Chapter 1: Overview of Nanometer-sized Materials

1.1 General introduction

Properties of bulk materials with micrometer sizes or larger have been investigated
widely and are well understood. Recently, nanometer-sized materials, such as
colloidal semiconductor quantum dots (QDs, 1~10 nm), noble-metal nanoparticles
(NPs, 10~100 nm) and noble-metal nanoclusters (NCs, < 1nm), have attracted much
attention due to unique optical properties for a variety of applications in physics,
chemistry, and biology, including.biological labeling, sensing, and optoelectronic
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devices.

They bridge the -gap between molecules and.bulk materials. These
nanomaterials, with sizes ranging from subnanometer to ~100-hm, exhibit distinct
properties from™ corresponding bulk ‘materials. On' this scales, the optical and
electronic behavior strongly depends on sizes, called quantum size effects due to
localization of'the carriers. For example, the emission color from colloidal CdSe QDs
can cover the whole visible range by only:changing-therQD sizes. Moreover, many of
the atoms are still located on the surface, thus surface effect is gradually important as
decreases of the particle. sizes. due to increases-of ‘surface to volume ratios. The
nanometer scale is also important and interesting in biological systems. Many
biological systems, such as protein and DNA, have sizes comparable to these
nanometer-sized materials. Therefore, we can probe and obtain some interesting and
useful information by incorporating nanometer-sized materials into biological
systems.

For investigating nanometer-sized materials, the optical and electronic microscopy
has been used widely. An important advance in optical microscopy is the direct

observation of single nano-objects within the ensemble nanomaterials.®

Single-molecule detection (SMD) technique is a powerful tool to investigate
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nanometer-sized materials and has significantly advanced our understanding in the
fields of nanoscience and nanotechnology. It also allows the elimination of ensemble
average within heterogeneous samples. To the best of our knowledge, there are at least
5% distribution of sizes and shape for nanomaterials even by the best synthesized
methods. Therefore, based on SMD technique, it can provide useful and wealthy
information, such as dynamical fluctuation, diffusion, and conformational changes for
a specific nanotarget. However, the spatial resolution for optical measurements is
limited by the wavelength of light. For biological imaging and sensing, the usual way
is to attach a label to the,target.of interest.  The ideal labels must fulfill some
requirements, which js"depicted as follows: (1) the size is.smaller than target, it
implied that whed you are interested in nanometer-sized biological systems (DNA,
protein), the sizes of the markers should be' down to ~nanometer range, (2) it can
generate intense optical signal (either fluorescence or scattering light), (3)
nonblinking and nonbleaching are necessary for long-term observation, (4) it can
exhibit excellent spectral properties{(widemabsorptiontband and narrow emission band),
(5) nontoxic to cells. Recently, several kinds of optical labels with nanometer sizes
have been used to -attach 'to- specific biological’ molecules, such as organic
fluorophores, semiconductor™ colloidal QDs,7 noble-metal nanoparticles,8 and
nanoclusters.”’

For semiconductor colloidal CdSe QDs, they have recently been used as fluorescent
markers and sensors due to excellent fluorescence properties, including high
fluorescence quantum yields (QYs, ~50%), broad absorption spectrum, narrow
size-dependent emission spectrum, and better photostability. Quantum confinement of
both electron and hole in all spatial dimensions leads to increase the effective band
gap with decreasing the QD sizes. Colloidal QDs with different sizes can be excited

by the same laser and distinguished by their specific emission spectra. However,
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single-QD complex blinking behavior and toxic Cd ion are the main drawbacks for
practical use. Therefore, understanding and suppression of blinking behavior are
relevant for realization of single-QD applications.

For noble-metal nanoparticles (with relatively larger sizes of 10~100 nm), the most
important optical feature is the localized particle plasmon resonance (LPPR).'’ In
general, no fluorescence can be found in metal NPs, thus they are commonly
characterized by optical Rayleigh scattering. Based on Mie’s theory, the scattering
cross-section of a spherical particle with radius R much smaller than the wavelength
of the light, varies as R°.while. its absorption ¢ross-section varies as R’ only.
Therefore, for very small particles (<10 nm), absorption dominates scattering, and
absorption related detection methods are more sensitive. Mor€over, the scattering
signal must be discriminated from a strong background, especially‘if the particles are
placed in cells.

For fluorescent gold nanoclusters (also.known as nanodots), they ‘consist of a few
atoms and exhibit some advantages-forrapplicationstinrbiological markers, including
nontoxic and extremely smallisizes. In fact, fluorescence frem noble-metal bulk
materials have been discovered for more than -30<years'' However, it was not
attracted much attention due ‘toivery low QVs of ~10"°. The low QYs are likely
attributed to nonradiative energy relaxation processes of very fast electron-electron
scattering.'? Recently, fluorescence with relatively high QYs (107'~10) was observed
in relatively small nanoparticles (1~10 nm) and nanoclusters (< 1 nm).”™'* The
research in this field is still less than colloidal QDs and metal NPs. Low QYs and
poor fluorescence properties are the main issues to be understood and further

improved.
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Chapter 2: Introduction to Colloidal Quantum Dots

2.1 Fluorescence properties of ensemble colloidal CdSe QDs
I. Introduction

Recently, colloidal quantum dots (QDs, also known as semiconductor nanocrystals)
have attracted much attention due to excellent fluorescence properties over organic
dye molecules for potential applications in biological markers,'™ solar cells,” and
light-emitting diodes.® They bridge the gap between molecule clusters and bulk
materials. Colloidal QDs commonly: consist of an inorganic core and shell (CdSe/ZnS,
CdTe/ZnS) with an organic surfactant for synthesis (TOPO,.TOP), water solubility
(MPA), and biocommpatibility. The-main function of inorganic capping shell (ZnS) is to
passivate the surface dangling bonds or defect states and thus can improve the
fluorescence quantum fyields to ~50%. These kinds of materials with nanometer-sized
range are smaller than the bulk exciton Bohr radius (~11 nm in diameter for CdSe
bulk), and exhibit strong quantumrconfinementreffects. By using this effect, it is
possible to tune the energy band gap by more than 1 eV. Therefore, the emission color
can be changed over the whole.visible range by varying the QD size, as shown in Fig.
2.1. Some advantages on photophysical properties were found for CdSe QDs,
compared to conventional organic fluorophores. As can be seen clearly in Fig. 2.2,
emission spectrum was distinct between rhodamine 6G and CdSe QDs. The QD
emission spectrum is symmetric in line shape and narrow in peak width. Its absorption
spectrum is broad and continuous. Furthermore, the ability of resistance to
photobleaching (photostability) is much better (more than ~100 times stable than
rhodamine 6G), thus are expected to be used as biological markers for long-term
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1. Summary of advantages for colloidal CdSe/ZnS QDs
(1) Chemically synthesized QDs exhibit bright fluorescence with QY's of ~50 %.
(2) The emission colors can be tailored to cover whole visible range by varying QD
sizes.
(3) The ability of resistance to photobleaching (photostability) is much better than
conventional dye molecules.

(4) The spectral properties exhibit broad absorption and narrow emission band.




2.2 Band edge exciton fine structures in colloidal CdSe QDs

Band edge exciton fine structures in CdSe colloidal QDs have been calculated by
Efros et al, based on effective mass approximation.” The asymmetric crystal field
induced by Wurtzite structure splits the lowest exciton state (1Si/e)1S23m) into
two-fold degenerate states. Incorporating crystal shape anisotropy with electron-hole
exchange interaction, the band edge exciton states can be further split into five-fold
degenerate states within ~20 meV for a 3 nm QD, as illustrated in Figure 2.3. These

discrete energy levels are denoted by their total angular momentum projection along

the ¢ axis, F, =m,+m, , where m,; is the electron (hole) angular momentum

projection. U and " denote the upper and lower states’ with the same angular
momentum and the dotted lines denote ,optically spin forbidden states (so-called dark
exciton states).iNote that the lowest exciton state isia dark exciton state and the lowest
bright excitonstates lics slightly above dark exciton states-(~1 to 10:meV depending
on QD sizes). This dark exciton states-have been evidenced by observing unusually

long radiative lifetime of ~ 1'us at10 K.°



2.3 Single-molecule detection
I. Background

An important progress for nanoscience was the invention of single-molecule
detection (SMD) techniques to investigate the nanomaterials down to only one
nano-object at the same time.”'® Recently, individual nano-objects can be probed
either by optical microscopy (confocal microscopy or total internal reflection
microscopy), as shown in Fig. 2.4 or scanning probe microscopy if the samples were
located onto the surface. The advantage of optical microscopy on transparent
materials is that it is not lumited to surfaces. Becauise of no requirement of direct
contact to the samples; SMD technique based on optical mictescopy is a non-invasive
method to studydsingle-iselated -nano-objects. Moreover, ‘this ‘technique can also
provide dynami¢ information for individual nano-objects, for example, fluorescence
time trajectories, real time fluorescence resonance energy transfer measurements,
temporal fluorescence lifetime. These functions can not be replaced by scanning
probe microscopy. However, the spatiabresolution=forroptical microscopy is restricted
by optical diffraction limit. In general, individual nano-objects;cven from the same
batch can distribute somewhat heterogeneity (such'as, size, shape, and surface).
Therefore, ensemble measurements can only reflect average behavior and hide some
interesting properties that only exhibit at a single-particle level, such as fluorescence
intermittency,’’  fluorescence spectra diffusion,'”> and fluorescence lifetime

. 1
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I1. Summary of advantages for single-molecule detection

(1) Heterogeneity can be suppressed. Nanometer-sized samples with distributions of
at least 5% in size, shape, and local nanoenvironment always occurred regardless
of various preparation methods.

(2) Time-dependent fluctuations (real-time observation) can be directly reflected
without any requirement of synchronization. Conventional ensemble
measurements can only exhibit average behavior and blind to fluctuations unless

synchronization.

(3) Applications in ultra-sensi sing this technique, one can
probe the local prof

folding/unfold



2.4 Single-QD fluorescence blinking
I. Introduction to fluorescence blinking

Fluorescence intensity from a single nano-object is not constant, but reveals abrupt
fluctuation with time, usually called fluorescence intermittency or blinking."" This
phenomenon can be reflected on the fluorescence time traces (fluorescence intensity
as a function of observation time), which exhibits alternative on and off-states (finite
periods of laser induced fluorescence and finite periods of darkness), but average out
for ensemble measurements, as shown in Fig. 2.5 Therefore, this characteristic can be
used as a criteria for emission of single nano-objects. Blinking behavior has been
observed extensivelyy for example, colloidal semiconductor QDs,11 self-assembled
QDs,'* Si nanocrystals,”” mnoble-metal nanoparticles;!® and flubrescence protein.'’
Recently, the fluorescence blinking-from single colloidal QDs has attracted much
attention due 't0 relatively long observation: time of fluorescence’ time traces (in
general, >10® emitted photons for a given single colloidal QDs, compared to single
molecule of 10%emitted photons dueto-fastphotobleaching). From statistical analysis
of fluorescence time traces for ZnS capped CdSe QDs, sufficient data (seven decades
in probability density -and five decades in times) can be extracted to construct the
distributions of on/off-times.'® However, the underlying mechanism for fluorescence
blinking is still under debate. The statistics of fluorescence blinking behavior has
revealed many interesting dynamics, such as, universal power-law distributions for
both on and off-times,"” and enhanced fluorescence blinking.*’ The timescales of
blinking events in the range between milliseconds and minutes, longer than those of

intrinsic quantum dynamics (~nanoseconds).
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I1. Universal power-law distribution

At first insight, blinking behavior seems to exhibit random distribution. However,
when the histograms (or probability) of on/off-times were statistically constructed, the
universal power-law distribution ( P(7) oc 7~ ) can be found, as shown in Fig. 2.6 This
power-law distribution can extend to many decades of times and its exponent has
been found only in the range between 1.1 and 2.2. This value slightly depends on the
predefined intensity threshold and bin time. In general, power-law behavior extends

over a larger range for off-times than on-times.”' For high excitation power regime,

the on-time distribution i power-law for relatively long

on-time and can be -P-q,_ he off-time distribution
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I11. Analysis of blinking statistics

The general way to analyze the blinking statistics from fluorescence time traces is
to set a proper threshold intensity to distinguish between on/off-times. This threshold
intensity is defined by measuring the background fluorescence intensity in the dark
area (i.e. areas with no QDs) as reference. By setting this intensity threshold, the
events of on/off-time length were determined and can be used to construct the
histogram, as shown in Fig. 2.6. In general, both the histograms of on/off-times
exhibit universal power-law distributions (i.e. the linear relationship between

on/off-time events and on/eff:time. lengths by .a log-log plot). A parameter called

N(Tnn/(g[f')

probability density defined as P(z,, g~ can be determined. According

to this equation, the probability density for any 7., occurring only once is the

same, and forany 7, . not happened is zero. Thus, power-law behavior can be

deviated for relatively longron/off-time range due torare events (poor statistics), as
can be seen in Figs2.6: Therefore; a much longer experiment with more events needs
to perform to gain‘a different probability for these' rare “events. Unfortunately,
photoinduced sample bleaching as well as time wasting, and long-term mechanical
drift of objective, are the main obstacles to perform the long-term experiment. To

solve this problem, Kuno et al,'® proposed a weighted probability density as

N Tonloff 1 a+b
P(To’l/off) = ]i/mm/l ﬁ) X Atavemge ’ here At;:%jfe = ( )

on/ off on/ off

, Where a,b are the time

differences between the next longest and next shortest observed events. Based on this

method, smooth relationship can be obtained.
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IV. Features of blinking behavior

(1) It was observed for many various species of single emitters and for different
chemical compositions within each class.

(2) The power-law behavior extends to many decades for both time and probability
density.

(3) The power-law exponent is in the range between 1.1 and 2.2 for either on-times or
off-times.

(4) The power-law exponent for on-time is usually larger than off-times.

(5) A deviation from a po ,i was found for relatively long
on-times.

(6) The off-time eXponent is insensiti : ion power.
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V. Models for fluorescence blinking

It is generally accepted that fluorescence blinking in colloidal CdSe QDs is
attributed to alternative ionization/neutralization of QDs due to photogenerated
carriers transfer between QDs and QD surface/interface or surrounding matrix."" This
carrier is likely an electron instead of a hole because of its smaller effective mass.
This charge transfer behavior has been demonstrated by means of electric force
microscopy.”>> The most promising feature is the universal Power-law distributions

for both on/off-times and wide range blinking rates (10™*~10* Hz). The crucial issues

for blinking mechanism are how: the jected from a QDs and returned back,
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(a) Photoinduced ionization by Auger process

The first proposed theoretical model for single-QD blinking phenomenon is a
photoinduced ionization models.*® This model is depicted in Fig. 2.7. For
nanometer-sized colloidal QDs, there is a finite possibility to generate two
electron-hole pairs simultaneously under above band gap excitation. In this case,
efficient nonradiative Auger process (~ps, depends on QD sizes) prevails the radiative
recombination (~20 ns).”’ It means that one electron-hole pair can recombine
nonradiatively and then transfer their energy to remaining electrons. Subsequently,
this electron can obtain engugh ‘energy to escape from QDs to trap states located
either on the surfacejor in the surrounding matrix. Therefore, charged QDs can be
formed by photoiriduced ionizationsprocess. Charged QDs can still absorb excitation
photons but fluorescence was significantly quenched by efficient Auger process due
to excess charges, referred to as off-times (off states). Neutralization of the charged
QDs will restore the fluorescence cycles. .Based on this model, fluorescence blinking
on-times are inversely proportionalrtorthewexcitatiom intensity, but off-times are
insensitive to excrtation.power. This 10nization/neutralization can be further verified
by comparing the QDs with/without ZnS shell, -as-shown in Fig. 2.8. Obviously,
fluorescence time traces for ZnS capped QDs, on/off-times were both increased and
resulted in the reduction of blinking rates. It indicates that role of ZnS is as a barrier to
ionization and potentially passivate interface/surface trap states. However, based on
this model, it is difficult to explain the extremely wide on-time range (~ms to min)
and universal power-law distribution. If the transition between on and off states
occurred only via photoinduced ionization process, the transition rate is proportional
to double electron-hole pair formation. For a constant excitation power and constant
absorption cross-section, a two-photon absorption rate should be a constant, and thus

lead to a single exponential distribution for on-time duration. Efros et al,*® have
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theoretically modeled this blinking behavior by photoinduced ionization process.
They found that the distributions for on/off-times both exhibit a single exponential
distribution. This is inconsistent with experimental observations (power-law

distribution).

(b) Thermal activated models

Another route to eject electron from the QD core is a thermally activated process.*®
Some experimental observations support this thermal trapping models, such as (1) the
number of on/off cycles is dramatically decreased at low temperature. (2) on-times
exhibit Arrhenius activated behavior. For photoinduced ionization process, it can
provide enough efergy .to eject electron over the large barrier ifito high energy trap
states in the surrounding matrix. However, thermal 1onization should result in charge
trapping onto different sites. The energy position for these trap sites should lie within

the ~kT of conduction bands.

(c) Tunneling models

Direct tunneling from QD core to the surrounding substrate for excited electron is
another way to cause ionized QDs.'®'? Tunneling was evidenced by the observations
of redshift both in absorption and fluorescence spectrum upon capping additional ZnS
thin layers.”’ In this models, it is necessary to introduce external trap states outside the
QDs to generate sufficiently long on/off-times on the timescales of the experiments.
The ionized rate depends on tunneling barrier height and width. For simplicity,

one-dimension tunneling model can be wused to describe this behavior,

Vmer = A€Xp(— Sn;lel), where AE and [/ are the barrier height and width,

respectively. According to tunneling models, the ranges of blinking rates can be
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spread from 10* to 10% Hz (0.1 ms to 100 s) corresponding to tunneling distance from
~1 to ~2 nm.** This indicated that outside trap states are required for tunneling

models.

(d) Diffusion-controlled models
A diffusion-controlled model was proposed by Shimizu et al,*! who suggested that
the trap state energy undergoes a random walk. When the energy between QD excited

states and trap states are in resonance, charge carriers can transfer between QDs and

trap states. In this model, trap ‘state i ate, and QD state is on-state.
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2.5 Fluorescence dynamics of single QDs
Time-resolved fluorescence spectroscopy is a complementary technique to study
the fluorescence properties. Combining fluorescence time traces and decay dynamics,

. .. . .13
we can obtain more insight into fluorescence behavior.

Comparison with
conventional organic chromophores, the striking differences in decay dynamics for
ensemble colloidal QDs are as follows: (1) Relatively long lifetimes are observed
(~20 ns at room temperature to ~ms at low temperature). (2) the decay profiles exhibit
universal multi-exponential dynamics. Some possible explanations for
multi-exponential dynamics_in‘’énsemble colloidal QDs are as follow:* (1) each single
QD within ensembles:has its single lifetime, however, average behavior deviate from
pure single-exponential dynamics due to the distribution of siZe, shape, and local
environments, (2) the fluorescence decay dynamic evenifor single QDs itself is a
complex process, (3) the decay dynamics is.single-exponential for a given moment,
but it fluctuates with time, thus. time-averaged decay of a' single QD is
multi-exponential.

Figure 2.9 (a) shows. the fluorescence time traces fotsa single CdSe/ZnS QDs
accompanied with fluorescence.decay profile (b), which collects all photons for 100 s
integration time. Obviously, multi-exponential decay profile was found, even down to
single-QD level. For understanding correlation between fluorescence intensity and
lifetimes, time-tagged and time-resolved measurements (TTTR, detailed description
in chapter 3) were measured. Based on this TTTR measurement, we can set an
intensity or time gate to select a section of photons to construct lifetime decay profiles.

Figure 2.9 (c) shows fluorescence decay profiles for three different intensity gates, as

indicated by black-dotted line. To describe multi-exponential decay profiles, a

stretched exponential decay function, /(t) =1, exp(—(i)ﬁ ), where 0< <1, can be
T
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used to fit our experimental results. This function describes the decay processes with
continuous decay rates, which a smaller £ means a broader rate distribution. For
S =1, it implied this decay profile is pure single exponential with only one decay
rate.”® Strong correlation between fluorescence intensity and lifetime can be found.
Where, higher intensity corresponds to longer lifetime and with a S value more

close to unity.
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Figure 2.1: Emission color/under UV illumination for colloidal CdSe/ZnS QDs with

various sizes.
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Figure 2.2: Emission spectra of R 6G (red line) and colloidal QDs (black line).

-20 -



J=0U

J=1U

J=0L
< J=1L
EEEEEEEEDR J:2

Figure 2.3: Band edgesex@iton fine struetures in colloidal CdSe QDs.’

Figure 2.4: Fluorescence images with 4x4um’ for single CdSeTe/ZnS QDs onto a

glass coverslips.
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Figure 2.6: Histogram of normalized events of on-time length by log-log plot.
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Quenching fluorescence by Auger process

Figure 2.7: Schematic illustration of photoinduced ionization by Auger process.
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Figure 2.8: (a) Fluorescence time traces for a single bare CdSe QDs and (b) core/shell

CdSe/ZnS QDs.
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Figure 2.9: (a) Fluorescence time traces for a single CdSe/ZnS QDs accompanied
with time-resolved fluorescence spectra (b), and (c) decay profiles with various

intensity regimes.
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Chapter 3: Experiments and Techniques

3.1 Laser scanning confocal microscopy

Recent developments in fluorescence microscopy have allowed for the detection,
imaging, and spectroscopy of single nanometer-sized materials.'™ For this purpose,
two main techniques, laser scanning confocal microscopy (LSCM) and wide-field
microscopy (WFM) are used to achieve this work. For WFM methods, a high
sensitive CCD camera is used. However, due to relatively long read-out time, it is
restricted to monitor submicrosecond timescale process, such as fluorescence decay
dynamics (~ns timescales). Due to larger illumination volume, autofluorescence
originating from Jout-of focal areas reduces the resolution @hd image contrast.
Alternatively, laser scanning confocal microscopy is a'powerful tool for a wide range
applications in"biological and materials science for imaging thin optical section and
fixed samples.‘This technique can provide better spatial resolution and better signal to
noise ratio because of its small detectionmvolumerrestricted by a confocal pinhole.
Furthermore, combination with ‘a single-photon avalanche photodiode, it can be
utilized to probe temporal processes down to ~nanosecond ‘timescales for a specific
object. As shown in Fig. 3.1, single-QD image can be seen clearly by LSCM. The
streaky pattern is attributed to fluorescence blinking during the course of laser

scanning.
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3.2 Single-QD measurements

The colloid suspension was diluted down to ~10"" Molar (mole/L) concentration,
and then dispersed onto a preclean substrate by spin coating with 3000 rpm for 2 min.
Thus, the separation between particles can exceed the laser spot size of ~300 nm (as
shown in Fig. 3.2), to insure that only one particle can be probed at the same time.
Subsequently, a thin polymer layer of polymethylmethacrylate (PMMA, n=1.5) is
covered for fixation and provides an interface to obtain high collection efficiency.’
Based on this configuration, most of the light is radiated in the glass side (85%),
which allows to collect 72% of the single-QD fluofescence by using oil-immersion
objective (N.A.=1.4, Olympus x100 apochromatic).-Single-QD measurements were
performed by meadns of a laser scanning confocal microscope equipped with a piezo
scanner with spatial resolution down to ~ nm (Micro Time 200, PicoQuant). The basic
experimental setup for single-QD measurement is shown in Fig. 3.3 and depicted as
follows: A pulsed diode laser at the wavelength of ~406 nm, ~50 ps pulse width is
used as a excitation source. A-polarizationmmaintaining single-mode fiber guides the
excitation laser light into the laser scanning confocal mictescope. The exciting light
with a Gaussian profile is collimated by an infinity.corrected lens. The beam passes
an excitation filter and is guided into double mirror steering component to align (shift
and tilt) the laser beam to optical axis of the microscope objective. Here, we use an
oil-immersion objective with high N.A. of 1.4 to focus excitation light and collect
fluorescence signal. Figure 3.2 shows the laser focus pattern with diffraction-limited
beam waist of ~300 nm. Fluorescence is collected by the same objective and passed
through the dichroic mirror and backscattered laser light was filtered by a long pass
filter (cutoff at 500 nm). A tube lens focuses the fluorescence into a confocal pinhole
of 50 microns for rejecting out-of focus light. After a pinhole, the beam is refocused

onto the active area of a single-photon avalanche diode (SPAD, Perkin Elmer). The
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dark counts of this SPAD are ~250 counts/s. The SPAD outputs electrical signal of
TTL pulses to TCSPC electronics (Time Harp 200, PicoQuant). For recording
fluorescence intensity and lifetime images, objective scanning mode is used by
mounting the objective onto a Xy nanopositioning system. Integrated capacitive
position sensors provide ~nanometer spatial resolution and stability in closed loop
operation. Fluorescence images were recorded by raster scanning laser spot over the

sample with an integration time of 0.6 ms/pixel.
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3.3 TCSPC techniques and TTTR acquisition modes

In order to investigate photophysical dynamic process (~ns timescales), one need to
monitor the time-dependent intensity profiles of the emitted light. The most simplest
way is to record the intensity with time from a single excitation-emission cycles.
However, there are some practical problems to prevent this technique. Firstly, the
decay process is very fast on the timescales of ~ns. In order to recover fluorescence
decay profiles of ~1 ns lifetimes, transient recorder required to sample at least 100 ps
time steps. Secondly, the light signal is too weak. The solution is Time-Correlated
Single Photon Counting (FECSPC). techniques.. Based on the repetitive excitation
source, it is possible to extend the data collection over multiple cycle, thus one can
reconstruct the single cycle decay profiles, as illustrated in Kig.:3.4. TCSPC is based
on the precise time registration of] the emitted photons with respect to the exciting
light pulses. The accurate timing is achieved by combination of time-to-amplitude
converters (TAC) and analog-to-digital converter (ADC). The requirements for this
TCSPC technique are as follow: (1) thesprobability=forroccurrence of a single photon
emission per excitationicycle is low down to 1 % of repetition rates. For example,
when the repetition raté is 10:MHz, the count rates should be down to at least ~10°
counts/s. This limitation is mainly due to dead times of detector and electronics for
~100 ns after processing a photon event. (2) a single-photon sensitive detector is
required. Single-photon avalanche photon diode can be used for ultra-low light
detection (optical power < 1 pW) due to high quantum efficiency (~80 %) and low
noise dark counts (~250 counts/s). The TCSPC electronic card (Time Harp 200,

PicoQuant) can record digital photon events in time-tagged, time-resolved (TTTR)

acquisition mode. In this mode, the relative time interval, z, between photon

emission and latest laser pulse is recorded. Thus, the histogram of 7, duration can
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be constructed with 4096 time channels with minimum channel width of ~40 ps.

Furthermore, for temporal observation (real time observation), such as fluorescence

time traces and scanning image mapping, the absolute time, 7, from experimental

starts to photon emission is also recorded with time resolution of ~100 ns. Therefore,
based on this instrument, the time resolution of lifetime measurements as well as the
instrument response function (IRF, as shown in Fig. 3.5 ) and continuously recording
photon arrival times (dead times) are ~40 ps, ~300 ps, and ~100 ns, respectively.

Fluorescence lifetime were obtained by fitting a suitable function based on y* value

ical around the zero axis.
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3.4 High pressure PL and Raman measurements

For room temperature PL measurements, the incident beam from Ti:sapphire
laser were guided through the doubly BBO crystals as the excitation sources. The
emitted light was dispersed by a spectrometer and detected by a liquid
nitrogen-cooled charge coupled devices. Raman spectra were recorded by collecting
scattering line in backscattering configuration. Incident beam from an argon ion laser
with 514.5 nm wavelength was focused on a sample through a microscope objective.
Notch filter was utilized to reject the unnecessary incident laser line. Hydrostatic high
pressure surroundings were eréated within a 0:2 mm hole at the center of steel gaskets
embedded in two diamond cells. Colloidal CdSe/ZnS QDs were dissolved into
de-ionized water, which is used as a pressure transmit mediumunder relative high
pressure. The applied high pressures-were determined by monitoring the Raman shift
of the ruby R1"line. Colloidal CdSe/ZnS QDs .were wet chemical synthesized by

conventional methods.
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Figure 3.1: Fluorescenge intensity images of 6x6zm’ for.colloidal CdSe/ZnS QDs

onto the glass coverslip.

Figure 3.2: Laser pattern with diffraction limited spot size of ~300 nm.
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Obijective

Figure 3.3: Experimental setups for single-QD fluorescence measurements.
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Chapter 4: Fluorescence Enhancement by Surface Modifications

I. Introduction

Due to high surface to volume ratio for nanometer-sized colloidal QDs,
fluorescence properties are variable and sensitive to surface inorganic layer' and
organic ligands.” In general, colloidal CdSe QDs with high fluorescence QY's (~50%)
can be obtained by conventional hydrophobic TOP/TOPO surfactant methods. To
further increase the fluorescence QY's, Talapin et al, proposed a modified method by
introducing HDA (haxadecylamine) surface moleculés,into conventional TOP/TOPO
solvent to obtain monedispersed and highly fluorescent QDs.-HDA ligands with high
boiling points are’superior;agentsas growth solvent for high témperature chemical
synthesized methods. The mechanism of fluoréscence enhancement by HDA ligands
is not clear, especially from the aspect of single:QDs. At the single-QD levels, the
enhancement of the emission efficiency for HDA capped CdSe/ZnS QDs is attributed
to the contribution of both the increaserinthesnumberof bright QDs and the enhanced
intrinsic brightnessof individual' QDs. The former has-been demonstrated by the
combination of atomic-force icroscopy with fluorescence measurements.” However,
the latter has not been studied inidetail. An important question concerns how much of
the enhancement is due to the prolongation of on-time duration and how much is
related to the enhancement of QY's within the on-time duration? Therefore, in this
chapter, we will investigate the fluorescence enhancement by HDA surface

modifications at the single-QD level.
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I1. Results and discussion

Figure 4.1 shows the fluorescence spectra of ensemble colloidal CdSe QDs capped
with TOPO ligands (hereafter denotes as sample a), CdSe core QDs capped with ZnS
shell (sample b), and CdSe QDs capped with ZnS shell and then further modified with
HDA ligands (sample c). The emission peaks of samples b and c relative to sample a
are red shift due to the extension of electronic wave-function to the exterior of the QD
core.! Additionally, the enhancement of emission intensity was observed due to the
extra capping and the attachment of HDA ligands. This enhancement for ensemble
QDs is generally assigned to.thie passivation of surface trap states around QDs.’

To study the origin of emission enhancement-at the.single-QD levels, the
fluorescence from{single-isolated QDs of samples a, b,.and ¢ was'investigated. Figure
4.2 shows a typical fluorescénce image of 6x6 um’' area for sample b, CdSe/ZnS
QDs. Streaky patterns with a diffraction-limited spot of ~300 nm was observed and
are attributed to the fluorescence infermittency of single CdSe/ZnS QDs.’ This
characteristic is'a hallmark of+fluorescence"emission*from a single-isolated QD. In
order to examine the emission behavior of a single QD, the laser spot was moved to a
specific QD position to record.the transient fluorescence time traces. The section of
fluorescence time traces for sample a, b, and ¢ are shown in Figure 4.3 (a), (b), and (c),
respectively. For the single-QD measurements, to avoid the dot-to-dot heterogeneity,
more than tens of individual QDs from the same sample were measured and averaged
for comparison. The bin time (integration time) was 1 ms for the recording
fluorescence time traces. These traces clearly reveal blinking phenomena, especially
for sample b (CdSe/ZnS) and ¢ (CdSe/ZnS/HDA). The dark periods are generally
attributed to the formation of charged QDs by ionization processes.” When a charged
QD absorbs a photon from the excitation laser beam, it generates a three-particle

charged exciton state (neutral exciton plus one charge) within the QDs. In this case,
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the fast Auger process (on the time scale of ~ps) quenches the radiative emission (on
the time scale of ~ ns) through its faster energy transfer from the recombination of a
neutral exciton to the charge particle.® As a result, the QD becomes a dark (off) state
and no fluoresce can be detected. Once the charged QD is neutralized, it can emit
fluorescence photon and recovers the bright (on) state.

Histograms of on-time length plotted in log-log scale are shown in Figure 4.4. The
distribution follows a universal power-law behavior.” For comparison, the mean
on-time was obtained by simple arithmetic average. We discovered that the mean
on-time length can be increaséd to 2.3 and 5 times for sample b and ¢ compared with
sample a, but the corresponding off-time is also increased. These results can also be
elucidated by the-ionization models The high band-gap ZnS capped layer blocks the
ejection of electrons from (or return o) the interior QD cote to (from) the outside trap
states, which located ‘either in the surrounding.matrix or on the particles surface.
Accordingly, the mcreasing on-time duration accompanied with increasing off-time.
Therefore, the ratio of mean -on-timertormeanwoff=time needs to be considered to
account for the emission enhancement. The on/off time ratios are almost equally for
bare and ZnS capped QDs. Therefore, the fluorescence enhancement of individual
QDs with ZnS shell should not originate; from: the increasing on/off time ratio.
Interestingly, the mean on-time increased and off-time decreased for the CdSe/ZnS
QDs modified by HDA ligands (sample c).

In addition to the ratio of on-time to off-time length, the number of emitted photons
within the on-time duration should be taken into account to fully understand blinking
behavior. In Fig.4.3, the fluorescence intensity within the on-time duration clearly
varies with different surface. Histograms of the burst sizes of Fig. 4.3 are shown in
Figure 4.5. The burst size is defined as the total number of emitted photons above the

threshold for a given on-time duration. This burst-size can be obtained based on the
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TTTR acquisition modes.® From the burst-size histogram, the number of bursts and
mean burst-sizes can be yielded. The burst number is related to blinking rate and the
burst-sizes are dependent on the on-time duration and QYs within the on-time
duration. The mean burst-sizes can be enhanced up to 13-fold and accompany with a
suppression of the blinking rate down to 18% by the attachment of HDA ligands to
CdSe/ZnS QDs.

Subsequently, we would like to discuss the possible role of HDA ligands in
fluorescence enhancement. Here, we mainly concentrate on the alteration of the
blinking behavior induced, by capping additional HDA ligands for individual
CdSe/ZnS QDs. HDA:are superior agents as coordinating solvent for high temperature
organo-metallic synthesized methods because of its high boiling' points. In addition,
the less steric oceupation than TOPO Icaused' the high degree of surface passivation.
After capping with HDA ligands (compared with-sample b and c¢), three considerable
modifications “in blinking behavior was found, extension of ‘on-time length,
enhancement of fluorescence intensity withinstheron=time duration, and shortening of
oft-time length. According to ionization model, on-time can be.ceased upon ejecting
photo-generated electron from.QD core to outside.trap states located either in the
surrounding matrix or on the particle surface, and recovers once the ejected electron
returns to QDs. Therefore, for both extension of on-time length and enhancement of
fluorescence intensity can be explained by higher degree of surface passivation. This
led to reduce surface states around the particle surface, which, act as the role of
trapping photo-generated electrons. It can also be proved by time-resolved
fluorescence measurements of single QDs (next paragraph). For shortening of
off-time length, we suggest that the HDA ligands could act as electron donors to
donate electron to neutralize the charged QDs.” This overall contribution caused

burst-sizes to enhance up to 13-fold for HDA capped CdSe/ZnS QDs.
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To verify the above suggestions, time-resolved fluorescence measurements were
performed to monitor the photo-excited carrier dynamics of single QDs. Figure 4.6 (a),
(b) and (c) reveals the fluorescence decay profiles for samples a, b, and c, respectively.
All decay profiles exhibit universally non-exponential behavior, but has different
average lifetime. We also found that the decay profile of ZnS/HDA capped QDs is
most close to a single exponential curve with longest lifetime. Reasonable reasons are
as follow. Previous report demonstrated that the measured lifetimes vary with time
due to fluctuation of non-radiative decay rates, but strongly correlate with the
fluorescence intensity.'® (i.c« sttong fluorescence intensity is associated with longer
lifetime). The measured decay rates are the sums of radiative.and nonradiative decay
rates. In general, the radiative process is not affected by the surface capping and only
the nonradiative"decay channels can be modified. For ZnS/HDA capped QDs, the
nonradiative decay channel can be suppressed.by the high degree passivation of

surface trap states. Thus, the fluorescence intensity and measured lifetimes increased.

Furthermore, a stretched exponential function /(¢) =/, exp {—(L)ﬂ } is fitted to the
T

experimental data. This equation is usually used to deseribe.a decay process with
non-separable superposition decay rates. Where 7" is a mean lifetime constants and
0< <1 is a stretched dispersion parameter, which represents the degree of spread
of lifetime distribution. For =1, the fluorescence decay curve exhibits a pure single
exponential profile with the narrowest lifetime distribution, which means radiative
processes dominate. For ZnS/HDA capped QDs, it has the longest lifetime and largest
£ value. These results can also be reflected on the distribution of lifetime. Figure 4.7
is the probability of occurrence of lifetime, which can be obtained by using so called
Maximum Likelihood Estimator fitting methods for every 200 ms during whole

fluorescence measurements.'’ We also found that ZnS/HDA capped QDs has
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narrowest lifetime distribution, which is consistent with largest f# wvalue. It implies
that non-radiative decay channels can be suppressed by the high degree passivation of

surface trap states.

_4) -



I11. Conclusions

Fluorescence of CdSe/ZnS QDs has been investigated at the single QD level and is
shown that it can be enhanced by the attachment of HDA ligands. The blinking
behavior of individual CdSe/ZnS QDs can be dramatically modified by additional
HDA ligands. The on/off time ratio and the total number of emitted photons within the
on-time duration can be enhanced up to 2.8 and 13-fold, respectively. Consequently,
the blinking rate can be suppressed down to 18%. The fluorescence decay curve

exhibits more close to single exponential decay profile and has longer measured

lifetime. These results suggested th ] nds car provide the higher degree of

surface passivation.

_43 -



shell, and ZnS/HDA surfaces.
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Figure 4.2: Fluorescence. intensity images of 6x6 um’ Jarea from single colloidal

CdSe/ZnS QDs.
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Figure 4.3: Fluorescence intensity time traces for CdSe QDs with (a) original TOPO,

(b) ZnS shell, and (c) ZnS/HDA.
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Chapter 5: Fluorescence Enhancement by Phototreatment

I. Introduction

Colloidal CdSe QDs have attracted much attention due to excellent fluorescence
(also called photoluminescence, PL) properties, including high quantum yields,
size-dependent emission spectra, and good photostability."* The high surface to
volume ratio makes fluorescence properties variable and sensitive to surface

Photoinduced

molecules,3 local environments,“'6 and light illumination.”
fluorescence enhancement for ‘ensemble colloidal CdSe.QDs has been observed under
various conditions, such*as in aqueous and organic- solutions,® in aggregated QD
monolayers,” in alpolymer thin film;'® or even just under exposiire to ambient light
(i.e. unintentionally illuminating by foom light)" ‘and has been extended to the
single-QD levels.'? Furthermore, the PFE phenomeénon has been ufilized to fabricate
multilayer optieal data storage."> However; the mechanism of PFE is still under debate.
The main proposed mechanism ~fromensembleviewpoints was attributed to
surface-environmental effect, suech as photo-induced surface passivation by water
molecules,” photo-induéed surface transformation,'*-and photo-induced oxidation."
On the other hand, from the viewpoint of single QD; the emission efficiency is mainly
influenced by the fluorescence blinking behavior.'® The dark state (off-times) is
ascribed to the formation of charged QDs, which can considerably quench the
fluorescence by efficient energy transfer (Auger nonradiative recombination) from

17,18 .
*® Previous works have

exciton annihilation to the excess charges within the QD.
demonstrated that photoinduced ionization in single colloidal QDs can occur upon
illumination by means of electrostatic force microscopy.'”>* Some of the single QDs

can exhibit a positive charge upon illumination. Therefore, fluorescence should be

quenched rather than enhanced upon light illumination by the formation of charged
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QDs. This finding seems to be inconsistent with the ensemble PFE phenomenon
based on single-QD fluorescence blinking mechanism. It also indicates that the
photogeneration of charged carriers should play an important role in PFE
phenomenon. Consequently, in order to unravel this issue, it is necessary to

investigate the fluorescence properties down to single-QD levels.
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I1. Results and discussion

Figure 5.1 (a) shows the fluorescence spectra of ensemble colloidal CdSeTe/ZnS
core/shell QDs on the glass coverslip at ambient environment with various
illumination times. The fluorescence intensity increased monotonically and
accompanied with a blue shift in the emission peak with the illumination time.
Compared with the un-illuminated QDs, the enhanced factor is 2.6 for 20 min
illumination. Based on the increased intensity and peak blue shift, the enhancement of
fluorescence 1is initially assigned to the surface passivation of trap states by
oxidation.”” After 20 min, the fluotescence intensitywas saturated and no significant
change in line shapeswas found. After 6 hours in the dark; 85% of the enhanced
fluorescence intedsity was: maintained. To eliminatethe oxidation effect, we also
performed the fluorescence measurements in vacuum under the same experimental
conditions. Figure 5.1 (b) shows the fluorescence spectra of ensemble colloidal
CdSeTe/ZnS ‘eore/shell QDs on the  glass coverslip in vacuum with various
illumination times. In general; thewfluorescencevintensity was decreased upon the
evacuation of air.? Interestingly; the PFE behavior can bestill.obervsed, but with a
smaller enhanced factor. No significant change in the peak position and line-shape
were found. It indicates that theisurface oxidation is not the only cause of the PFE
phenomenon. There must be another effect to cause the PFE behavior. The heating
effect was excluded because the fluorescence intensity should decrease with rising
temperature.'* Therefore, it is believed that the photoinduced charge carriers can play
an important role in the PFE mechanism due to modifications of the single-QD
fluorescence blinking behavior.

In order to unravel this PFE mechanism, the fluorescence variations at the
single-QD levels were studied by monitoring the fluorescence blinking behavior

with/without illumination. Figure 5.2 displays the representative fluorescence
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intensity images of a 4x4 pm® (150 pixels by 150 pixels, integration time of 0.6
ms/pixels) (a) without and (b) with 20 min illumination. Some of the individual QDs
with initially weak emission can be enhanced by illumination (marked by red circles,
hereafter referred to as PFE QDs). On the other hand, some of the individual QDs
with initially strong emission maintain their original fluorescence intensity with no
considerable change (green rectangles). Moreover, the fluorescence was quenched for
a portion of single QDs after illumination (yellow circles). This work mainly focuses
on these PFE individual QDs. For single-QD experiments, to avoid dots to dots
heterogeneity (size, shape, and local nano-environments) within the inhomogeneous
samples, more than 30, PFE individual QDs were measured to.determine their average
behavior.

Figure 5.3 (a)reveals the typical fluorescence time trace:with 100 ms bin time for a
representative PFE colloidal CdSeTe/ZnS QD: The inset shows the fluorescence time
trace for a un-illuminated QD for comparison. For un-illuminated QDs, the blinking
behavior exhibits the simple two-states=(on/off)stransition with very fast transition
rates (i.e. with relatively short en-times) and with average,counts of ~18 per bin, as
shown in Fig. 5.3 (b). Aceording to theoretical-Simulation by Verberk,” this
fluorescence blinking feature 1s attributed to exciton emission from the true neutral
core/shell QDs. In contrast, the fluorescence time traces of PFE QDs revealed
relatively long on-times and exhibited multi-level on-time states (i.e. with different
fluorescence intensity for different on-times events for the same individual QDs,
marked by green solid line). The fluorescence intensity for various on-time events for
PFE individual QDs either are higher or lower than the fluorescence intensity for true
neutral QD emission (un-illuminated QDs). Based on these experimental observations,
this single-QD fluorescence is assigned to emission from neutral core/charged shell

D states.”® It can also be reflected on the histograms of fluorescence intensity in Fig.
g y g
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5.3 (c). Obviously, the histograms of fluorescence intensity for PFE QDs exhibited
multi-level state distributions.

Based on both ensemble and single-QD fluorescence measurements, a possible
model from single-OQD viewpoints can be introduced to rationalize this PFE
phenomenon. Previous report has demonstrated that photo-induced ionization in
colloial CdSe QDs occurs after illumination with above the bandgap light. In this case,

some of single QDs have a positive charge within the QDs.""*

This photo-induced
ionization model is used to elucidate our experimental observations and to rationalize
the contradiction between  ehisemble PFE phenomenon and single-QD blinking
behavior. As illustrated in Fig: 5.4, upon illumination, photo-generated electrons can
either passivate surface/interface trap states or can be ejected to-6utside trap states in
the surrounding'matrix, to prevent further|ionization process by Coulomb blockage.”
The former ‘(photoinduced surface passivation) was evidenced by enhanced
fluorescence for either ensemble or individual QD samples. The latter (suppression of
further ionization) was proved-by relatively-longron=times in single-QD fluorescence
time traces. On the.other hand; eounterpart holes either -delocalized within the QD
core to form the charged QD state (state 2, dark state) or.trapped into the core/shell
interface or on the shell surface (state 3, hereafter referred to as neutral core/charged
shell states). According to the blinking models, charged QDs should not emit
fluorescence photons due to energy transfer from exciton to excess charged carriers
by efficient Auger recombination. Therefore, while the holes were delocalized within
the QD core, it causes the quenched fluorescence (state 2, marked by yellow circle in
fluorescence intensity images in Fig. 5.2). However, when the holes were localized on
the surface far away from the core, the QDs can still emit fluorescence photons

because of less wavefunction overlap between the delocalized exciton and the

localized holes (the exciton wave-function decays exponentially into the shell, state 3).
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Recently, Verberk ef al. introduced charged shell/neutral core QD states to elucidate
theoretically the relatively long on-time states in CdSe/ZnS core/shell QDs.” Actually,
hole trap states were commonly observed in nanometer-size colloidal QDs because of
their high surface to volume ratio. In previous studies, photogenerated holes which
located on the surface or interface can migrate and cause the fluorescence intensity
with multi-level states in fluorescence time traces.”* In this case, the fluorescence
intensity could range a broad distribution, which depends on the distance from the
trapped hole to the core (different degrees of Auger recombination) and should be
weaker than true neutral core states (state 1, no Auger,recombination). However, the
combination of both jsurface passivation and charged shell/neutral core QD states,
single-QD fluores€ence, intensity inrthe fluorescence time traces inay exceed the true
neutral QD states (state 1). This finding is consistent' with our experimental results.
Therefore, we''suggest that the origin of PFEsphenomenon for colloidal CdSeTe/ZnS
QDs is attributed to the overall contributions of both photoinduced surface passivation
by photogenerated charged carriersmand~the~formationrof neutral core/charged shell

QD states.
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I11. Conclusions

Photoinduced fluorescence enhancement in colloidal CdSeTe/ZnS core/shell QDs
was studied by means of both ensemble and single-QD fluorescence measurements.
Ensemble fluorescence intensity can be increased either in air or in vacuum, but with
different enhanced factors. At the single-QD levels, fluorescence intensity was
increased for some of individual QDs upon illumination. For these PFE individual
QDs, relatively long on-times, high quantum yields within the on-times, and

multi-levels on-states was found in fluorescence blinking time traces. Combination

states.

-58 -



(a)

(2)

CdSeTe/ZnS QDs (5) i
. . min
in air .

Intensity (a.u.)

680 700 740 760

(b)

Intensity (a.u.)

640 660 680 700 720 740 760

Wavelength (nm)

Figure 5.1: Fluorescence spectra of colloidal CdSeTe/ZnS QDs with various

illumination times in air (a) and in vacuum (b).
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(a)

(b)

Figure 5.2: Fluorescence images without (a) and with 20 min illumination (b).
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Figure 5.3: (a) lic.epresentati;'/e-fi'uorescence time traces’ for single PFE QDs and
L ! .. I ’ IJ
unilluminated single Q]5s in the inset, (b) the distributions of events of fluorescence
L e

intensity for unilluminated QDs, (¢) for PFE QDs. ©
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Figure 5:4: Schematic for PFE origin fromssingle-QD viewpoints.
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Chapter 6: Electronic and vibrational states under high pressures

I. Introduction
Due to strong quantum confinements in all spatial directions, the emission colors
can be tuned to cover whole visible range by changing the QD sizes. On the other
hand, high pressure technique is another approach to vary the electronic levels of
crystalline materials. Incorporation colloidal QDs under high pressure environment
can provide valuable information to study the electronic and vibrational states of
nanometer-sized materials. Previous reports have demonstrated that colloidal QDs
exhibit distinct properties from bulk materials. For example, structural transformation
of CdSe bulks frém wurtzite to-rock-salt occurred at the pressure of ~3 GPa.' In
contrast to bulk"CdSe, the structures of nanocrystals ‘areistable at pressure above 5
GPa.”” For both nanocrystals and bulk inaterials, the pressure-induced lattice
constant variations are all linear relation which can be reflected” in the pressure
dependent optical measurements. . **However;-fromrthe theoretical predictions,”’ the
lattice constant variations under high pressures should follow quadratic relationship
since the bulk modulus is a. function of pressures. Surprisingly, this quadratic
relationship was not observed explicitly in previous reports. One possible reason is
that the limitation of structure phase transformation occurred before entering
quadratic regime. To confirm this, it is necessary to delay the transformation pressure
of samples. The elevation of transformation pressure can be achieved by the capping
of ZnS.
The effect of ZnS capping on the delay of transformation pressure of CdSe
nanocrystal can be illustrated by the thermodynamic arguments proposed by Tolbert
and Alivisatos to explain the Wurzite (WZ) to rock-salt (RS) structure transformation

of uncapped CdSe nanocrystals.” Surface energy, which depends on the inverse of
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radius square, was accounted for the size dependent WZ to RS structure transition.
The surface atoms, which have dangling bonds, are more energetic and unstable than
those atoms inside the nanocrystal. As the external pressure was applied, the surface
atoms play the role of nucleation sites for structure transformation. The nucleation
sites decreases with the decreasing nanocrystal radius. As a result, the WZ to RS
transformation pressure varies inversely with the square of CdSe nanocrystal radius
and can be fitted by the thermodynamic model.’ Although the capping of ZnS
increases the strain energy due the lattice mismatched between ZnS and CdSe. More
importantly, it greatly reduges the surface nucleation sites for the WZ to RS phase
transition. In the case of SiOs coated Si nanocrystals, the semiconductor diamond
structure to the métallic 3-Sn structure transformation can be elevated from 11 GPa of
bulk Si to 22 GPa.’ In addition, the WZ to RS transformation pressure of ZnS is 17.4
GPa’ and is much higher than that of bulk CdSe of 2.9 GPa.® Therefore, the delay of
WZ to RS transformation pressure can be accomplished by the capping of ZnS. The
crystal structure of capped CdSe nanocrystalstis'moresstable than that of the uncapped
CdSe nanocrystals of the same size. Furthermore, the capped.CdSe/ZnS core/shell
nanocrystals are optically more.stable.”

To observe the pressure-induced quadratic variations of lattice constants, the
colloidal CdSe QDs with ZnS thin capping layers were investigated under high
pressures with de-ionized water as the pressure transmit medium. PL and Raman
scattering measurements have been performed under various pressures up to ~7 GPa
at room temperatures. Pressure-induced quadratic variations of lattice constants are
observed explicitly from both PL and Raman scattering. The average pressure
coefficients for PL and Raman measurements, as well as Gruneisen parameter are

found to be 32 meV/GPa, 4.2 cm™'/GPa and 0.11, respectively.
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I1. Results and discussion

Selected pressure dependent PL spectra are shown in Figure 6.1 and the
corresponding high pressure values are marked in the figure. The main peaks are
attributed to band edge emission of the QDs. The typical blue shift of PL peak
positions can be observed with increasing pressures below ~7 GPa. However, as the
pressure was applied above 7 GPa, the PL signal disappeared. It is ascribed to the
semiconductor WZ to metallic RS transition occurs at 7 GPa. The pressure induced
metallization was also observed in the resistance measurement of Zinc-blende (ZB)
ZnSe at high pressure. As the semiconductor ZB ZnSe,transforms to the RS structure
at 13.5 GPa, its resistance-drops 15 order of magnitude and it.becomes metal.'” In our
previous paper, we: found that when semiconductor ZB ZnSe transforms to metallic
RS structure, the'longitudinal optical (EQ) phonon peak disappears suddenly.'* Bulk
CdSe also undergoes a phase transformation from semiconductor WZ to metallic RS
structures at ~2.9 GPa.® In the case of core/shell CdSe/ZnS nanoerystals of 4 nm, the
phase transformation occurs at-7 GParAbover7*GPaynanocrystals become metal. The
nanocrystal clusters transform from transparency (bright) to.opaque (dark). As a result,
the excitation of PL and lattice. vibration by laser becomes impossible. No PL, 1LO,
and 2LO phonon peaks can beidetected. It 1s a‘reversible process, i.e., when the
pressure was released, the PL and LO phonon signals recovered but exhibited
hysteresis. The RS to WZ transformation during down-stroke process occurs at lower
pressure than that of the up-stroke WZ to RS structure transformation. Tolbert and
Alivisatos® found that Zinc-blende (ZB) is structurely isoenergetic to WZ phase. Both
7B and WZ phases were observed during the down-stroke process.

Figure 6.2 is a plot of the PL peak positions as a function of applied hydrostatic
pressures. The pressure dependence quadratic relationship can be observed, that is, the

slope decreases with increasing pressure. It implied that the pressure coefficient is not
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a constant, but depends on the pressures. The equation E(P)=E, +aP+ BP* canbe

used to fit the overall experimental data. Here, ¢ and [ are average pressure
coefficients. E;=1.990 eV is the energy gap at ambient pressure and can be obtained
by experiments. The fitting parameters for o -~ f are 32 meV/GPa, and -1
meV/GPa®, respectively. To compare with previous reports,' > we divided the overall
data into two parts, relative low and high pressure regimes. The threshold pressure is
assigned to 3 GPa due to dramatic change of the slop. This threshold is just close to
transition pressure of CdSe bulk. The linear function E(P)=E,+aP can be used to
fit two regimes. The pressure.coefficients o are 39 and 25 meV/GPa for low and
high pressure regimes. The former is close to bulk value.'*On the contrary, the latter
resembles the value of nano-crystals.2

Accordingito above findings; actually, there i$ a nonlinear factor that influences
the relationship:between PL peak positions and applied pressures. This effect can be
explicitly observed . in relative high'pressure regime. We thus consider Murnaghan

equation of state which describes'the relation between applied pressures and lattice

B : .
constants, P =—"[( - )*® -1], where B, and B, are the bulk modulus and its

B, a,+Aa

derivative with respect to P, '@, 1s lattice constant under atmospheric pressure, Aa

is the decrement of the lattice constants induced by the applied pressures. One can

then obtain P(%) =B;?[(L)3B€> -1] :-3Bo(ﬂ)+335[335 —1](%)2 + high order
a By . Aa a a

a,

A T . .
terms of (—a). In general, for simplicity, the equation can be approximated to the
a

form of —330(&)+6BO(£)2 + high order terms of (ﬂ) by choosing B,~1. If
a a a

0 0

the external applied pressure is high enough, the second order term cannot be

neglected. Hence, the pressure-induced quadratic variations of lattice constants can be
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reflected in the pressure dependent PL data of figure 6.2. From the viewpoint of
volume change under applied pressures, bulk modulus is not a constant and increases
with increasing pressures. It implies that colloidal QDs are getting harder to be
compressed in relative high pressure regime. Therefore, the pressure coefficients are
getting smaller.

For colloidal QDs under high pressures, the blue shift of the PL peak position is
not only caused by the lattice contraction but also by the enhanced quantum
confinement. For quantum confinement effect, the changes in electronic energy under

e 1

IR (7—1) ;' where f is the volume

applied pressure are given by AE =

compressive ratio due to pressures, u is the reduced.mass of electron and hole, and R
is the radius of the QDs. By employing, the typical parameters of CdSe QDs with 4
nm in radius and set /'to be about 0.8, the changeiof the electron energy induced by
the increasinggof quantum confinement due to the applied pressuresup to the phase
transformationsis still much small. Thisdimplies the blue shift of the PL peak position
caused by the quantum confinement effect can be neglected.

Raman scattering measurement is a very sensitive and powerful tool to probe the
lattice property of crystalling structures. To further study the pressure-induced lattice
constant quadratic behavior, Raman spectra were also recorded at the same time.
Figure 6.3 shows the Raman spectrum of colloidal CdSe/ZnS QDs under the pressure
of 1.43 GPa at room temperatures. From left to right, three peaks can be observed,
and are assigned as LO phonon of CdSe core, LO phonon of ZnS shell, and 2-LO
phonon of CdSe, respectively. Figure 6.4 shows pressure dependent Raman spectra of
colloidal CdSe/ZnS QDs under various high pressures. With the increasing of pressure,
all phonon peaks shift to higher frequency up to 7 GPa. Above this pressure, these

CdSe related Raman peaks disappear abruptly. However, the LO phonon of ZnS cap is
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still observable above 7 GPa because the WZ to RS transformation pressure of ZnS is
17.4 GPa. Combining PL with Raman scattering, it is appropriate to conclude that the
structures transformation occurs at this pressure. Figure 6.5 (a), (b) show the peak
positions of Raman shift for the LO and 2 LO phonons of CdSe QDs as a function of

applied pressures. Both curves are all in quadratic behavior. The solid line is a

quadratic fit by equation of @(P)=w,+aP+ P’ to overall experimental data. The

average pressure coefficient for Raman shift is 4.23 cm™'/GPa, which is consistent
with previous results of bare CdSe colloidal QDs.> This is a clear evidence for
hydrostatic pressures applied to the colloidal QD core even over-coated with a ZnS
thin layer. We can ,also” observe that_there are two, pressute regimes with different
slope divided at the pressure of 3 GPa. From the pressure dependent Raman spectra,

. L - B, d :
the Gruneisen parameter can be derived by the equations of y.= Lo g® , where B, is

wO
the bulk modulus and equal to 53 GPa_for CdSe bulk.16 One then obtains y=0.11,
and the LO phonon frequengy at ambiént pressure is 216 cm™, which is larger than the
bulk value of 213-em’' . Thesincreased value-is due to additional: compressive stress
resulted from the over-coated ZnS. Previous work has reported that QDs over-coated

with ZnS are able to increase the Raman shift with a value of 2 cm ™' ."°
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I11. Conclusions

We have studied the electronic and vibrational states of colloidal core/shell
CdSe/ZnS QDs at room temperatures with high pressure optical measurements.
Pressure-induced quadratic lattice variations can be observed explicitly from both the
PL and Raman spectra up to ~7 GPa. This quadratic relationship is consistent with the
theoretical prediction. The average pressure coefficients for PL and Raman
measurements, as well as Gruneisen parameter are obtained to be 32 meV/GPa , 4.2

cm™/GPa and 0.11, respectively.
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Chapter 7: Fluorescent Properties of Single Gold Nano-clusters

I. Introduction

Noble-metal nanoparticles (NPs) with sizes ranging from 10 nm to 100 nm have
been investigated extensively due to their strong optical absorption and scattering in
the visible range (~520 nm for gold NPs and ~400 nm for silver NPs) caused by the
collective oscillation of free electrons within the NPs (called localized surface

plasmon resonance, LSPR)." This coherent electron motion generates the localized

surface plasmon absorption Al d ively by electron-electron collisions

on the timescale of giemtos€conds. Many biological™ ions, such as markers

reduces down to ~10 nm. Unfortunately, most biological molecules of interest have
the sizes of ~nanometers or less. In order to have strong detection signal for the small
metal NPs conjugated to biological molecules, other efficient emission mechanisms
are to be explored urgently.

Recently, absorption cross-section and fluorescence were found to vary only as
third power of size for metal NPs with relatively smaller sizes.” Due to their
non-toxicity, smaller metal NPs or nanoclusters (NCs) gain overwhelming attention to

CdSe colloidal semiconductor quantum dots (QDs) for future applications in
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biological markers even though CdSe QDs have excellent fluorescence properties,
such as size-dependent emission spectra and good photostability.® Consequently,
fluorescent gold NCs are the promising candidates for future applications in
biological markers because they are greener as well as fluorescent.

In fact, fluorescence from metal materials have been observed for more than 30
years.” However, it did not attract much attention due to very low quantum yields
(QYs) of ~107'°. This low QY is likely attributed to nonradiative relaxation processes

due to very fast electron-electron scattering. Recently, fluorescence with relatively

high QYs (107~107) was ,0b Ps (< 100 nm)* and metal

I IE=1Y

disappears due™t ) : 3 Can not generate

collective osc . e flt is likely due to

ambient environments. At the single-NC levels, fluorescence blinking was observed
and the distribution of on/off-times also follows the power-law similar to colloidal
CdSe QDs. Moreover, the fluorescence decay profiles for single NCs show

mono-exponential decay behavior with lifetime of ~7 ns.
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1. Results and discussion

Figure 7.1 (a), (b) shows the absorption and fluorescence spectra of ensemble gold
NCs in solution. Obviously, no LSPR feature can be found in the visible range,
instead broad absorption band was observed in the ultraviolet range. It implies that
fluorescence is not attributed to radiative emission by excitation of LSPR. The origin
of this fluorescence is likely due to the transition of molecule-like electronic levels.’
Fluorescence lineshape is not symmetric and has a broad linewidth. This broad

linewidth originates from the distribution of sizes within the ensemble-heterogeneous

gold NCs.” Moreover, stoke 00 T was found and significantly

NCs in solutio o stz 1 E 5 : ence enhancement
was observed for slong *mma ion. This photo<enhancement behavior is

was evaporated, fluorescence intensity dropped rapidly with illumination time. This
photo-beaching phenomenon is similar to conventional organic molecules.

To get more insight into fluorescence properties, single-molecule detection (SMD)
technique was used to study single NCs within the heterogeneous-ensemble samples.
Based on this SMD technique, single-NC behavior can be highlighted and inter-NC
interaction was diminished thus, intrinsic properties can be obtained. Figure 7.3
displays the fluorescence intensity images of 4x4um®> for gold NCs.

Diffraction-limited spots with streaky pattern can be seen due to fluorescence
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blinking and some of spots exhibit incomplete shape because of fast photobleaching
during scanning processes. Figure 7.4 (a) shows the typical fluorescence time traces
of a single NC for total measured time duration. At the beginning, reversible on/off
blinking behavior can be seen clearly as shown in Fig. 7.4 (b) and then irreversible
photo-bleaching occurred for long-time illumination. However, not all NCs can
record blinking statistics, some of them suffered from too fast photo-bleaching to
record statistical data. To get quantitative information about this blinking statistics,

we adopted the conventional method for colloidal CdSe QDs to select a proper

threshold intensity to sepz ate_on 1us," on/off-time histograms can be
constructed. Figure ' am on/off-time length for
compiling more than 20 individual:D 1 2 e fitted by a simple

power-law of STmilar to e ODs w sand offféxponent of 2 and

status, the blinking mechanism for single gold NCs is to be explored.

On the other hand, based on TTTR measurements, we also recorded fluorescence
decay profiles of ensemble-aggregated gold NCs (a) and single non-interacting NCs
(b). For ensemble-aggregated NCs, the bi-exponential decay function fits the
experimental results with shorter and longer lifetime of 0.5 ns and 6 ns, respectively.
In contrast to ensemble NCs, fluorescence decay curves of single NCs exhibit
mono-exponential profiles with a lifetime of ~7 ns. Comparing ensemble and

single-NC  experimental results, we suggest that a single-NC exhibit
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mono-exponential decay behavior and fast decay observed in ensemble measurements
was likely due to energy transfer from small NCs to larger NCs (dipole-dipole
interaction). The interaction is in nanometer range, thus can be observed for

aggregated NCs and disappears for individual isolated NCs.
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I11. Conclusions

Fluorescence properties of gold NCs were investigated, in particular, down to
single-NC level. Photo-induced fluorescence enhancement was found for ensemble
gold NCs in solution, but ensemble gold NCs at ambient environment exhibits
photo-bleaching phenomenon. At the single-NC levels, fluorescence blinking was
observed and the distribution of on/off-times also follows the power-law similar to
CdSe QDs. Moreover, the fluorescence decay profiles for single NCs show

mono-exponential decay behavior with lifetime of ~7 ns.
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Figure 7.1: Absorption (a) and emission spectra (b) for ensemble gold NCs in

solution.
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Figure 7.2: Fluorescence intensity variations with time in solution (a) and at ambient

environment (b).
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Figure 7.3: Fluorescence intensity images with 4 x 4 zm” for single NCs.
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Figure 7.4: Fluorescence time traces for single NCs for total measured time (a) and

initial 5 s time window (b).
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Figure 7.5: A plot of histograms of on-time duration (a) and off-time duration (b).
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Figure 7.6: Fluorescence decay profiles of ensemble aggregated NCs (a) and single

NCs (b).
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Chapter 8: Conclusions

In this thesis, we have given an overview of advantages and disadvantages for
nanometer-sized materials, including colloidal semiconductor QDs, metal NPs, and
metal NCs for applications in biological labels and sensors. The common features for
these nanometer-sized materials are the size and surface effects. In addition to
intrinsic properties, surface plays an important role in determination of fluorescence
properties, including QYs, spectra, and photostability. Single-molecule detection

technique is a powerful too o) aterials. Combining SMD and

time traces, fluokes ifetir ) ntensity and lifetime images.

Therefore, we uftiliz 1S I inyesti “fluor ice properties for

Consequently, the blinking rate can be suppressed down to 18%. The fluorescence
decay curve exhibits more close to single exponential decay profile and has longer
measured lifetime. These results suggested that HDA ligands can provide the higher
degree of surface passivation.

Phototreatment is another way to enhance fluorescence intensity for ensemble QDs.
Here, core/shell CdSeTe/ZnS QDs were illuminated by a 480 nm light and ensemble
QYs can be enhanced either at ambient environment or in vacuum. At the single-QD
levels, fluorescence intensity was increased for some of individual QDs upon
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illumination. For these PFE individual QDs, relatively long on-times, high quantum
yields within the on-times, and multi-levels on-states was found in fluorescence
blinking time traces. Combination ensemble with single-QD fluorescence
measurements, we proposed that the origin of PFE phenomenon is attributed to the
both contributions of surface passivation by photo-induced charged carriers and
formation of the neutral core/charged shell QD states.

Furthermore, we have also studied the electronic and vibrational states of colloidal

core/shell CdSe/ZnS QDs at room temperatures with high pressure optical

measurements. indut ( i ] ariations can be observed

> average pressurc

coefficients for : ; S S C s Grune€isen parameter are

fluorescence decay profiles for single NCs show monoexponential decay behavior

with lifetime of ~7 ns.
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