdS and ZnS shells not only
electronically insulate the cores; but $* has a much lower oxidation potential than Se*,
resulting in a higher threshold to photooxidative degradation and surface defect
formation.

Recently, commercially available QDs are further coated with proprietary
polymer and protein layers to render-them biologically compatible. The compositions
of three .commonly used QDs are compared in Figure 2-4[invitrogen.com]. For bare
QDs, solubilization is accomplished by self-assembly of an alkanethiol. The SH bonds
connected to the semiconductor directly and the leaving carboxylate group is free to
interact with aqueous solution. Core/shell QDs are overlaid with a 1-2nm thick layer as
mentioned before. The solubilization'is similar to bare QDs and the free carboxylates
can be covalently bonded to proteins or other organic molecules of interest.
Commercially available CdSe/ ZnS core/shell QDs further coated with polymers and
the overall diameter is 2-to 3-fold. This kind of QDs is the investigation goal in this

thesis.
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2-3 Optical properties of QDs

We have already mentioned lots of these advantages of semiconductor QDs,
many of these applications suffer from yet another common property of QDs:
intermittent fluorescence known as blinking [23]. This phenomenon is observed as the
turning “on” and “off” of fluorescence emission under continuous excitation of QDs.
The distribution of “on” and “off”” duration has been found to follow inverse power law
statistics and various models have been suggested to explain the mechanism of QD
blinking [24-28]. Although the exact mechanism underlying this behavior is not yet
entirely clear, there is a consensus regarding the effect of charge on the emission state
of QDs [22].

A canonical picture for describing QDs blinking phenonmena is based on the
Auger model, whereby fluofluorescence intermittency is caused by fluctuations in net
charge inside or around the QDs [17, 23, 27]. Specifically, if photoexcitation results in
an electron-hole pair, called neutral light state(or so called “on” state), there is a finite
probability of either the electron or hole migrating to traps at the surface, leaving a
delocalized charge in the nanocrystal core. Subsequent photoexcitation of a second
electron-hole pair in the charged dot leads to transient trion formation, which can decay
via nonradiative Auger processes much faster than the intrinsic radiative rate. The dark
state (or called “off”) is generally attributed to the formation of such situation [29, 30].
This results in a transient photophysical state of low quantum yield, that can recover
(i.e., “blink™) by reentry of charge from the trap state into the nanocrystal [31]. Such
fluorescence blinking behavior depends on a variety of experimental conditions such as
the thickness of the passivating inorganic shell, excitation intensity, and temperature
[32, 33].

Thus, the existence of photoluminescence ‘on’ and ‘off” periods significantly

limits the number of photons that can be detected in a given time period and also makes
19



the photon arrival times from a single nanocrystal highly unpredictable. Blinking can
also reduce the brightness in ensemble imaging via signal saturation [12]. Several
reports have shown a correlation between the ensemble quantum yield and number of
dark particles, with highly efficient batches showing fewer dark particles and a high

probability of bright states for blinking particles [34, 35].
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Figure 2-5. Schematic diagrams showing on/off light emission (blinking) in

core/shell QDs (upper), and suppression of blinking in giant-shell and gradient

alloy nanocrystals (lower).
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2-4 Organic molecules

Organic molecules have been proved to play a significant role for the properties
of the inorganic semiconductor QDs, and thiol-containing short chain molecules could
suppress blinking behavior of single QDs. Here we choose some organic molecules
accord with our experiments. That are 3-Mercaptoethanol(BME), 3-Mercaptopropionic
acid (MPA), and 1-propanethiol(NPM). Where BME has been studied for a long time,
and it will be a good bridge to other research. MPA and NPM are similar to BME, only
with different functional group. Table 2-1 shows the chemical formula and pKj; of these
thiols. It should be noted the pK, here indicated the ability of thiol group dissociate to

thiolate form.

Table 2-1. Showing the thiols under investigation with chemical formula and pK..

Chemical formula PK,

B-Mercaptoethanol

(BME) HS\/\OH

9.7

3-Mercaptopropionic acid
(MPA) /\)(J)\ 10.3
HS OH
1-propanethiol(NPM) 10.7

HS\/\

22




Chapter 3 Experiment methods and Apparatus

3-1 Transient absorption two color pump-probe measurement
In Semiconductor QDs, some physical mechanisms influence the photoinduced
carrier dynamics. Several measurements have been used to investigate it. However,
femtosecond laser pump-probe system has been shown to be the most powerful tool to
read the temporal and spectral dynamics of the carriers. The laser pulse width can
achieve femtoseconds, and it’s short enough to measure scattering or relaxation
processes in QDs. The semiconductor QDs under investigation is excited by the pump
pulse, the charge carriers will transit from valence band to conduction band, then relax
back to valance band through various relaxation processes. Another weaker laser pulse,
called probe pulse, will reach the sample with suitably delayed respect to the pump
pulse by introducing an optical delay in its path. The probe pulse laser detected the
transient photo-absorption (TA) signal in a continuous time domain.
Normally, the probe power Is much weaker than the pump power, and the spot
size on the sample is smaller than the pump to ensure measuring a uniform
photoexcited density. The data is expressed in the form of the normalized differential

transmission given by AT / Ty

AT  T(®-T,

Eq. (3-1)

Where AT(t) = T(t) — To is the change in transmission induced by the pump, T and T, are
the transmission of the probe in the presence and absence of the pump, respectively.
The resulting signal is proportional to the sum of electron and hole distributions at the
probe photon energy and therefore has the potential to separately measure electron and

hole dynamics in semiconductor QDs. This contrasts with other ultrafast spectroscopic
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techniques such as TRPL, in which the measured signal is proportional to the product of
the electron and hole distributions, preventing separate measurements of electron and
hole dynamics [2].

In order to obtain a flexible system, a non-degenerate (pump and probe at
different wavelengths) measurement over a broad spectral range is required. Below we

will show the experiment setup in detail.




3-1.1 Wavelength tunability and optical parametric amplifiers

Second harmonic generation (SHG) is a simple nonlinear laser technique to
generate sum frequencies. Two laser pulse have interactions in nonlinear crystals such
as BBO (B-barium borate), LBO (lithium triborate), KTP (KTiOPO4). Fulfilled the
phase-matching condition, as equation shows below:

03 = o1t (03 =01 -

K3 = K1t
Similar, the third harmonic generation (THG) is the sum frequency of three pulses.

Figure 3-1 shows the simplified diagram to produce SHG and THG.

o %o 30 206 nm

I 8

Lep ]

i Fa ‘.\_
THG |, "
Input 'Y 400 nm
— _.1 . 4 —
800 nm

SHG

Figure 3-1. The simplified diagram to produce SHG and THG. The first nonlinear
crystal produce SHG signal (400nm), and interacted with fundamental pulse in
the second nonlinear crystal, reproducing THG signal (266nm). Dichroic mirrors

are added to extract the specified frequency.
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In our system, a laser pulse pass (800nm) through focal lens focused on
nonlinear b-barium borate (BBO) crystal with a large ¥, generating a double
frequency pulse (400nm). It’s take 40-50% conversion efficiency for 800 nm to 400 nm.
Usually, we choose a sufficiently thin nonlinear crystal to reduce the group velocity
dispersion (1mm). This 400nm pulse laser acted as the pump beam.

Optical parameter amplifiers (OPA), as illustrated in Figure 3-2, show the
principle of the OPA for extending the wavelengths. Firstly, 800 nm ultrashort pulses
can be easily obtained as the fundamental, and 400 nm and 266 nm pulses can be
obtained by nonlinear second harmonic generation (SHG 400 nm) and third harmonic
generation (THG 266 nm), respectively. A white-light continuum pulse with ultrashort
width is generated as a seed by a focused pulse (800 nm) passing through a sapphire
plate. Pumped by the fundamental, the OPA oscillates and emits both signal and idler
beams with perpendicular polarizations and tunable near infrared wavelengths. Then
the signal and idler can mix with the fundamental to generate visible wavelengths
through sum frequency generation (SFG). The second harmonic of the signal or idler
can also mix with the fundamental to generate visible and ultraviolet output. Thus, the
OPA system, through nonlinear techniques, can produce ultrashort pulses with
wavelengths extending from the near infrared to the ultraviolet.

This wide range pulse laser is used as the probe beam source for its flexible
wavelength. We use a commercial OPA system pumped by the Ti:sapphire
regenerative amplifier laser (TOPAS-C, Spectra Physics). It is a two stage parametric
amplifier of white-light continuum. Briefly, there are some blocks including: pump
beam delivery and splitting optics, white light continuum generator, a pre-amplifier or
first amplification stage, a signal beam expander-collimator and a power amplifier or
second amplification stage. We use a personal computer to control translation stage and

rotation stages so that allow for a fast and precise optimization of positions of certain
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optics when tuning the output wavelength of TOPAS-C. We use 550nm laser because

of the B1 of QDs under investigation.
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Figure 3-2. Principle of OPA for extending the wavelengths through nonlinear

interaction.

27



3-1.2 Experimental system of pump probe setup

The transient absorption (TA) pump probe system setup is shown in Figure 3-3. It
is based on a Ti:Sapphire amplified laser (Spitfire, Spectra Physics) with maximum
output about 1mJ, 1kHz repetition rate, and central wavelength of 800nm. The output
of the laser was split by a 90-10 beamspliter, with the higher power portion transmitted
into OPA as probe beam and lower power portion being frequency doubled in a 1mm
BBO crystal as pump beam. The pump beam was modulated at 100Hz by an optical
chirp. To avoid coherent interference and isolate two pulses, the calcite polarizer and
half-wave plate pair is added to two pulses ensuring the polarizations of pump and
probe beam are perpendicular-to each other. The pump and probe beams were made
collinear and focused at the sample with convex lens. We monitored the absorption
signal with a silicon photodiode module (New focus 2001), the output of which was fed
into a lock-in amplifier (Stanford Research Systems, SR830).

The intensities of the pump and probe beams were controlled by a combination
of neutral density filters, polarizers, and half-wave plates. The ratio of the pump probe
power is about 60:1. The relative delay between the pump and beams was controlled
with a stepper maotor-driven translation stage. Pump beam size is about
110um/diameter after SHG with confocal lenses. The time resolution of our instrument
is estimated to be 0.2ps (Gaussian FWHM). This is broader than the transform-limited
pulse width of the Ti:Sapphire oscillator, mainly due to dispersion through the focusing

objective [36, 37].
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Figure 3-3. (a) Two color transient absorption pump-probe measurement setup.

(b) The real photo of pump-probe setup.
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3-2 Temperature dependent PL measurement
A detailed study of the QDs photophysics with a particular attention to
nonradiative processes is not only interesting for fundamental physics, but it is also
relevant to the exploitation of nanocrystals in practical applications. To date, several
relaxation processes have been proposed to explain the photophysics of CdSe QDs,
including the thermally activated exciton transition from dark to bright states and
carriers surface localization in trap states [38]. As the result, a key aspect for
understanding the fluorescence behavior is through studies of the radiative and
non-radiative processes, which govern the temporal decay and the quantum yield of
the fluorescence. Such investigation can be obtained through examination of the
temperature dependence of fluorescence. It has been shown that at room temperature
the main nonradiative process in CdSe/ZnS core/shell QDs is thermal escape, assisted
by multiple longitudinal optical (LO) phonons absorption, while at low temperature
evidence for carrier trapping at surface defects was found [39]. Despite these results,
the role and the chemical origin of the surface defect states in the radiative and
nonradiative relaxation in nanocrystals has not been clarified completely [40, 41].
The temperature dependent experimental setup was shown as Figure 3-4. A
406 nm CW laser with a power of 50 mW was used as an excitation source, and was
attenuated using a neutral density filter with an optical density of 1.5 in order to avoid
extra irradiation effects during the measurements. The excitation beam was spatially
limited by an iris and unfocused. The excitation density on the surface is estimated to
be 50mW/cm?. Fluorescence was collected into a MicroHR spectrometer (HORIBA
Jobin Yvon) with a 1200 per mm grating and recorded by a cooled CCD (SynapseTM
CCD). The spectral resolution of the system is around 0.5 nm. The sample was
installed in a cryostat (ST500) in vacuum with controllable temperature between 77

and 450 K when using liquid nitrogen. For each sample, we perform PL
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measurements in the temperature range from 77K to 300K (room temperature) in

steps of 20K.
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Figure 3-4. (a) Simply show the temperature dependent fluorescence

experimental setup. (b) The real photo of the system.
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3-3 Sample preparing

The CdSe/zZns core/shell QDs with polymer layer surrounded was purchased
from Invitrogen Canada Inc. The Absorption and fluorescence spectra of QDs show in
Figure 3-4. The short chain thiols including pB-Mercaptoethanol(BME),
3-Mercaptopropionic acid (MPA), and 1-propanethiol(NPM). All these thiols (20mM)
were added to the QD (0.2uM) in aqueous phase so that the molar ratio of thiol/QD is
10°. The pH value of QD solution is 8.3. For transient absorption measurement and
steady-state fluorescence measurement, the samples were placed in 3 mm quartz cell
with absorbance about 0.3-0.4. However, for temperature dependent fluorescence
measurement, the film samples were fabricated by conventional drop casting onto the
glass substrates evaporated under vacuum ensuring the aging time short enough. The

long aging time (24 hours incubation) sample is the same case.
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Figure 3-5. (a) The absorption and (b) the fluorescence spectra of CdSe/ZnS
core/shell QDs used in this study. The B1 feature (first absorption peak) is around

550nm and the PL peak is around 565nm at room temperature.
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Chapter 4 Results and discussion

4-1 Transient absorption

The transient absorption spectroscopy is a convenient tool for probing the
charge recombination dynamics of semiconductor QDs. The absorption traces
pumped at 400nm and probed at 565nm (first excitonic peak) are presented in Figure
4-1. Previous ultrafast studies of semiconductor QDs have shown that the transient
absorption signals are strongest near the band edge [16]. The signal level in the
measurements is Al/l ~ 10-10" so that we can be readily detected. The bleaching
recovery at the first excitonic peak has been employed to monitor the influence of
surface modification as well as interfacial electron transfer processes. The time
resolved absorption traces are fit by double exponential function: a fast one on the order
of several tens of picoseconds, followed by a much longer one on the order of
nanosecond. Mainly, the fast decay observed in the transient absorption signal was
represented by variety of passible processes: electron-phonon coupling, charged carrier
trapping or Auger recombination [42]. To confirm the photo-physics of this CdSe/ZnS
core/shell" QDs, we performed intensity dependent measurements [37]. If Auger
recombination is a significant effect, we would expect that both the time constant and
the relative amplitude of the fast decay depend on pump intensity [16, 42]. The higher
pump power will correspond to shorter lifetime. Figure 4-1 shows transient absorption
traces recorded at different pump intensities from QD in aqueous phase. The fast time
constant does not depend on the pump intensity, for the range of power
0.03-0.24pJd/pulse (<No> =0.5-4). These results are not consistent with Auger
recombination.

The above discussion implies that the fast decay for the CdSe/ZnS QDs arises

from either trapping of charge carriers into defect states, presumable at the surface of
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the QDs, or from electron-phonon coupling [2]. However, the electron-phonon
coupling time constant for CdSe/ZnS QDs is usually in sub-ps. Thus, the
electron-phonon coupling process should be complete within the time of the pump
pulse in our experiments and cannot be responsible for this fast exponential decay.
Therefore, the transient absorption trace in Figures 4-1 is assigned to charge carrier
trapping at surface states in the CdSe/ZnS QDs. Figure 4-2 shows the enhancement in
degree of surface passivation by thiols lead to slower dynamics of the single e-hole pair
state, indicating that short-chain thiols affect the defect state at QD surface. Since the
transient absorption trace take approximately lhour to collect, we only perform the TA
data of QD aged with thiols for 24hr. Double exponential function fitting result shown

in table 4-1 for Figure 4-2. The average lifetime is calculated as

£ A]_‘E]_ +A2‘E2 |
= Eq. (4-1)

The average lifetime of original pure QDs is about 1.6 ns, lower than other
thiol-containing QDs from 1.8 ns to 2.8 ns. It should be noted MPA show strongest
surface passivation, where NPM only has little enhancement. In this experiment, we

can only obtain electron dynamics (1Pe to 1S¢) yet nothing with hole dynamics.
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Figure 4-2. Transient absorption spectra for CdSe/ZnS QDs with different short

chain thiol-containing molecules at 24 hours aged.

Table 4-1. Show the double exponential function fitting parameters of Figure 4-2.

The last row indicates the average decay lifetime.

H20 BME MPA NPM
A 0.29169 0.26747 0.26603 0.31439
T (ps) 36.96271 36.57142 37.22371 33.17446
A, 0.64578 0.66737 0.63467 0.60236
T, (ps) 2307.994 3380.936 3964.77 2790.904
Tavg (PS) 1601.372 2424.069 2804.733 1845.169
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4-2 Steady-state fluorescence

The photoluminescence (PL) spectra were recorded by JASCO fluorescent
FT-6300 at room temperature, operating at 400nm as the excitation source. Here we
used 3 different molar ratio of thiol/QD ~ 10°, 10° and 10’. The ratio 10° could cause
blinking suppression of single QDs, while QDs direct quench the PL at ratio ~10’
observed in Jeong’s experiment [11]. Since BME have been studied for a long time, this
thiol was used in our thiol / QD molar concentration ratio experiment. Figure 4-3 shows
the steady-state fluorescence spectra of three BME/QD concentration ratios vs. aging
time.

Obviously, comparing to pure QDs, other three lines show different trends.
BME/QD concentration ratio ~10° enhances PL vs. time while BME/QD ratio ~10°
enhances PL as soon as BME added, then quench PL slowly. However, the BME/QD
ratio ~10” quench directly. These three trends suggest the interaction of thiols capping
on QDs surface.

The BME/QD 10° ratio shows PL enhancement, which could related to surface
passivation via electrons donation to a surface trap state. Here, the BME interact with
QD only by weaker coordination-type bonds through the sulfur lone-pair electrons. It
would prevent the core electrons eject to the defect sites on the surface. At this ratio,
BME will maintain thiol form, and keep blinking suppression thus PL keep the
enhancement. At BME/QD ratio ~10°, BME shows higher PL enhancement compare to
10°, but slowly quench which indicate a stronger covalent-type bonds was formed for
long time incubation. Thiol form transfer to thiolate form and the new hole trap sites
would be produced and PL decreased. At this BME/QD concentration ratio (10°), we
could clearly see the competition of two mechanisms.

At highest BME concentration, BME is 7 order higher than QDs, BME thiol

form transfer to thiolate immediately, and PL steady decreased. That means the thiolate
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and QDs bound soon and loses the ability to suppress blinking. From these results, we
could confirm the critical concentration of thiol/thiolate or coordination-type bonds
/covalent-type bonds conversion and successfully combined to aging time.

Following we checked the differences of three thiol-containing molecules with
QDs. Figure 4-4 shows the steady-state fluorescence spectra of three thiols with QDs vs.
aging time. The thiol / QD molar concentration ratio is 10°. Compared to pure QDs
(black line), thiols all enhance the PL intensities in the short time. However, after long
incubation, these short chain thiols exhibit different performances. BME keeps PL
enhancement as mentioned; MPA starts to quench merely 10 minute incubation; and
NPM only with little variation (green line almost overlaps with black line). Figure 4-4

hints about these thiols have different experiment results in this study.
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4-3 Time resolved photoluminescence

Transient absorption spectrum only used to study electrons dynamics. To
monitor dynamics of photoexcited holes, the time-resolved photoluminescence (t-PL)
measurement was used [11]. Here we used up-conversion technique to measure PL
lifetime in several ns time scale. In the previous section, we studied three different
BME/QD molar concentration ratios PL spectrum to.confirm the relation of aging time
and concentration. Now, the same condition (BME concentration and incubation time)
was applied to further gain insight into the mechanism of PL increase/subsequent
decrease/decrease directly. The experiment result was shown in Figure 4-5.

Compared to pure QDs (black line), 5 order and 6 order concentration BME
have an increase in PL. amplitude immediately. After 24 hours incubation, 6 order BME
quenched and decay faster than pure QDs while 5 order BME only has little decrease,
but its lifetime still longer than pure QDs. Finally we measured 7 order concentration of
BME and obtained the shortest PL lifetime as expected. The amplitude
enhancement/subsequent guench/quench directly of different concentration are well
consistent with steady-state PL spectrum. An initial PL increase can be explained as a
reduction in the number of electron traps and subsequent PL decline as formation of
hole traps. The direct observation of electron trap passivation and its correlation with
enhanced PL is unique in terms of connecting a specific thiol-QD interaction with a

positive impact on QD PL.
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4-4 Temperature dependent fluorescence
4-4-1 Fluorescence intensity

In the QDs and these thiols aging time line, we measure the temperature
dependent PL at short time (10min) and long time (24hr). The temperature dependent
fluoresceence spectra of CdSe/ZnS and short chain thiol-capped QD film as a function
of temperature from 77K to 300K, as shown in Figure 4-6. As the temperature increases,
the PL spectra show a red-shift of the peak energy, increasing broadening and
decreasing intensity. It is noteworthy that all the fluorescence properties are reversible
in this temperature-dependent measurement.

These measurements, especially at low temperature, are important for revealing
the influence of the thiol group on the PL properties, because PL measurements at low
temperatures are sensitive to defects or localized states. Figure 4-6 (b), (c), and (d)
shows the temperature dependence PL spectra of QDs with thiols. The defect-related
PL band with a large Stokes shift of ~ 0.47 eV is dominant at low temperatures, while
the relative intensity of the band-edge PL increases with increasing temperature. There
is no obvious change at defect-related PL band as soon as these thiols added (10min).

However, 24hr later, the QDs defect intensity decrease with BME and MPA.
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Basically, some possible processes resulting in excited electron relaxations in
the QDs including radiative relaxation, Auger nonradiative scattering, thermally
activated trapping in surface and/ or defect/impurity states. In our experiments, the
excitation density was very low and thus Auger scattering could be ruled out. Therefore,
the nonradiative relaxation is most likely due to thermal activation of nonradiative
trapping, which are often observed in semiconductor bulk, quantum dots and core/shell
structure quantum dots [43].

At low temperatures, the non-radiative channel is not thermally activated so that
the excited electrons can radiatively relax and emit photons. Once the temperature is
increased, the nonradiative channels are thermally activated, such as trapping by

surface/defect/ionized impurity states, as expressed below:

. Eq
TNR = To€Xp (KBT

) EQ. (4-2)

Where E, is the activation energy and Kg is Boltzmann’s constant. The quantum

efficiency can be expressed as:

n=>1 +:1TRR)_1 Eq. (4-3)
Where tr and tng are radiative and nonradiative lifetimes, respectively. From equation
4-2 and 4-3, the nonradiative lifetime decreases with and increasing temperature, which
result in a decreasing in the quantum efficiency and fluorescence intensity.
To further study the fluorescence spectra, a single Gaussian function was used
to fit the band-edge PL peak. Figure 4-7 is the Arrhenius plot of the QDs with thiols

fluorescence intensity from Gaussian function fitting. These fluorescence intensity
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(arbitrary unit) vs. reciprocal temperature points (1/K) were fit using equation shown
below,

1

I =1 Eq. (4-4)

R _Ea
1+1-0 exp ( KBT)

The activation energy suggests the probable barrier of excited electron relaxes through
nonradiative process. The activation energies of QDs and with thiols were extracted

shown in table 4-2.
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Figure 4-7. Arrhenius plot of fluorescence intensity for the edge-band of QDs with
thiols. Evidently, pure QDs (black line) and BME, MPA, and NPM with 10 min

and 24 hours (color line) incubation have large variation.
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Table 4-2. Shows the activation energy of QDs and with thiols extracted from

fluorescence intensity fitting curve in figure 4-7.

Pure QD | BME_10min | BME_24hr | MPA_10min | MPA_24hr | NPM_10min | NPM_24hr

E. 35.597 64.953 82.404 83.489 65.385 79.399 74.441

(meV) | (£6.9364) | (£7.1277) | (#9:3121) | (£3.1248) | (t5.6764) | (+5.5777) | (+4.6120)

According to table 4-2, the activation energy of pure QDs is 35meV, which is
smaller than normal 'semiconductor quantum dots without shell and polymer
surrounded [44, 45]. It indicates that decreasing surface defect due to protection and
stabilization cause high fluorescence quantum efficiency at room temperature [10]. It
was also found the thiols change the surface electronic state of QDs as soon as the thiols
added. This result shows that the short-chain thiols contact to the QDs will change the
surface state of QDs immediately. That has the same phenomenon compared to QDs
blinking suppression of BME [12]. However, it seems to no rule at different thiols
aging time. As we know, thiols with electric cloud reduced defect trap site immediately
and thiolate provided new defects after long aging time. The surface distribution of QD
is changing so we couldn’t find the rule of activation energy vs. time. All the activation
energies of QDs with thiol-molecules increased, hinted QDs with thiols get harder to

lose energies through nonradiative decay.
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4-4-2 Energy gap variation

In semiconductor nanostructures, the temperature dependence of the energy gap
is usually similar to the bulk semiconductor type, except for a temperature-independent
energy off-set due to the quantum confinement [41]. Usually, the temperature
dependence of peak energy in quantum dots, nanorods and core/shell quantum dots can

be expressed by the empirical Varshni relation [46]:
aT?
Eg(T) = Eg(0) — - Eq. (4-5)

Where E4(0) is the band gap at zero temperatures, o is the temperature coefficient, and
B is a parameter related to the Debye temperature.

An_improved expression proposed by O’Donnell and Chen is also used for
described temperature dependence of the band gap in core/shell quantum dots [47],
which is based on the analysis of the electron—phonon coupling mechanism

responsible for the band gap shift:

2S<hw>

exp(—Kh:T> -1

Eg(T) = Eg(0) — Eq. (4-6)

Where S is the Huang—Rhys factor that represents the strength of exciton—phonon
coupling. The higher the Huang—Rhys factor, the stronger the coupling. <hw> is the
average phonon energy. According to the theoretical analysis carried out by
Schmitt-Rink and co-workers [48], the coupling is proportional to ao*/V, whereay is
the Bohr radius and V is the volume of the nanocrystal, leading to an increase in the
value of S as the size of the nanocrystal is decreased.

We also extracted the energy gap (eV) vs. temperature (K) from single Gaussian
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fitting of temperature dependent fluorescence. The fluorescence peak energy of QDs
and thiols added as a function of temperature with fitting line (equation 4-6) is shown in
Figure 4-8. It was found that the peak energy of fluorescence exhibits a red shift
~57meV with increasing temperature from 77K to room temperature. Two mechanisms
that are responsible for the temperature-dependent energy gaps are renormalization of
band energies by electron-phonon interactions and thermal lattice expansion. In
semiconductor quantum dots, the fluorescence peak shifts toward the low energy
dominantly due to exciton-phonon interactions, while thermal expansion typically has

negligible effect [39].
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Figure 3-8. The energy gap extracted from PL curve fitted with single Gaussian as
a function of temperature. All thiols: (a) BME (b) MPA (NPM) measured for
immediately and 24 hr. incubation
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Parameters used in the fit of the photoluminescence peak energy as a function of
temperature by equation 4-6 were summarized in table 4-3. Obviously, after long aging
time with thiol molecules, it was found that the bandgap at zero temperature Eq4(0)
exhibits a little red shift. BME shift ~20 meV and MPA shift ~22meV, while NPM
shows no difference. It was suggested that two possible reasons might be used to
explain the red shift phenomenon after thiols long aged. The first is dependent on the
dipole created by inhomogeneous capping ligand exchange of QDs surface [5, 6, 49].
The inhomogeneous surface distribution will produced ligand-induced internal electric
fields or the quantum-confined stark effect (QCSE). We consider that internal electric
field pull/push electron and hole wave functions to different parts within the QDs
volume, and hence the energy levels are changed, leading to a red shift of the optical
band gap illustrated in Figure 4-9 (a). It could be viewed as first exciton binding energy
decreases.

Another reason was attribute to hole transferred and trapped on the surface as
covalent-type bonds was formed for thiols long time. incubation. The same,
electron-hole pair would be separated then reduced the wave function overlap. The first
exciton binding energy reduced as before shown in Figure 4-9 (b).

Besides, the Huang—Rhys factor S and the average phonon energy <hw> of
BME- and MPA-capped QDs with aged time 24 hours show larger than that of pure
QDs, which means they had higher exciton-phonon coupling, while the NPM-capped
QD without any changes. These two factors indicate acoustic phonon and optical

phonon average behavior [4].
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Table 1-3. Fit parameters of the energy gap variation in QDs temperature

dependent fluorescence measurement. It was fit using equation 4-6.

Pure BME BME MPA MPA NPM NPM

QD 10min 24hr 10min 24hr 10min 24hr

Eq(0) 2.231 2.238 2.218 2.245 2.223 2.239 2.240
(eV) | (x0.0013) | (x0.0008) | (x0.0007) | (x0.0005) | (+0.0007) | (+0.0008) | (+0.0006)

S 2.095 2.183 3.035 1.940 2.651 2.175 2.112
(£0.1377) | (£0.1011) | (+0.3855) | (+0.0364) | (£0.3043) | (£0.0757) | (+0.0489)

<hoy > | 30936 32.311 58.889 24.107 55.892 28.646 26.313
(mev) (£3.2304) | (£2.2252) | (£4.7976) | (£1.0679) | (+4.4085) | (£1.7841) | (+1.2460)
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Quantum confine stark effect

Figure 4-9(a). Scheme of ligand induced internal electric fields or QCSE separates
the electron and hole wave functions and therefore decreases the first exciton

energy (red shift).
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[ Case 11

Surface ligand induced red shift

Figure 4-9(b). Scheme of surface ligand induced hole transferred and trapped on
the surface as covalent-type bonds was formed. Therefore, electron and hole

separate and the energy gap red shift as case one.
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4-4-3 Band width of fluorescence

The band width of fluorescence was also investigated as a function of
temperatures. Figure 4-10 show the full width at half-maximum (FWHM) increases
with increasing temperature, around 18meV from 77K to 300K.Previous studies on the
temperature dependence of the emission FWHM in semiconductor quantum dots and
nanocrystals have shown that the broadening of the broadening of the emission peak
can be separated into inhomogeneous and homogeneous parts.

Inhomogeneous broadening originates from the fluctuations in size, shape and
composition of the quantum dots and is temperature independent. Homogeneous
broadening, on the other hand, is temperature dependent, and is related to exciton
scattering by acoustic and optical phonons. Exciton—phonon interactions and ionized
impurity  scattering - can - result -in bandwidth ~ broadening in semiconductor
nanoparticles that should be temperature dependent has been extensively investigated

[38]. The overall broadening is described as

BIO% = T NP TR O = Eq. (4-7)

(exp(7hg)-1ym

where [y, is the “inhomogeneous broadening and the last two terms represent
homogeneous broadening due to acoustic and optical phonon scattering; o is the
excitonic—acoustic phonon coupling coefficient, m is the number of LO phonons
involved in thermal escape of carriers ; I' o represents the strength of exciton-LO
phonon coupling and E, o is the LO phonon energy. Due to the different dependence
of the terms on temperature, acoustic phonons play a dominant role at low
temperatures, while the optical phonons contribute at the higher temperatures.

The FWHM fitting parameters of Figure 4-10 were summarized in table 4-4. It
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IS interesting that the I'i,, become smaller measured at addition of thiols immediately
followed become large after 24hours incubation for BME-and MPA-capped QDs. The
initial Ty, reduced could be attributed to surface passivation of the QDs via
coordination-type bonds through the sulfur lone-pair electrons. For long time
incubation, the stronger covalent-type bonds was formed and the new hole traps would
be produced to cause the I'i,, increase again. Here, the carboxylate group bound to a
surfaced Cd®* trough a chelation bidentate interaction. The extracted value I' o is much
higher than that the values of bulk CdSe, which indicated a strong enhancement of the
coupling with acoustic phonons by reducing their size, as well as surface defects or

trap states and QD-organic matrix coupling.
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Figure 4-10. FWHM bandwidth (dots) as a function of temperature and fit by
equation 4-7 (solid lines) of QDs with (a) BME-capped (b) MPA-capped (c)

NPM-capped.
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Table 4-4. Parameters used in the fit of the photoluminescence FWHM as a

function of temperature by equation 4-7

Pure QD

NPM

10min

NPM

24hr

o 98.544
(meV) | (x1.0796)

a 44.600
(neV/K)

LO

(meV)
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96.137
(£0.7641)

94941

(£0.9207)

33.188
8.6180)

30.190

(£11.427)

30.324

(£3.0378)




Chapter 5 Recommendation for Further Work and

Summary

5-1 Electronic coupling in CdSe/CdS film

Though the samples under investigation are aqueous solution, we must consider
the highly applications of samples in solid state. Films of colloidal quantu dots (QDs),
often called QD solids, have recently experienced a significant increase in attention for
the devices applications. Normally, the QDs are electronically coupled by removing or
replacing the original bulky surfactants to decrease the inter-particle distances result in
overlapping wave functions and increasing the mobility of charge carriers. In the final
part of experiments, we studied the absorbance spectrum and transient absorption
pump-probe spectrum of the Dithiothreitol (DTT) with CdSe/CdS core/shell QDs film.
This dithiol molecule was used to further study the functions of thiol group. Figure 5-1
shows the formula of DTT. The CdSe/CdS core shell QDs were surrounded by citrate
and replaced by DTT. After four sizes of CdSe QDs with DTT were drop-casting on
glass, we studied the room temperature absorbance. The films composed of QDs with
first exciton transitions at 2.19eV, 2.28eV, 2.35eV and 2.36eV, corresponding to QD

radii of 3.5nm, 3.1nm, 2.8nm, and 2.8nm, respectively.
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Figure 5-1. Showing the formula of dithiothreitol (DTT).

Figure 5-2 shows the room temperature absorbance of the 2.35eV QD film.
Obviously, the DTT treatment causes the lowest energy transition to red shift by
~380meV compared to untreated film. A red shift can arise from exciton delocalization,
dipole-dipole interactions, which would lower the transition energy, or difference in
dielectric screening in the films compared to solution [50]. Besides, the spectrum of the
QD solids shows significant broadening with respect to the spectrum of the dispersion,
but clearly still exhibits quantum confinement. Such a broadening could be due to
increased polydispersity, disorder in dielectric environment resulting in a spatial
variation of polarization energies or strong electronic coupling [51]. The first exciton
transition peak was fitted by single Gaussian function. Table 5-1 displays the peak
position and band width of pure QDs and DTT treated film in 4 different sizes. The high
peak variation (red shift up to 500meV) suggested the strongly electronic coupling. A
possible reason is that DTT with two thiol group at the ends of chain thus a DTT
connected to two QD particles, enhanced QDs coupling. The schematic diagram shows

in Figure 5-3.

63



Abs(a.u.)

pure QD530 in liquid

rrrrrrrrrrrrrrrrrrr pure QD530 on glass

—— DTT with QD530 in liquid
DTT with QD530 on glass

460 480 500

520

P

540 560 580

wavelength (nm)

600

Figure 5-2. Absorbance of liquid (solid line) and solid (dotted line) for CdSe/CdS

QDs (Eq = 2.35eV) in citrate (black) and in DTT (blue).

Table 5-1. The peak position and band width-of pure QDs and DTT treated filmin

4 different sizes with peak variation.

CdSe solid CdSe@DTT solid
Size Peak width Peak Width peak shift
(nm/eV) (nm) (nm/eV) (nm) (nm/meV)
2.8nm [ 525.7/2.3585 47.4 534.3/2.3205 44.1 8.6/380
2.8nm [ 524.5/2.3639 54.2 535.3/2.3162 46.6 10.8/477
3.1nm | 543.6/2.2808 47.7 556.0/2.2299 39.7 12.4/509
3.5nm | 564.8/2.1952 38.4 572.8/2.1645 40.5 8/307
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OH

OH

Figure 5-3. The schematic diagram shows a dithol molecule DTT connect to two

QDs enhanced QDs coupling.

Following we present a study of ultrafast electron and hole dynamics in coupled
CdSe/znS QD solids, focusing. on the first few picoseconds after excitation. We
distinguish two separate rate relaxation processes that occur on this time scale: hot
carrier relaxation from higher levels to the 1S electron and hole levels (intraband carrier
cooling) and carrier relaxation due to hopping between different QDs (referred to as
spectral diffusion). Figure 5-4 presents selected absorption transients fora QD / DTT
film at a pump wavelength of 400nm and several probe wavelengths in the 1S,-1S,
profile. The probe wavelength dependence of the absorption transients for QD
dispersions has been studied [52, 53]. In this plot, state filling (absorption bleach) and
Coulomb interactions between multiple excitons (absorption shift), determine the
transient absorption features. The strongly wavelength dependence, so-called biexciton
shift, occurs both for hot carriers, directly after excitation, and for thermalized carriers.
This is due to a red shift of the optical transitions upon photoexcitation. There are still
many unknown and interesting part of electronic coupling of QDs film needed to be

studied. The related researches could be a promising theme for future work.
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Figure 5-4. (a)Transient absorption spectra at low pump intensity <Na,s = 0.5>
and various probe wavelengths near the 1Sy, - 1S, transition fora QD / DTT film.
(b) Contour plot of the same data for the QD / DTT film. The black line in (b)

denotes the ground state absorption maximum.
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5-2 Summary

In summary, we have demonstrated the function of short-chain thiol-containing
molecules capping on CdSe/ZnS quantum dots (QDs) in determination of their optical
and electrical properties by employing time -resolved photoluminescence,
temperature-dependent PL, transient absorption, and steady-state fluorescence
measurements. The steady-state fluorescence spectra provided the critical
concentration of thiol/thiolate or coordination-type bonds /covalent-type bonds
conversion. The ultrafast transient absorption confirmed the electron dynamics and
surface passivation immediately after thiol molecules are added. From
temperature-dependent PL, the activation energy band gap (exciton binding energy),
and surface electronic state distribution could be -investigated. Finally, the
time-resolved PL examined the hole dynamics after thiolate was formed. We found that
thiol interact with QD only by weaker coordination-type bonds through the sulfur
lone-pair electrons and passivate the surface of QDs by preventing core electron from
defect sites on the surface. Another stronger covalent-type bonds are formed when thiol
turn to thiolate through long time incubation, and the new hole traps would be produced.
The schematic diagram was shown in Figure 5-5.

Different thiol-containing molecules were investigated and showed different
performance. 1-propanethiol (NPM) exhibits little effect on the properties of QDs even
though it is a short-chain thiol-containing molecule. One of possible reason is that other
tested thiol molecules, B-Mercaptoethanol(BME) and 3-Mercaptopropionic acid (MPA)
have smaller thiol pKj,, which determines the ability to transform into thiolate. Thus, the
formation of covalent bonds of 1-propanethiol (NPM) with higher pK; and QDs may be
difficult. The second important reason would be the lack of second-order oxygen of
NPM. Evidently, NPM without other lone-pairs compared to BME and MPA, cannot

bind to QDs with coordination-type bonds effectively. Finally, the surface passivation
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of QD happens as long as the QDs are surrounded by negative charges. For
electron-rich molecules such as thiol, dithiol or gel with lone-pair, surface passivation

ability has been confirmed. The schematic diagram is shown in Figure 5-6.

L *

lectron trap
— » l
- [ ] =1
Smin |
24hr Hole trap

coordination-type bonds through covalent-type bonds
the sulfur lone-paire

Figure 5-5. Schematic diagram of thiols and QD surface interaction.
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