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Chapter 1

Introduction

1.1 Foreword

Miniaturization has arguably been the key theme of technological culture in the past
two decades. Since the advent of and ubiquitization of the personal computer—a miniature
device in its own right—the drive to continue reducing the size of personal electronic de-
vices has driven demand in the consumer electronics industry. When you look around, it is
difficult not to see the manifestation of this drive: ultrathin laptop computers, televisions,
and highly advanced cell phones continue to become sleeker, lighter, and more powerful.

Even so, there remains a desire to develop devices that are paper-thin, flexible, and
more energy-efficient. Creation of such devices will require miniaturization to the single-
or few-atom scale, however. Light-emitting and sensing films need to be created on the few-
nanometer thickness scales; transistors, switches and electric circuitry need to be fabricated
on a single atom (or single “artificial atom™) scale.

Colloidal quantum dots have already been implemented into such devices in a proof-
of-principle manner, and their excellent optical properties and robust physical structure
have led to commercial availability in sensors and televisions. However, it is necessary
to continue to continue fervent research into obtaining complete control over the physi-
cal properties, optical properties, ensemble charge separation, and exciton recombination
properties of these revolutionary systems.

This work represents a small contribution to this worldwide academic and industrial

research and development effort.



1.2  Overview

Characterization of synthesized compounds has long played a crucial role in develop-
ment of new chemical processes. It is only via physical characterization that the synthetic
chemist can receive feedback and learn how to modify reaction parameters to optimize
syntheses. When considering syntheses of organic molecules, for example, it is standard
to use a selected chromatographic method (gas-phase chromatography, liquid chromatog-
raphy, etc.) to isolate a product, and also to use various optical and physical characteriza-
tion methods (e.g. infrared spectroscopy, nuclear magnetic resonance spectroscopy, mass
spectrometry) to understand the identity and purity of the products of a reaction. This
information then serves as a vital part of a feedback loop to optimize and inform future
syntheses.

With the advent of a “new chemistry”—synthesis of nanometer sized metal and semi-
conductor products— there are many added challenges to the design, synthesis, and char-
acterization of samples. On the one hand, synthesis of an organic molecule with a chemical
structure that is, by definition, rigidly defined may result in a product mixture that consists
of a few byproducts and—for larger biologically relevant molecules—a racemic mixture
of chiral products. A pyrolytic synthesis of nanostructures, however, results in a multitudi-
nous array of complex “molecular” architectures. When considering a colloidally synthe-
sized quantum dot (QD)*—a nanometer-sized crystal of semiconductor material containing
hundreds to hundreds of thousands of atoms—the number of possible structural configu-
rations of the atoms composing the quantum dot is perhaps even as large as the number
of QDs synthesized in a single colloidal batch! This phenomenon is illustrated very well
in the absorption and emission properties of colloidal QDs. Early characterization of QD
batches via ultraviolet/visible spectrophotometry and photoluminescence emission spec-

troscopy demonstrated an innate broadening of the linewidth of ensemble QD emission

*The terminology “quantum dot” (QD) is frequently used to refer to a number of different systems, in-
cluding epitaxial quantum dots, crystal phase quantum dots, and quantum dots derived via colloidal synthesis.
In this document, unless specified otherwise, this nomenclature is used to refer to the latter system.

2



Table 1.1: Measurable correlated physical and optical properties of nanostructures

Nanostructure Desired Application Structure-dependent optical property
Quantum dots LEDs Photoluminescence linewidth
Semiconductor nanorods Photocatalysis Charge separation
Gold nanocrystals Photothermal heating Plasmon resonance

spectra; this effect, termed “inhomogeneous broadening” is due to the variety of shapes
and sizes of QDs present in a synthesized batch."

While characterization techniques that measure the properties of millions of nanostruc-
tures at a time are highly valuable, it is important to remain aware of the structural hetero-
geneity that is present in nanostructures and to understand its effects on expressed physical
properties. Nanostructures are typically designed for a specific function—quantum dots
are being used in light-emitting devices and televisions; nanorods hold great promise for
use in photocatalytic water-splitting; noble metal nanocrystals are used for photothermal
applications. For each of these three examples, the desired outcome is dependent on an
optical property: photoluminescence linewidths, charge separation/transfer, and plasmon
resonance, respectively, as shown in[Table[I. T} Further, each of these optical properties are
highly dependent on the array of structures present in the ensemble sample.

As the field of nanochemistry has developed, it has become necessary to examine not
only the resultant properties of millions of nanocrystals measured simultaneously, but also
to visualize the properties of individual nanostructures. The increasing ubiquity of electron
microscopes allowed many chemists to begin determining the atomic and crystal structures
of single QDs within a batch.? This provided a great glimpse into the nature and mech-
anism of colloidal synthesis. Furthermore, the advent and refinement of single molecule
microscopy techniques has allowed determination of the optical properties of single nanos-
tructures.=** It is now possible to directly measure the photoluminescence spectrum, Ra-

man peak shift,” plasmon resonance,® and even the fine absorption spectrum for single



nanocrystals.”

Despite these advances, the most often-used method for single-particle characterization
is uncorrelated: the structural properties of a few hundred nanocrystals are determined and,
subsequently, the optical properties of a few dozen single nanocrystals are determined. Al-
though guesses at the correlation between the observed optical and structural behaviors are
well-informed, there remains a need for a characterization technique that melds the utility
of these two separate techniques—high-resolution electron microscopy and single particle
optical microscopy—into a simple, unambiguous, reproducible single-particle characteri-
zation methodology. The work presented in this dissertation demonstrates the development
of a technique which meets these demands of the field.

The correlation technique that is demonstrated here is used for characterization of col-
loidal quantum dot samples, but the same method could be used to understand the inter-
play of optical and physical properties of a plethora of nanostructures. In this work, it is
shown that using a combination of single particle fluorescence spectroscopy and electron
microscopy for interrogation of the very same QD reveals a great deal of previously in-
accessible information. What follows is an overview of the developed technique and its
application to two problems which have been plaguing the colloidal quantum dot field.
The results would not have been possible without atomic structure-photoluminescence cor-
relation. Finally, concluding remarks address the possibility of applying this correlation

technique to other known problems in the field of nanochemistry.”

1.3 Quantum dots

With the combined experimental work of Louis Brus and theoretical work of Alexan-
der Efros in the 1980s, semiconductor nanocrystals with quantum-confined excitons were
introduced into the scientific conscious.'’ Concomitant with this seminal work was the
introduction of the idea of quantum size-effects into the field of chemistry—quantum con-

finement had previously been the realm of solid-state semiconductor physics, but structures



Table 1.2: Applications of quantum dots

Leveraged property Application Group
Photoluminescence  Light-Emitting Diodes Bawendi'?
Biological Labeling Rosenthalt
QD Lasers Klimov'?
Absorption Solar Concentrators Malik' 1416
IR Sensors Sargent'/
Multiplexing Spectrometers Bawendi
Charge separation Photovoltaics Sargent'”

Table 1.3: Commercially available quantum dots

Product QD Application Company
Biological Labels Imaging LifeTech

Television Color rendering/diffuser QDVision

Tablet Diffuser Nanosys

Camera detector  Light collection InVisage

LEDs Light emission QDVision / Nanosys

expressing this property could now be derived on a large scale in solution. The develop-
ment of pyrolytic syntheses for creation of nanocrystals in the 0D confinement regime was
accompanied by the promise of use of these “quantum dots” (QDs) as solution-processable
precursors for a variety of applications. Additionally, the remarkably large extinction co-
efficient and incredible photostability of QDs foreshadowed their capability to replace or-
ganic fluorescent dyes in many biological labeling applications.l' In the three decades
since QDs were introduced to a broad scientific audience, there has been an explosion of
research into and application of these unique fluorophores, both academic and industrial. A

summary of some of the most important discovered applications is presented in



1.3.1 Single quantum dot spectroscopy

Due to the inherent inhomogeneity of size, shape, and structure of colloidal QDs, it
became necessary to image the optical properties of one QD at a time. The development
of single-molecule fluorescence spectroscopy made this goal achievable by the Bawendi
group in 1996.2%1n this work, it was first reported that single quantum dot fluorescence con-
sists of discrete “on” (emissive) and “off” (non-emissive) states, which occur on timescales
of approximately 0.5 seconds. When imaging single quantum dots, it was discovered that
single quantum dots switched between binary states—a fluorescence “blinking” process
now known as photoluminescence intermittency (PI). The relationship between the proba-
bility distribution of the length of “on” as well as “off” events with respect to time has been
shown to obey a power law distribution which is temperature independent, but does depend
on factors such as excitation intensity, excitation wavelength and, in the case of core / shell
nanocrystals, shell composition and thickness. 21722

One of the first models that purported to explain blinking behavior was the charging-
blinking model, which assumes that ionized nanocrystals will cease to emit photons due
to interference and competition with radiative exciton recombination within QDs. 2202226
A number of alternative theories regarding the source of PI have been proposed since
Bawendi’s foundational research. The inability of the charging-blinking model to ade-

quately describe observed PI is well documented;2%

another theory suggests generation
of multiple excitons in single nanocrystals as the source of P1.2>33 Additional studies
pinpoint multiple recombination centers within the nanocrystals as the source of this phe-
nomenon.>*3? More recently, Galland et al have shown that QD blinking is actually an
expression of two types of blinking—*“A” type, which arises due to charging and discharg-
ing of the QD surface, and “B” type, which is due to charge fluctuations among the surface
sites of the QD.40 Even this explanation, however, has recently been challenged with find-

ings that indicate that surface oxidation must be taken into account when considering single

QD PL spectra.‘“



In addition to PI, single QDs show many other unique optical properties on the single
QD scale. For example, it is well known that the wavelength of emission of a QD is de-
termined by its size. This results in the “inhomogeneous broadening” of the ensemble PL
linewidth. However, in addition to this heterogeneity, spectral diffusion of the emission of
single QDs is a well-known phenomenon that arises due to the fluctuation of charge on or
around a single QD.4**3 Even at low temperatures, the emission wavelength of a single
QD may vary by several meV. This problem makes implementation of QDs into devices
such as optical switches and single-photon routers extremely difficult despite the desirable
single-photon emission from QDs, as these applications necessitate a single, steady emis-
sion wavelength. 4

An extreme example of the sensitivity of single QDs to their surroundings is frequently
encountered in single molecule fluorescence studies—a substantial fraction of single QDs
are permanently nonradiative, or “dark.’*> This is in addition to the fraction of QDs that
are observed to be in the “off” state (due to PI) at any given arbitrary observation time. This
fraction of “dark” QDs is deleterious to not only single QD applications, but also results in
reduced PLQY on the ensemble level, reducing the possible impact of QD implementation
into LEDs and other devices.

Although single QD fluorescence has been well studied since its discovery, correlation
of single nanocrystal optical spectroscopy with structural information from that same QD
has not been effectively demonstrated. Sequential single nanoparticle spectroscopy and
atomic resolution scanning transmission electron microscopy measurements on core/shell
nanocrystals of varying composition and shell thickness has added an additional compo-
nent which can be examined when investigating the mechanism of expressed fluorescence
behavior of single QDs. In turn, this correlation has provided a more comprehensive un-

derstanding of the mechanisms of observed photophysical behavior of QDs.



1.3.2 Time correlated single photon counting

To provide the time resolution necessary for collection of single-nanocrystal emission
after excitation by a pulsed source, Time Correlated Single-Photon Counting (TCSPC) was
added to the single nanocrystal microscope. This technique measures the time between
excitation of a quantum dot and subsequent emission of single photons. Over a long period
of time, many such delay times are calculated for the species being examined. These delay
times can then be histogrammed to provide an accurate approximation of the lifetime of
the fluorophore(s). Absolute measurement of ensemble lifetime in response to continuous
wave excitation would require a dynamic response of ~20 ps, a value uncharacteristic of
most common detectors. Rather than take this approach, use of single photon detectors
allows very sensitive and precise determination of emission dynamics on few-nanosecond
timescales.

TCSPC uses a reference photodiode to characterize the real-time repetition rate of the
excitation source. Single photon events are then detected by single photon avalanche pho-
todiodes (SPADs) at some time #; after the counting board detects the sync pulse. The
“pump” power of the excitation beam is kept at a sufficiently low power such that the pho-
ton emission rate from the fluorophore is ~1% of the pulse frequency (e.g. 2.5 kHz for
a 250 kHz excitation repetition rate).” As a result, a large number of pulse cycles pass
between detection of single emitted photons. Single photon counts are converted to a TTL
pulse by the SPADs that is then read by the counting board (PicoHarp 300). The pulse
that is generated due to single photon detection at a SPAD occurs at some time #, after the
sync pulse (the pulse generated upon photoexcitation of the reference photodiode). The
PicoHarp 300 records each photon event and marks it with an absolute time relative to the

last sync pulse (delay time).

"The repetition rate of the excitation source should be very carefully chosen; if it is improper the lifetime
histogram will be an inaccurate reflection of the actual emission lifetime of the fluorophore. It is important to
ensure that the histogram count rate at a time delay approaching the pulse spacing is <<1% of the maximum
histogrammed count rate. For most colloidal CdSe nanocrystals, this results in a need for pulse spacing of >
400 ns.



PicoHarp 300 TCSPC Board Data Histogram

Many pulses
oceur
between
photon
records

|HW ||I|||||_

t, (ns)

Figure 1.1: Time Correlated Single Photon Counting Theory. Left— Excitation pulses
are sensed by a trigger diode and recorded by the PicoHarp 300 module to determine the
repetition rate of the excitation beam. When a photon is emitted by a quantum dot, the
arrival time of that photon is recorded by one of the single photon avalanche diodes mea-
suring the fluorescence emission. Both the absolute arrival time (relative to the start of the
experiment) as well as the relative arrival time (relative to the most recent excitation pulse)
are recorded in the generated data file. Right— The delay time for each photon is recorded
and used to generate a histogram of the lifetimes of single photons. This histogram can be
used to determine the fluorescence lifetime of the interrogated fluorophore.

Over a significant amount of time (usually seconds to minutes) collection of a large
amount of single photon records allows creation of a histogram of the measured delay
times; this histogram can be analyzed to determine the lifetime of the interrogated fluo-
rophore. The amount of time needed to collect sufficient counts to create a lifetime his-
togram is dependent on both the lifetime of the fluorophore and the count rate of emission.

The process of collecting photons and creating lifetime histograms is illustrated in [Figure|

TIE:

For a comprehensive review of theory and instrumentation for TCSPC, see the PicoQuant PicoHarp 300
User Manual and Technical Data.



1.3.3  Quantum optics for QD characterization

1.3.3.1 Photon antibunching

As the number of studies of single QD photoluminescence began to grow, it became
apparent that there was a need to prove whether the QD being studied was, in fact, a single
QD or an aggregate to two or more QDs. Before inorganic shelling became commonplace
in procedures for QD synthesis, “off” times of single QDs could last for periods of tens
of seconds to minutes—making it difficult to determine the number of QDs solely from
the intensity levels of emission.2%*% In 2000, Michler et al used photon antibunching to
show that single colloidal quantum dots emit single photons at a time.*” This discovery
indicated that QDs could potentially be used to generate single photons on demand; this is
a crucial condition for use of QDs in quantum information and quantum communication
devices. Further, it was learned that discovering the key spectroscopic signature of single
photon emission—*‘photon antibunching”—via Hanbury Brown & Twiss interferometry“3
indicates that only one QD is being investigated.

Hanbury Brown & Twiss interferometry relies on the concept that when a single emitter
emits one photon at a time, the emitted photon may only proceed to one of the detectors
on the other side of a 50/50 beamsplitter. Over time, a correlation of counts between the
two detectors will show that, for pulsed excitation, the fluorescence counts from a single
emitter are not correlated at a time delay 7 = 0. This can be described by the second order

correlation function of photon counts between the two detectors: 44

Q) <m(m(t+7) >
¢ = <m(t) ><m(t+7) >

where n;(¢) is the photon count at detector i at time ¢ and 7 is the time delay between the

two SPADS. For a single emitter, as T approaches zero, if

I’l](l‘) #0
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Figure 1.2: Photon antibunching indicates the presence of a single emitter. When a
single photon emitter is being imaged, the center peak at 7 = 0 has intensity close to 0. If
multiple photons are being emitted for every excitation pulse, the center peak is > 0, as
shown by the dashed red line. Negative time delay is possible between the two detectors
because of an electrical delay which is implemented between one of the detectors and the
correlation card.*

then

m(t+7)~n(t)=0

Conversely, if

ny(t+17) #0

then

I’l](t) =0

Essentially, if a single photon is emitted as a result of excitation by a single laser pulse, a
single photon emitter is incapable of generating a second photon that could be registered
simultaneously on a second detector. This leads to a lack of correlation counts between
the two detectors at zero time delay. Therefore, as the time delay T approaches zero, the
second order correlation result also approaches zero. This results in a time trace similar
to that seen in [Figure [1.2] and is used to distinguish single nanocrystals from multiple

fluorescent nanocrystals. 420
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1.3.3.2 Biexciton quantum yield measurement

Over time, as QD syntheses became more sophisticated and resulted in PLQY's >80%,
it became apparent that the strict requirement of complete antibunching (integration of the
center peak of g(?’=0) was not achievable when performing single QD spectroscopy studies.
In 2012, it was shown by the Bawendi group that, even for single emitters, the ratio of
center peak to side peaks in the g(?) spectrum tends to be some nonzero, positive value.>>
This phenomenon occurs due to the high probability of formation of a biexciton within a
single QD. These biexcitons typically decay nonradiatively, but some fraction of generated
biexcitons undergo radiative decay. If a biexciton radiatively recombines, it produces two
photons in extremely rapid succession—biexciton radiative lifetimes are typically on the
order of a few nanoseconds or shorter. This effect manifests in a count at T = 0 in the g%
spectrum, even though a single emitter is being studied.

Futher, it has been shown that, in the event a single emitter was being studied, the biex-
citon quantum yield (BXQY) could be equated to the ratio of the center peak to any of the
side peaks of the g(? trace. In QDs, Auger recombination of multiexciton states is known
to lead to reduced PLQY.51 Therefore, subsequent to these initial studies, measurement of
BXQY became a standard means of understanding the level of Auger suppression in QD
syntheses, particularly those of the commonly encountered “workhorse” heterostructures
involving CdSe cores. Utilization of this characterization led to one of the key findings
with regard to BXQY: there is a high level of heterogeneity in measured values of BXQY
for QDs from the same sample.?? The explanation for this heterogeneity was speculated to
be associated with surface roughness or presence of crystalline defects in the QDs. How-
ever, a structural correlation with BXQY was still needed to confirm these hypotheses.

Exploration to determine structurally-correlated BXQY was the primary motivation for the

work in|Chapter |4

12



1.3.4 Single quantum dot high-resolution electron microscopy

In the development of QDs, electron microscopy has been one of the most useful tools
for analysis of the nature of synthesized QD samples. Simple transmission electron mi-
croscopy experiments are still standard for determination of the size distribution of QDs,
while these measurements also provide vital information about the shape and crystal struc-
ture of single QDs within the ensemble. In 2004, the use of atomic number contrast scan-
ning transmission electron microscopy (Z-STEM) aided in visualization of atom-resolved
images of CdSe/CdS core/shell QDs.”% The implementation of Z-STEM allowed a much
deeper understanding of the nature of shell epitaxy on colloidal core/shell QDs. This tech-
nique has also been used to investigate termination of crystal faces on the surface of QDs, as
well as allowing visualization of defects such as zinc-blende stacking faults within wurtzite

heterostructures.>>

1.3.5 Energy-dispersive x-ray spectroscopy

Although Z-STEM is highly useful, and allows a qualitative determination of the loca-
tion of the core and shell regions of a core/shell QD, the exact location of the core cannot
be determined with great precision from Z-STEM micrographs. For this measurement, it
becomes necessary to implement a different characterization method. An ideal method is
energy-dispersive x-ray spectroscopy (EDS), which can be used to determine the chemical
composition of the investigated sample, and provides useful information about regions of
different chemical composition within the same nanostructure.

Vanderbilt University’s acquisition of a FEI Tecnai Osiris scanning transmission elec-
tron microscope with ChemiSTEM™ technology greatly facilitated the measurement of
single QD chemical composition. In the past, acquisition of elemental maps QDs would
take minutes to acquire, greatly increasing the probability that the heterostructure of inter-

est would be significantly damaged due to heating or excessive build up of charge. The
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Super-X EDS silicon drift detectors in the Osiris allow for a much higher (~50x greater)
signal from interrogated samples, providing a means by which high-resolution elemental
mapping can be performed long before noticeable structural damage occurs to the QD sam-

ple.

1.4 Instrumentation development
1.4.1 Development of the single nanocrystal microscope

Investigation of fluorescence intermittency and related processes in single nanocrystals
requires an instrument which provides single nanocrystal resolution, fluorescent lifetime
measurement capability, and time resolution on an extremely short (picosecond) time scale.
A diagram of the experimental setup, which was modified from that reported by Dukes et

al,”* is shown in|Figure|1.3| while a photograph of the setup is shown in [Figure 1.4

A neodymium-doped yttrium orthovanadate (Nd:Y VO, ) continuous-wave laser (Coherent™
Verdi, 532 nm, 18W) pumps a titanium sapphire (Ti:Al,O5) oscillator (Coherent™ Mira,
800 nm) with a repetition rate of 76 MHz. This beam is frequency doubled in an angle-
tuned beta barium borate (I mm [3-BBO, Altos Photonics) nonlinear mixing crystal. The
result is an excitation beam with a wavelength of 400 nm, pulse width of <200 fs, and a
temporal pulse separation of 13.2 nanoseconds.

Alternatively, the beam from the Coherent Mira is used to pump a Coherent RegA 900
titanium sapphire (Ti:Al,O5) regenerative amplifier; the energy of the 800 nm pulse from
the RegA is amplified by a factor of ~103, and the repetition rate of the pulse is lowered to
250 MHz. This full setup has been illustrated previously.”> The resultant beam is frequency
doubled using a 3-BBO crystal to produce a 400 nm excitation beam that can be used in
the place of the beam generated after the Mira. This results in an interpulse spacing that

is much more optimal for measuring QD lifetimes, as a typical decay time for colloidal

QDs is on the order of several hundred nanoseconds—a pulse occurence of once every 4
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Figure 1.3: Single Nanocrystal Fluorescence Microscope. See text for full description of
optical components. A series of lasers produces a 400 nm excitation pulse that is used to
set the repetition rate at a trigger diode. The excitation beam is directed into a backfilled
objective that provides illumination of QD samples on a cantilevered substrate with XYZ-
positions controlled by a piezo-actuated stage. Emission of the QDs is collected through
the same objective, filtered from excitation light with a 410 nm long pass filter, and imaged
confocally onto a set of single photon avalanched diodes (SPADs) in a Hanbury Brown &
Twiss geometry to allow for measurement of single QD antibunching.

Figure 1.4: Photograph of the Single Nanocrystal Fluorescence Microscope. This pic-
ture shows the beam path entering the objective, the cantilevered piezostage, and the two
SPADs in a Hanbury Brown & Twiss alignment. Also shown is the optional collection path-
way to the CCD camera, which is used for wide-field fluorescence collection and bright-
field microscopy.
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us therefore allows the QDs to decay fully between excitation pulses.

The 400 nm excitation beam is focused through a 20 um pinhole and recollimated be-
fore being reflected from a 410 nm long-wavepass dichroic filter (Omega Optics, 3RD410LP)
into an inverted objective (Olympus UPLSAPO apochromatic water immersion, 60x, 1.20
N.A.). The fluorescence from the focal region is collected by the objective, passes through
the dichroic filter and is focused through a 150 um pinhole onto a 50/50 non-polarizing
beamsplitter cube. Two single photon avalanche photodiodes (SPAD, Micro Photon De-
vices $PD-50-0TC) are positioned such that 50% of the photons collected through the pin-
hole strike each SPAD. A flip mirror can also be inserted into the beam path before the
150 um pinhole to allow for imaging onto an electron multiplying CCD camera (EM-CCD,
Andor iXonEM+, model DU-897E-CSO-#BV). A variable neutral density filter can be in-
serted into the excitation beam path to control the flux at the single nanocrystal between ~
15 and 1500 W-cm2; these are standard values used in single nanocrystal experiments.

For wide-field excitation, a Kohler expanding lens (f = 100 mm) is inserted into the
beam path before the dichroic filter. This lens shifts the focus of the excitation beam,
allowing for imaging of a fairly large sample area (beam diameter at point of collection ~
100 um). For optical bright-field imaging, a broadband, continuous wave halogen lamp was
used to illuminate the sample and an image was collected onto the CCD camera through
the same optics used for collection of fluorescence.

A PicoQuant PicoHarp 300 (PH300) picosecond histogram accumulating real-time pro-
cessor board was interfaced with a PicoQuant PH403 router to allow for collection and
identification of TTL signals from the two SPADs. Samples are mounted onto a can-
tilevered 3-axis piezoelectronically-driven stage (ThorLabs NanoMax MAX303) that is
interfaced with a piezocontroller (ThorLabs BPC203); this setup provides precise position

control to 5 nm.

16



1.4.2  Software design

Using the programming languages of LabView and C, software was developed to al-
low simultaneous raster scanning by the piezostage and collection of photon records by
the PH300. The BPC203 module has been interfaced with the PH300 counting board and
configured to generate TTL signals representing line-start, line-stop, and new frame. These
signals result in insertion of markers within the TCSPC data stream, providing the capacity
for simultaneous collection of spatially- and temporally-resolved images of a sample with
a size of 400 um?. The raster scans of fluorescence intensity can be analyzed either by a
LabView program designed for the purpose, or by using the available PicoQuant SymPho-
Time software, which computes fluorescence decay curves for each pixel in addition to an

intensity-based image.

1.4.3 Confocal scanning of sample substrates

The 20 pm pinhole through which the 400 nm excitation beam is focused produces a
Gaussian beam profile; this beam is recollimated by and focused through the objective onto

the sample area. Using the Rayleigh criterion to define the confocal region,

R— 0.6114
N.A.

where the excitation wavelength A= 400 nm and numerical aperture N.A. = 1.2, results in
a Rayleigh radius of 200 nm. The calculated beam profile at the sample region is shown
in this Nyquist calculation provides the size of the confocal region by taking
into account the backprojected pinhole radius and the refractive index of the immersion
fluid (water, n = 1.0) and the substrate.”® As expected for a confocal microscope using
single-photon excitation, the depth of field is quite large at approximately 8 pum.

This setup is theoretically predicted to yield a spatial resolution of ~ 200 nm. To

confirm this prediction, a measurement of the beam intensity around a single QD was
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Figure 1.5: Simulated profile of the confocal collection area. Using measured parameters
from the collected beam spot and the size of the confocal pinhole (150um), the confocal
collection area was simulated

performed. This beam profile, created from the fluorescence of the QD, allows direct mea-
surement of the beam diameter in the lateral (x- and y-) dimensions. This measurement
is demonstrated in In practice, the spatial resolution of the instrument was
found to be much lower than the theoretical resolution. Direct measurement of a single
fluorophore yielded a resolution in both the x- and y-dimensions of ~400 nm.

A raster scan of a spincast solution of commercial QDs (LifeTech™ QD605) recorded
with the above-referenced software is shown in A sample time trace for one of
the nanocrystals displayed in this image is shown in This trace was recorded
with a flux of 130 W-cm™, with photons subsequently place in 100 millisecond time bins
for analysis. This method of scanning, identification of single QDs, and measurement of
intensity vs time traces was used to collect confocal time-resolved data for a number of
representative QDs to confirm the capabilities of the single QD microscope.

The piezoresponsive scanning stage used for the confocal microscope is susceptible to
thermal drift, but was typically stable enough for confocal measurement of single QDs for

time periods of 5-10 minutes, as can be seen by the constant maximum intensity over a

time period of 500 seconds shown in
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Figure 1.6: Measured profile of the excitation beam. The intensity of emission of a single
QD under confocal excitation was measured using the Andor CCD camera. Gaussian fits
to the emission intensity in the x- (a) and y- (b) directions allowed determination of the
resolution of the confocal microscope. A 3D intensity profile of a single QD is shown in

(c).

5um

Figure 1.7: Confocal raster scan of single QDs. This image shows LifeTech™ QD605
QDs on glass. The sample was spincast from a ~1 nM aqueous solution.
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Figure 1.8: Intensity vs time trace for a single QD. Left— Photoluminescence intensity

vs measurement time for one of the QDs shown in Right— Histogram of the
binned intensity values showing the probability that the blinking QD would be observed in

a high-(“on”) or low-intensity(‘“‘off™) state.
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Chapter 2

Correlation of Atomic Structure and Photoluminescence of Individual Semiconductor

Nanocrystals’

In a size regime where every atom counts, rational design and synthesis of optimal
nanostructures demands direct interrogation of the effects of structural divergence of indi-
viduals on the ensemble-averaged property. To this end, we have explored the structure-
function relationship of single quantum dots (QDs) via precise observation of the impact of
atomic arrangement on QD fluorescence. Utilizing wide-field fluorescence microscopy and
atomic number contrast scanning transmission electron microscopy (Z-STEM), we have
achieved correlation of photoluminescence (PL) data and atomic-level structural informa-
tion from individual colloidal QDs. This investigation of CdSe/CdS core/shell QDs has
enabled exploration of the fine structural factors necessary to control QD PL. Additionally,
we have identified specific morphological and structural anomalies, in the form of internal

and surface defects, that consistently vitiate QD PL.

2.1 The need for correlated interrogation of optical and structural properties of single

colloidal quantum dots

Semiconductor QDs hold great promise for implementation in energy-efficient devices
due to their high quantum yields, large extinction coefficients, and a high level of syn-
thetic control over absorption, emission and electroluminescence properties.> Recent ad-
vances have resulted in realization of colloidal QD-based devices including light emit-
ting diodes (LEDs), 1215859 flexible LED displays,60 photovoltaics, 9 solar concentrators, 10

QD-lasers,®! and even widespread use of QDs as a diffuser in LED displays. Further,

TAdapted with permission from Orfield N.J., McBride J.R., Keene J.D., Davis L.M., and Rosenthal S.J.,
“Correlation of Atomic Structure and Photoluminescence of the Same Quantum Dot: Pinpointing Surface and
Internal Defects That Inhibit Photoluminescence” ACS Nano 2015 9(1), 831-839. Copyright 2015 American
Chemical Society.
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QDs have reached ubiquity as molecular probes for in vitro fluorescence imaging be-
cause of their limited photobleaching, which enables robust fluorescence labeling and sin-
gle particle tracking.%? Despite their potential, colloidal QDs are plagued with charging
and nonradiative recombination, phenomena which can be probed via time-resolved single
QD spectroscopy and are manifested in the PL intermittency (PI) characteristic of single
QDs 202563164

Since the first report on nanocrystal PI in 1996,% a large number of studies have investi-
gated this phenomenon, which gives rise to an “off” time probability distribution governed
by inverse power law statistics. These studies have shown that PI seems to arise due to
trapping of charge carriers either within or at the surface of the QD heterostructure, and
subsequent nonradiative recombinations within the charged QD.5%% Prior comprehensive
studies have determined the dependency of “on”/“off” probability distributions on such fac-
tors as excitation intensity, excitation wavelength, and, when considering core/shell QDs,
shell composition and thickness,%*1:22:60

There are many variations of core/shell syntheses in the literature, with variance in both
the shell composition®” and the level of gradation between core and shell.>> Development
of nonblinking QDs has been achieved by multiple groups; this blinking suppression is

accomplished by encapsulating cores with many layers of shell material®®

and/or alloying
materials to yield a smooth chemical potential between the core and shell.**’% Even these
syntheses, however, produce a fraction of QDs that do not exhibit blinking suppression or
are permanently dark, presumably due to structural inhomogeneity. X' QD-to-QD structural
variance almost certainly accounts for inhomogeneity noted in biexciton quantum yield, a
parameter that must be optimized for realization of efficient QD lasers.?”

Meanwhile, “nonblinking” is not the only desirable expression of QD PL intermittency
behavior. When contemplating use of QDs for specific applications, a much more complex

situation is encountered, as outlined in In some cases, QD blinking is actually

desirable—-superresolution microscopy (nanoscopy) is attainable when the implemented
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fluorescent species exhibits fast photoswitching, thereby facilitating localization of single
fluorophores separated by nanometer distances.”%73

Blinking can be a hindrance in acquiring complete time-resolved location data for bi-
ological tracking experiments, but it can also provide useful additional information with
which to identify labeled targets. Specifically labeling one target with nonblinking or con-
trolled blinking QDs while labeling another target with blinking enhanced QDs would al-
low immediate identification of the distinct targets without the use of separate fluorophore
colors. This would also make possible multiplexing via color and blinking behavior simul-
taneously, increasing the current maximum number of achievable targets manifold.

In the past, large-scale single-QD PL studies have treated all QDs as structurally iden-
tical, although some effort at correlation with structure has been attempted (see
@). Detailed investigation of the shape, size and structure of QDs, however, reveals ap-
preciable heterogeneity among individuals from the same batch.> Indeed, inhomogeneous
broadening in the PL spectra of ensemble QDs is a well-known phenomenon,”® and has
been attributed to the native polydispersity of colloidal QD samples.”> Adding another de-
gree of complexity, core/shell syntheses result in a complex atomic landscape with unique
inorganic junctions on each QD; this landscape affects the excitation dynamics, decay dy-
namics, oscillator strength, and multiexciton properties,” which fluctuate with the addition
of even a single atomic layer of core or shell material. In turn, the macroscopic properties
of a group of these unique emitters are highly dependent on the distribution of atomic and
electronic properties of QDs in the ensemble. Therefore, in order to fully comprehend the
effects of atomistic structural variance on the electronic structure as a part of the ongoing
effort to achieve complete control over QD fluorescence, correlation of structural informa-

tion with collected PL transients for individual QDs is imperative. 767/
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Table 2.1: Relationship between single QD PL behavior and desired application

QD Application Desired Property Single QD behavior
LEDs & QD televisions High photoluminescence quantum yield Nonblinking & no “dark” QDs
Biological labeling & Single particle tracking Ease of localization Nonblinking

QD lasers
Multiple target labeling
Super-resolution microscopy

High optical gain
Readily differentiated QDs
Stochastic photoswitching of single fluorophores

Nonblinking & high biexciton quantum yield
Multiple types of controlled blinking
Enhanced blinking




2.2 Previous correlation attempts by other groups

Previous attempts at correlating single QD structural information via electron microscopy
with fluorescence data have been difficult. Basche et al reported on attempts to use carbon
substrates as a TEM support film to correlate single QD structure with PL. and PL po-
larization.8%81' A5 described in use of carbon for measuring the fluorescence
properties of single QDs is likely to alter the absorption and emission dynamics of the QDs
as compared to studies on SiO, or in solution.*

One of the main problems that was encountered in the past was the ambiguity frequently
present in correlation of PL and structure for single QDs. In the first published example of
correlation, the authors reported recording of optical data for 65 QDs, of which 4 could be
positively identified and correlated when performing TEM.®Y This 6% success rate, while
impressive, needs to be improved upon vastly in order to provide a complete view of the
different structures, morphologies, and PL expressions of single QDs. Even in the only
subsequent work published to this initial paper, a deleterious high level of ambiguity was
reported in the correlation method.®!

Still others have used atomic force microscopy (AFM) to simultaneously correlate pho-
toluminescence with the presence of single QDs.*> This technique is very helpful for iden-
tifying “dark” QDs; however, implementation of AFM fails to provide structural insights
at the atomic level.

Studies done by the Drndic lab have shown that photoluminescence time traces can
be correlated with specific clusters of varying numbers of QDs. %083 These studies also
stop short of allowing correlation of atomic structure and photoluminescence, however.

A variety of other research has purported to identify the same QD in fluorescence and

Qurs and previous studies show that use of carbon as a substrate is unlikely to allow adequate contrast
for fluorescence imaging of single colloidal CdSe QDs without incredibly high excitation pump power.®=
The previous work on this topic may also have suffered from false positive signal acquired from aggregates,
considering that the existing TEM-optical correlation studies report a high signal level for colloidal QDs with
no inorganic passivation, and the authors admitted that the technique used showed a high level of ambiguity
when identifying QDs in the electron microscope.
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electron microscopes—due to the highly difficult nature of this correlation, however, it is

key to demonstrate the methodology used to acquire such correlated images.

2.3 Experimental methods
2.3.1 Sample preparation

Samples were prepared by spincasting polystyrene latex spheres (PS, Ted Pella, 1 um)
from a stock aqueous solution onto transmission electron microscopy (TEM) support films
(Ted Pella, PELCO 8 nm Ultra-Flat Silicon Dioxide Support Film). After spincasting, the
PS naturally group into random formations that are readily identifiable in both fluorescence
images and scanning transmission electron micrographs. These formations acted as fidu-
cial markers from which single QD locations could be surmised, as illustrated in [Figure]
Subsequent to PS deposition, 5 uL. of a 100 pM aqueous QD solution was dropped on
the support film; residual liquid was wicked away with a KimWipe. This sample prepara-
tion resulted in a density of ~0.0015 QDs/um?; this ensured single QDs were adequately
spatially separated to avoid influence of QD-QD interactions. The sample preparation pro-

cedure is illustrated in |Figure[2. 1]

2.3.2  Optical microscopy

The optical setup is a modified version of that reported by Dukes et al.** A neodymium-
doped yttrium orthovanadate (Nd:YVO,) continuous-wave laser (Coherent Verdi, 532 nm,
18W) pumps a titanium sapphire (Ti:Al,O5) oscillator (Coherent, Mira 900 basic, 800 nm).
The oscillator seeds a regenerative amplifier (Coherent, RegA 9000) that is used to drive
an optical parametric amplifier (Coherent, OPA 9400). The frequency doubled output of
the OPA 9400 is used in these experiments because it provides excitation at 400 nm and a
pulse separation of 4 s, thus ensuring that the QDs are able to fully relax between exci-

tation events. The excitation beam passes through a neutral density filter and reflects from
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Figure 2.1: Preparation of TEM support films for correlation. (a) The support film is
carefully placed on double-sided carbon tape on a microscope cover glass. A drop of stock
aqueous polystyrene latex spheres is then spincast onto the support film. () Subsequent to
spincasting of the polystyrene latex spheres, the support film is removed from the double-
sided tape, then a dilute droplet of aqueous QD solution is dropped onto the support film
and subsequently wicked away with a KimWipe. See text for full details.

a series of mirrors before being expanded x?2 and focused by a 300 mm focal length lens
to provide wide-field Kohler epi-illumination within a custom-built inverted microscope.
The microscope uses a water immersion objective (Olympus, UPlanSApo 60x, 1.2 N.A.,
00/0.13-0.21, FN 26.5). The excitation beam is linearly polarized and enters the objec-
tive off a 410 nm long-pass dichroic filter (Omega Optics, 3RD410LP) set for s-polarized
reflection at an incidence angle of ~10°. A 3D piezostage (ThorLabs, MAX301) and con-
troller box (ThorLabs, BPC203) were used to lower the sample into position above the
objective. Emitted fluorescence from the excitation area, which was a disk of ~100 um
diameter, was collected by the objective, passed through the dichroic and a 600 nm LP
filter (ThorLabs, FEL0600) and is imaged onto an EM-CCD camera (Andor, iXonEM+,
DU-897e-CSO-#BV) using an achromat tube lens with focal length of 250 mm and a 1:1
relay lens system, resulting in an optical magnification of 83.3. The neutral density filter
was adjusted to limit irradiance in order to prevent multiple exciton generation.

Once the sample was prepared, the TEM support film was placed, facing downward,

onto a No. 0 glass coverslip. This imaging geometry is illustrated in The
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Figure 2.2: Geometry for fluorescence imaging of QDs on a TEM support film The
copper ring can be removed for imaging if necessary. For preliminary experiments, 5 nm
thick Si;N,, films on Si windowed substrates were used. For later work, SiO, films were
used for imaging, as described in|Section[2.4]

piezostage was maneuvered to bring the image on the EMCCD camera into focus. The
focus was found by removing the Kohler lens and adjusting the piezo stage so that the
laser beam focused at the coverslip and partially reflected back along the incident path.
Polystyrene latex beads were used in conjunction with the border of the support film to
allow for recording of positional information. The EM-CCD was cooled to —50°C, and
all videos were recorded at a frame resolution of 100 ms (refresh rate 0.1027 s) for 20,000
frames (2054 s). The illuminated portion of the sample was imaged onto a section of the
camera with a diameter of ~250 pixels. Electron-multiplying gain was set to 300x and
pixels were binned 2x 2, resulting in an image of 128 x 128 pixels with 0.384 pm/pixel in

object space.

2.3.3 Electron microscopy

Scanning transmission electron microscopy images were obtained using a Tecnai Osiris

operating at 200 kV, with a spot size set to 10 (to reduce charging effects) and a cam-
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era length of 220 mm for HAADF imaging. STEM-HAADF imaging was chosen over
HRTEM imaging since the white-on-dark-contrast for STEM greatly facilitates the loca-
tion of individual quantum dots at low magnifications. Patterns of polystyrene were used to
align the STEM image and distances measured from the optical microscope were used to
identify regions of interest. Large area images were used to identify neighboring particles

and possible dark particles.

2.3.4 Data analysis

The brightest pixel in a 2x2 pixel area in each frame was chosen and used to determine
the transient for each QD. Very infrequently, STEM imaging would reveal the presence
of multiple QDs in the same ROI from optical imaging. In this case, the ROI was not
considered a part of the single QD population being probed. Custom LabView software
was used to determine the following parameters for each QD according to the referenced
literature methods: (a) on (off) times, (b) on (off) time probability distribution,* and (c)

on (off) time memory parameters R(on), R(on)jeg, R(0ff), R(0ff);oq. B4

2.4 Selecting a suitable substrate for correlated photoluminescence microscopy and

electron microscopy

There are numerous considerably important considerations when selecting a substrate
that is well-suited to both optical microscopy and imaging with an intensely focused elec-
tron beam. Typically, when performing single QD fluorescence studies, some form of SiO,

substrate is used to support the samples,’ as Si0, is an electrically insulating material with

YEarly reports of single QD microscopy utilized a strategy of embedding the dots in a layer of polymer—
such as poly(methyl methacrylate) (PMMA)—to prevent the surface of QDs from photodegradadation pro-
cesses such as surface oxidation. Inorganic shelling has made this practice unnecessary for robust excitation
of and detection from single QDs.
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minimal fluorescence at visible wavelengths.|

Prior experiments have reported the use of traditional graphite-on-copper support films
or thin Si;N, on windowed silicon grids for attempts at full correlation of optical and
structural data. Initial efforts to reproduce the success of Basche et al in the use of carbon
for a support film were met with no success. Using a commercially available colloidal QD
system—LifeTech™ QD605—the spincast QD density was determined to be appropriate
for interrogation of single QDs via TEM, but no QD fluorescence was visible under optical
excitation with a 400 nm excitation source. This lack of fluorescence can most likely be
attributed to the conductive nature of the graphitic carbon grids.H

The lack of success with using traditional conductive support substrates that are ideal
for electron microscopy led to the investigation of Si;N, as a possible substrate for corre-
lated imaging. The prior study which used this support film demonstrated measurable PL
and identification of clusters of QDs, although single QD imaging was not achieved.> A
fluorescence scan of a section of a Si;N,, substrate coated with QDs is shown in

The QDs on the Si;N, film can be seen to blink during the raster scan, as indicated
by dark “striped” lines in the fluorescence image. This raster scan indicates an enhanced
blinking rate of QD605 as compared to the QDs on a SiO, substrate; this comparison can
be made between and [I.7]to bring into sharp relief the difference between QDs
on glass and QDs on thin Si;N, membranes. A fluorescence time trace of one of the QDs
from (shown in[Figure [2.4) illustrates this effect, in stark contrast to that shown
in of a single QD on SiO,.

Despite being a useful electron microscopy substrate that is aptly suited to measurement

of single QD fluorescence, using a Si;N, substrate nonetheless presented a problem—

IFor QDs with PL emission peaks centered around or redshifted from 550 nm, a thin No. 1 glass cover
slip can be used as a substrate, and collected emission can be filtered from glass fluorescence with an ap-
propriate long-wave pass dichroic filter. For QDs with PL emission blueshifted from 550 nm, it becomes
necessary to use ultrapure fused silica, which is made from sand that has had fluorescent impurities removed
before flaming.

IGraphene grids were also investigated, but once again to no avail. It was soon shown in a literature
report that graphene is able to participate in FRET with single QDs, thereby resulting in an observed quench
of single QD PL."2 This effect has also been shown with other two-dimensional materials. >
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5 um

Figure 2.3: Fluorescence of single QDs on a Si;N, TEM support film Shown is a con-
focal raster scan of the fluorescence of QDs (LifeTech™ QD605) on a 40 nm thick Si;N,
TEM support film inverted onto a microscope cover glass, as shown in The
enhanced blinking seen here can be readily identified when comparing with the confocal

raster scan of the same QDs on a SiO, substrate seen in [Figure |7| (page l?])
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Figure 2.4: Photoluminescence intensity vs time trace for a single QD on a Si;N, sub-
strate “Off” times of single QDs were greatly enhanced on a Si;N, substrate.
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standardization would be difficult because prior studies have investigated single QD fluo-
rescence on SiO,, and interaction between the substrate and the QDs would prevent direct
comparison of measured results with those from existing literature studies. When consid-
ering approaching this difficult problem by replicating decades of single QD experiments
on a new, non-ideal substrate for fluorescence imaging, it became apparent that an optimal
imaging substrate would be the one that has been used for all previous studies—namely,
Si0,.

The foreseen difficulty with using SiO, for imaging in an electron microscope is the
lack of an efficient charge dissipation mechanism for this electrically insulating material.
Fortunately, for the ultrathin 8 nm and 40 nm support films that are now commercially
available, buildup of charge was not observed to be an inhibiting factor in obtaining lattice-
resolved electron micrographs of single CdSe/CdS QDs. The remainder of the work pre-

sented in this dissertation was performed on just such commercially available substrates.
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Figure 2.5: Use of Si;N, as a substrate for electron microscopy. An attempt to use
silver nanoparticles as fiducial markers for correlated imaging of QDs was inhibited by the
tendency of the silver to aggregate rather than disperse over the Si;N, film.

2.5 Needle in the hay: unambiguous correlation of photoluminescence and fine atomic

structure of the same colloidal quantum dot

Our initial attempts at correlation aimed to implement plasmonically-active 40 nm di-
ameter silver nanoparticles as fiducial markers to provide positional information when ob-
serving the same mesoscale substrate area on the optical and electron microscopes. An
example of such an attempt can be seen in|Figure[2.5| where silver nanoparticles and single
QDs can be seen in the same area of the TEM grid.

Unfortunately, despite their visibility on both imaging systems, these silver nanopar-
ticles were difficult to unambiguously identify on the TEM grid due to their small size.
When selecting fiducial markers, a simple, inexpensive method was preferred over meth-

ods such as the electrodeposited silver maps used by other groups in the past. This led
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Figure 2.6: The strategy for correlation of single QD photoluminescence behavior with
atomic structure.

to selection of readily available polystyrene latex beads (PS)** as the next candidate for
fiducial markers. The general strategy for correlation is pictured in The use of
PS proved crucial to correlation process.

The straightforward method for collection of fluorescence and atomic structure from
the same samples is illustrated in [Figure[2.7] This method is ideal, because it implements
only widely available instrumental components without major modifications to the optical
or electron microscope. This strategy could be employed by any researcher with access to
a fluorescence microscope and transmission electron microscope. In fact, as shown later in
this method was easily employed on a separate fluorescence microscope, with no

instrumental modifications necessary.

**The beads used here are intended for use as a TEM sizing standard; spheres are synthesized at a specified
volume and can be used to calibrate length scales on electron microscopes. A slightly more expensive, but
more versatile option would be the use of fluorescent beads: polymer spheres embedded with dye molecules
that would allow the user to select the desired emission wavelength of the fiducial marker for possible spectral
separation of the marker and QD signal.
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Figure 2.7: Correlation of optical and electron microscopy. Correlation was achieved
by loading an 8 nm SiO; support film on a windowed Si3N4 frame with polystyrene latex
spheres and QDs. The grid was placed face down onto a coverslip to allow for optical
imaging, and subsequently imaged in the electron microscope.
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Figure 2.8: Fluorescence imaging of single QDs on a 40 nm thick SiO, substrate. (a) An image mapping the fluorescence maximum
for each pixel over 100 s shows the location of QDs under wide-field optical excitation. In this image, brightness is indicative of a
convolution of single QD fluorescence intensity and “on” time. (b) A slice showing the intensity vs time for the pixels found along the
red line drawn in (a). Blinking of single QDs is visualized as bright and dark periods as a function of time.



A fluorescence image obtained under wide-field 400 nm Kohler illumination and col-
lection with a cooled CCD array detector is shown in The method for collec-
tion of this fluorescence image is described in full in Wide-field illumination
and collection was found to be more useful for comprehensive imaging of all QDs on a
substrate, as raster-scanning confocal methods have three major flaws: these methods (1)
ignore “dark” QDs, (2) miss any QDs that are “off” during the initial scan, and (3) are
subject to a great deal of user selection bias when choosing which QDs to examine. An
example of the QD time trace that can be extracted from the collected time-dependent flu-
orescence image is shown in [Figure[2.8pb

In the center of the fluorescence image shown in two large fluorescent cir-
cles can be seen. These larger fluorescent species are the PS, and are readily distinguished
from QDs due to their larger size. An illustration of the general method that allows for
identification of regions of a TEM grid via PS bead deposition is shown in The
PS formations are unique due to the variability of both the number of PS in a formation and
the orientation of the resultant formation.

demonstrates the method for performing STEM on the same region of the

grid for which fluorescence has already been collected (Figure[2.T0R). [Figure 2.10b| shows
an uncorrected high angle annular dark field (HAADF) STEM image of this region. When

performing STEM at low magnification, QDs can be difficult to identify. Indeed, in the
case of the image shown, the QD is smaller than the pixel size. However, the QDs reli-
ably appear as single bright pixels, or 2-3 bright adjacent pixels. Typically, it is possible to
identify these bright areas directly upon imaging. In order to verify the presence of QDs,
however, post-processing can be performed to identify the bright pixels that correspond to

QD location. [Figure [2.10c| shows an image that was obtained by applying a “maximum”

filter to the micrograph in[Figure[2.10b] In this processed image, the QDs that were previ-

ously identified via fluorescence imaging can be rapidly identified for high-magnification

imaging. [Figure[2.10d|is a cartoon of the investigated region.
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Figure 2.9: Support film configuration and use of PS as fiducial markers. Left— A SiO,
support film is suspended over a windowed silicon TEM grid. Imaging is performed on the
regions of suspended SiO,. Right— A cartoon illustrating the mapping strategy for iden-
tifying specific regions of the grid. PS group into formations that are readily identifiable
due to arbitrary, unique aggregation and orientation. QDs locations relative to PS forma-
tions are recorded on the fluorescence microscope to guide the localization during electron
microscopy.

demonstrates the final result—fine atomic structure of individual QDs for
which the photoluminescence behavior is known. The QDs shown here correspond to the
previously identified QDs in the cartoon shown in The QD labeled “NC3” is

the structure which corresponds to the bright fluorescence time trace previously shown in

detail in

2.6 Conclusions

The first technique to allow full correlation of time-resolved PL behavior and fine
atomic structure of QDs has been developed. The technique shown here could theoretically
be applied for a variety of metallic and semiconducting nanostructures. The universality
and simplicity of the correlation method presented makes it ideal for studying heterogene-
ity within these systems, as well as for performing an in-depth study of the QD system
shown in this chapter.

This method is also tunable for the desired application, and the non-intrusive nature of
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Figure 2.10: The first demonstration of unambiguous correlation of optical and elec-
tron microscopy for QDs. (a)An expanded view of the center region of the fluorescence
image previously shown in (b)A scanning transmission electron micrograph of
the same region of the SiO, TEM support film. QD locations are enclosed in red circles for
clarity. (¢)A maximum filter of the STEM image shown in (b), with pixel width set to 5.
Post-processing allows facile identification of regions of high contrast in the STEM images
that correspond to QDs. (d)A cartoon representing the location of QDs in both the STEM
and fluorescence images.



Figure 2.11: Structures of QDs shown in the wide-field images in|Figure[2.10{ High res-
olution scanning transmission electron micrographs of single QDs for which fluorescence
had previously been collected. NC3 corresponds to the time trace shown in [Figure[2.8
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the imaging setup allows for performance of this sophisticated analysis with common, com-
mercially available tools. This method could be expanded to include a variety of optical
properties other than photoluminescence—one could conceivably measure single nanos-
tructure Raman spectra,” plasmonic emission,® and even fine absorption spectra® and cor-
relate these measurements with single particle structure.

The next two chapters demonstrate application of this method to QD systems to deter-

mine previously-unattainable insights into structure-dependence of PL (Chapter|3) and the
nature of charging in single QDs (Chapter [4).
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Chapter 3

Visualizing Nonradiative Internal and Surface Defects: The Role of Stacking Faults and

Anomalous Shell Epitaxies in Nonradiative Recombination

3.1 Choice of quantum dot system to study

For this study, PL time traces and high angle annular dark field (HAADF), also known
as atomic number contrast scanning transmission electron microscopy (Z-STEM), images
were collected for a total of 84 QDs, examples of which are shown in [Figure 3.1

For our experiments, we chose to use commercial QDs (Life Technologies, QDOT 655).
In ensemble, these QDs possess a narrow emission fwhm of 27 nm; the typical morphol-
ogy and detailed atomic structure have also been described in the past.> Despite the high
quality of the ensemble optical spectra, the aforementioned previous studies showed that
a moderate level of structural and morphological diversity is encountered on a single QD
basis. This QD-to-QD variation provides an ideal platform from which we can learn about
both core/shell growth phenomena and structure-function relationships of QD heterostruc-
tures. The ensemble statistics of the 84 QDs studied are highlighted in [Figure|3.2]

The heat map overlay shown in [Figure [3.2] illustrates the physical heterogeneity of
the QDs studied here. The morphology studied is an anisotropic core/shell, with the CdSe
core in the dark region of the heat map and the CdS shell growing preferentially from one
facet in a lengthwise direction. Heterodispersity observed in the length of these QDs is
reflective of differing amounts of shell material, as illustrated in and shown in
the histograms in

The QD heat map overlay was created by overlaying the profiles (cross sectional areas)

of each of the 84 QDs examined in this study. The intensity is linearly scaled in the fol-

TAdapted with permission from Orfield N.J., McBride J.R., Keene J.D., Davis L.M., and Rosenthal S.J.,
“Correlation of Atomic Structure and Photoluminescence of the Same Quantum Dot: Pinpointing Surface and
Internal Defects That Inhibit Photoluminescence” ACS Nano 2015 9(1), 831-839. Copyright 2015 American
Chemical Society.
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Figure 3.1: Correlated fluorescence and structural data for individual QDs. Shown
in (a) are full fluorescence intensity transients; (b) shows the corresponding fluorescence
intensity histograms for the 3 QDs whose structures are shown in (¢). (d) The boxed trun-
cated portion of the topmost fluorescence intensity transient in (a) shows the “on” and “off”
states of a fluorescent QD. Scale bars in (c¢) are 2 nm.
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Figure 3.2: Heterogeneity within the core/shell nanocrystal ensemble. (a) A heat map
overlay of the 84 QDs investigated displays the morphological heterogeneity in the ob-
served population. (b) Because the core size is effectively equal among QDs, length reflects
the amount of shell coverage in the direction of the C3, (long) axis. (c¢) Size distribution
and (d) aspect ratio distribution of the examined QD population. (e) The distribution of
all observed QDs as a function of on-fraction. We observed that the QDs inhabited a low
on-fraction population (LOFP) and high on-fraction population (HOFP).

lowing order, from lowest to highest intensity: yellow, magenta, cyan, indigo, green, red,
black. This heat map is meant to illustrate the size dispersity of the examined QDs, and is

not scaled for Z-STEM intensity contrast.

3.2 “On”-fraction heterogeneity in commercially available CdSe/CdS core/shell

quantum dots

For each QD, the amount of time spent in the emissive “on” state was calculated and
divided by the total collection time to find the QD on-fraction.8¢ All on-fraction data is
represented in the histogram shown in All of the QDs examined, including
the 7 permanently nonradiative QDs, fall into two separate subpopulations, one of which
has a much higher on-fraction than the other. We delineate a high on-fraction population
(HOFP) and low on-fraction population (LOFP) as illustrated in We observe
that the LOFP results from some QDs exhibiting defects resulting in a drastic reduction in

on-fraction. We analyzed Z-STEM images to compare the QDs inhabiting each popula-
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tion, allowing us to understand the distinct structural features that result in QD on-fraction
segregation. All Z-STEM images for the 84 QDs studied herein are shown in

The Z-STEM images hold a wealth of information including size parameters, crystal
structure, CdS shell epitaxy, and QD orientation. Additionally, contrast highlights vari-
ances in atomic composition, providing information about the shell epitaxy and core/shell
interface.”? Using this information in conjunction with observed lattice fringes and previ-
ous work”*87 we determined which facets of the core were passivated by CdS and how
much shell material was present for each QD. For the purposes of our discussion, because
there is some overlap in the LOFP and HOFP, we established the cutoff at an on-fraction of
0.70. In all, 26 of the investigated QDs (31%) resided in the HOFP; these QDs exhibited
both structural integrity and inorganic passivation of a large number of facets on the CdSe

core by the CdS shell.

3.3 The good: Ideal quantum dot structures in the high on-fraction population

The collected data also allowed us to visualize the structures of QDs with high on-
fractions in an effort to ascertain unifying characteristics within this population. Not sur-
prisingly, the most commonly observed features were good structural integrity and near-
complete inorganic passivation of the core. Two other less-expected features were observed
as well. Out of the 84 QDs studied, the QDs oriented on end, with the C3, axis perpendic-
ular to the substrate, were seen to reside in the HOFP (average on-fraction = 0.87, n = 3,
Figure[3.3q).

Z-STEM images show that, for these QDs, a large number of (010), (100) and corre-
sponding facets are well passivated by CdS, resulting in high on-fractions. The reduced
cumulative “off” time in these QDs may be further explained by a lack of interaction of
the CdS shell surface with the SiO, substrate. Further exploration of this orientation in the
future will allow a more complete understanding of the high observed on-fraction.

highlights a subset of QDs with a high on-fraction that exhibit a previously
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Figure 3.3: Structures of suppressed blinking QDs. The QD configurations with the
highest on-fraction are shown in (a) and (b). Only three QDs were oriented along the c-
axis (a), as shown on the left in (¢); these QDs all exhibited highly suppressed blinking. All
QDs but these three were oriented side-on, as shown on the right in (¢). Also included in the
high on-fraction population were QDs showing CdS shell growth from the Se-rich (101)
face of the CdSe core (b). A cartoon of the previously unaddressed growth mechanism of
these QDs is illustrated below the more common traditional growth in (d). The on-fraction
distribution of these QDs with respect to all QDs in the sample demonstrates the suppressed
blinking observed (e). Scale bars are 2 nm.
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unaddressed shell growth (average on-fraction = 0.89, n = 3). The lattice spacing and
orientation of these QDs indicate that the view angle is along the [111] axis. In order for
this structure to be formed, the CdS shell must nucleate and grow from a Se-rich (101) facet,
as opposed to the commonly observed nucleation and growth from the Se-rich (001) facet.
Although the traditional “bullet” shape is preserved, the lengthwise growth does not occur
parallel to the C3, axis of the CdSe core. This growth mechanism is highlighted in
Because the (101) facet is surrounded by two other Se-rich (101), one chemically
neutral (010), and only one Cd-rich (001) facet,®® shell growth after nucleation passivates
a large area on the surface of the core. Specifically, this growth method seems to passivate

the Cd-rich (001) facet, which is typically almost completely bare for the more common

“bullet” shaped QDs, as seen in

3.4 The bad: Stacking faults and visible surface irregularity act as nonradiative

recombination centers

The presented technique allowed us to directly correlate specific structural defects with
decreased photoluminescence of individual QDs. We used the acquired data to understand
the effect of three commonly encountered defects: (1) stacking faults within the core or the
core/shell heterostructure, (2) unpassivated Cd-rich (101) core facets, and (3) an etched/un-
passivated Cd-rich (001) core facet. Out of the 84 QDs studied here, 12 were seen to exhibit
highly visible zinc blende stacking faults. An example is shown in

Our data show that stacking faults facilitate charge trapping and promote nonradiative
decay, as indicated by an average on-fraction of 0.26 (n = 12). Previous work on II-VI
semiconductor quantum wells has shown that stacking faults in the material act as efficient
nonradiative recombination sites,(42) and it has been postulated that the same effect should
be seen in QDs and QD heterostructures.®” The stacking faults we observed were at the
core/shell interface for 8 of 12 QDs (75%), indicating that this defect is likely formed

during growth of the inorganic CdS shell onto the CdSe core.
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Figure 3.4: Stacking faults inhibit single QD PL. Shown in (a) is an example of a QD with
a stacking fault. (b) The inverse Fourier transformed image demonstrates the disruption in
the regular wurtzite lattice; this technique allows visualization of regular crystalline order
arising from defect-free areas of the QD. (c¢) illustrates that all QDs with a similar visible
stacking fault were observed in the LOFP. Scale bars are 2 nm.

48



Two morphological defect structures of individual QDs are shown in Figure 4. The
first of these, pictured in [Figure [3.5@] is a “pinched” shape that results from the presence
of stoichiometrically distinct facets on the CdSe core:®® the CdS shell grows preferentially
onto the Se-rich (001) and chemically neutral (010) and (100) facets, in contrast with the
ideal traditional concerted growth process that results in a contiguous shell.

The second morphological defect we took note of was the presence of a “divot” on the
Cd-rich (001) surface of the QD core. This defect, which is shown in[Figure[3.5p] arises due
to uneven CdS shell growth: outgrowths from the Se-rich (101) facets result in the “divot”
near the Cd-rich surface. This corresponds with the general trend that we observe—namely
that incomplete coverage of Cd-rich facets produces QDs with a much lower on-fraction.

As shown in the misshapen “pinched” and “divot” structures possess Cd-
rich regions of the CdSe core that are exposed (not fully passivated), thereby increasing the
likelihood of carrier trapping on the CdSe surface and lowering the observed on-fraction.
QDs exhibiting an excessively exposed CdSe core, noncontiguous CdS shell growth, or
some combination of these defects almost exclusively inhabit the LOFP, as shown in|Figure
The average on-fraction of QDs with these surface defects was 0.30 (n=31). All QDs
meeting these criteria are highlighted in

The observed exposed Cd-rich core regions are not necessarily fully bare. Likely, there
are passivating ligands on the surface of both the core and shell. These ligands, while
effective at passivating some surface defects such as dangling bonds, are less photostable
than an inorganic shell, and are not effective at eliminating vacancies at the surface of the
core.? This can be seen by comparing the blinking behavior of QDs with no inorganic
shell to nonblinking QDs with rationally designed gradient and thick inorganic shells. 0362

The traps formed at the surface of the CdSe core could be either shallow or deep surface
traps due to vacancies, surface oxidation or dangling bonds.”!' In fact, it has recently been
proposed that surface vacancies, if unpassivated, can atomically rearrange to transition

from shallow to deep traps. This change would occur via charging of the QD, or even as a
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Figure 3.5: Characteristic defects for QDs with a low on-fraction. An example of a QD
exhibiting a “pinched” shape is shown in (a), and an example of irregular shell growth at
the base of a bullet QD is shown in (b). Highlighted on the representative QD structure in
(c) are Cd-rich facets onto which lack of shell growth results in a lower on-fraction. These
defects limit the on-fraction of QDs possessing them, as shown in the overlaid histogram
in (d). Scale bars are 2 nm.
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result of photoinduced surface rearrangement.?’?2 Our group has experimentally observed
electron beam induced surface rearrangement, and similar results could be expected for
single QD photoexcitation. 3793

For CdSe nanocrystals, shell material tends to favor nucleation and growth from the Se-
rich (001) facet. The faceting of the wurtzite cores used for these commercial QDs results
in the “bullet” shape observed in the QD population studied. Although this morphology
is not ubiquitous, many core/shell syntheses display preferential shell growth onto chemi-

cally distinct core facets.”* For this reason, the concepts introduced herein apply to many

common literature preparation methods.

3.5 ...And the ugly: Determination of the crystal structure of single nonradiative

quantum dots

One of the unique aspects of our approach is that it facilitates investigation of the struc-
tures of nonradiative, or “dark™, QDs. In the total population, 7 of the 84 QDs observed via
Z-STEM were labeled as “dark” QDs. Optical excitation of the “dark™ QDs in the fluores-
cence microscope did not yield fluorescence at any point during the collection period. The
structures of these 7 QDs are shown in|Figure|3.6

Previous studies have identified the existence of permanently nonradiative QDs,#>%>
and it has been speculated that a permanently dark population may be the source of low PL
quantum yield (PLQY) in nonblinking QDs.” X' Our ability to pinpoint and directly observe
the atomic structures of these QDs is unmatched, however, and will allow a more complete
understanding of the array of QDs that are detrimental to ensemble PLQY.

Examination of the “dark™ QD structures reveals some interesting details. The QD
shown in was the only QD in this study with a visible stacking fault in the core
region. This may indicate the presence of a permanent internal defect at the core surface

that results in a high rate of nonradiative recombination. The QD in [Figure [3.6b| shows

a noncontiguous, asymmetric shell growth that would be expected to provide inefficient
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Figure 3.6: Structures of nonradiative QDs. Our technique affords the ability to deter-
mine the crystal structures of permanently nonradiative, or “dark”, QDs. The seven “dark”
QDs identified in this study are shown here. Scale bars are 2 nm.
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passivation for the same reasons outlined above for QDs in the LOFP. The QD shown in
IFigure [3.6c|is anomalous in that it has little or no shell material grown onto the CdSe core.
This QD would be excessively prone to surface oxidation and surface trap formation. The
other “dark” QDs do not show egregious surface or internal defects. This
indicates that perhaps there is some nonstructural explanation for a lack of PL in QDs—
perhaps having to do with the dielectric environment or external traps on the substrate.
More likely, “dark” QDs could arise due to features that cannot be resolved via electron
microscopy, such as fine surface defects and organic ligand coating. Future studies will
add to the library of “dark” QD structures, and will allow us to determine any existing

structural motif among these QDs.

3.6 Other results
3.6.1 Length vs. on-fraction

One aspect of heterogeneity that we undertook to study was QD size and its effect on
PL intermittency. All cores possess a similar size; therefore length is a good indicator of
the amount of shell material grown onto the face of the QD. We found the length of QDs
has no effect on the amount of time spent in the “on” state (Figure[3.7). This contrasts
with previous reports that the ensemble PLQY of anisotropic core / shells decreases with
increasing aspect ratio for anisotropic core / shells,?® although a direct comparison between
QD on-fraction and ensemble PLQY for these different syntheses would probably be facile.
We notice that, within the same as-synthesized QD batch, once the native QD surface is
passivated by a few monolayers of CdS, further growth of the shell does not result in more
efficient confinement of charge carriers to the core. Only by passivating all surfaces without

introducing defects can nonradiative processes be quenched.
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Figure 3.7: Length vs on-fraction. A graph of length vs on-fraction demonstrates that the
total amount of shell material is less important for reduced blinking than efficient passiva-
tion of CdSe surfaces. A line with a slope of m=0, shown in gold, illustrates the lack of
dependence of on-fraction on the length of the QD.

3.6.2 Probability distributions of “on” and “off” times

We noted no correlation between inverse power law parameters and QD structure, al-
though a future study aimed at investigating this relationship would be very useful.

The longest “off” (“on”) times we observed were typically on the order of 100-200
seconds. Therefore, our measured “off” (“on”) times were never more than 10% of the
total collection time of the experiment (2000 seconds). We chose a collection time of
2000 seconds to prevent potential bias of QD on-fraction measurements toward longer
“off” (“on”) times. Previous analyses have indicated that this collection time is suitable for
acquisition of blinking events to allow for analysis and determination of inverse power law

parameters m, Top, and Togy.

3.6.3 Statistical certainty of subpopulation assignment

Because three QDs were assigned to the HOFP for each of the subpopulations catego-
rized as “Perpendicular C3, axis” and “101 Growth Direction,” it is reasonable to question

whether the QDs in these subpopulations could have appeared in the HOFP by chance. For

54



both QD populations, the probability that all three QDs are in the HOFP by chance is given

by:

#ODs1otal

Prorp = (

Which, for both subpopulations, becomes:

26\°
Prorp = (Q) =3%

3.7 Conclusions

The presented correlation technique allowed investigation of the fine structural factors
that mediate QD PL. We were able to unambiguously pinpoint the effect of specific surface
and internal defects on the PL of single CdSe/CdS core/shell QDs. We found that, for the
investigated QDs, shell material often covers little to none of the Cd-rich (001) or (101)
facets. This lack of complete coverage results in the “pinched” and “divot” morphologies
that we observed to decrease the total radiative time in single QDs. We also observed that
stacking faults at the core/shell interface are detrimental to efficient radiative recombination
in individual QDs. We now have direct evidence of what has previously been suspected:
Cd-rich surface sites act as physical trap sites and the presence of a stacking fault at the
core/shell interface enhances nonradiative recombination.

We also observed that suppressed blinking in anisotropic QDs can arise due to both ori-
entational and structural factors, as illustrated by the suppressed blinking observed for all
QDs oriented with the C3,, axis perpendicular to the substrate. The contrast between differ-
ent observed morphologies in the studied QD sample is summarized in[Figure[3.8] The cor-
relation also identifies structures of QDs in the permanently nonradiative “dark™ fraction;
the information learned about these structures can be used to eliminate the “dark” QDs,
thereby increasing ensemble PLQY. In the future, examination of heterogeneity within a

population of isotropic QD heterostructures made with spherically faceted cores will be
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useful in further elucidating ideal structures for designer QD emitters.

Ultimately, our correlation technique can be expanded to determine the structure de-
pendence of a vast array of optical parameters. These include single QD spectra, spectral
diffusion,”” biexciton quantum yield, blinking frequency, and both excitonic and biexci-
tonic PL lifetime. Polarization dependence of PL behavior can also easily be examined, as
dipole orientation is readily identified via electron microscopy. We believe that the use of
this correlated characterization tool will facilitate rapid synthetic enhancement of desired

QD properties for less developed, emergent QD systems.
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Chapter 4

Nanocrystal-to-Nanocrystal Quantum Yield Heterogeneity and the Lack of a “Dark”

Fraction in Nonblinking “Giant” Quantum Dots’

Physical variations in colloidal nanostructures give rise to heterogeneity in expressed
optical behavior. This correlation between nanoscale structure and function demands in-
terrogation of both atomic structure and photophysics at the level of single nanostructures
to be fully understood. Herein, by conducting detailed analyses of fine atomic structure,
chemical composition, and time-resolved single-photon photoluminescence data for the
same individual nanocrystals, we reveal inhomogeneity in the quantum yields of single
nonblinking “giant” CdSe/CdS core/shell quantum dots (g-QDs). We find that each g-QD
possesses distinctive single exciton and biexciton quantum yields that result mainly from
variations in the degree of charging, rather than from volume or structure inhomogeneity.
We further establish that there is a very limited non-emissive “dark”™ fraction (<2%) among
the studied g-QDs and present direct evidence that the g-QD core must lack inorganic pas-
sivation for the g-QD to be “dark™. Therefore, in contrast to conventional QDs, ensemble
photoluminescence quantum yield is principally defined by charging processes rather than

the existence of dark g-QDs.

"The contents of this chapter are taken from the manuscript Quantum Yield Heterogeneity Among Single
Nonblinking Quantum Dots Revealed by Atomic Structure-Quantum Optics Correlation by Orfield, N.J.,
McBride, J.R., Wang, F., Buck, M.R., Keene, J.D., Reid, K.R., Htoon, H., Hollingsworth, J.A., and S.J.
Rosenthal. At press time, the aforementioned manuscript was in revision at ACS Nano.
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4.1 The need for complete correlation of single colloidal quantum dot atomic structure,
spatially resolved chemical composition, and single-photon photoluminescence

behavior

In colloidal quantum dot (QD) heterostructures, dissimilarity in physical structure and
morphology is intimately tied to electronic structure variations that have a profound in-
fluence on the expressed absorption and emission properties.’® At the same time, com-
mercial prospects for QDs are expanding rapidly, with successful incorporation of QDs
into LEDs,”® displays,°? lasers,”” and sensors.!® Single QDs are also intriguing for use

as single photon emitters,*” entangled photon-pair emitters, 2100

and biological labelling
agents. 1! Despite the pronounced rise in efficiencies and availability of QD-based devices,
much about the fundamental physics of QDs is still unknown—specifically, regarding the
effects of atomic-scale defects and inhomogeneities on the expression of photolumines-
cence and absorption.”1%2 This fundamental understanding is crucial at the current stage
of colloidal QD development.

Ensemble measurements, while informative, fail to provide insights into the effects of
fine structural variance on photophysical properties. Single QD spectroscopy has been
incredibly useful in elucidating the nature and mechanism of, for example, single QD pho-

40041

toluminescence intermittency, and studies incorporating correlation of single QD pho-

toluminescence data with structural measurements from atomic force microscopy (AFM)#>
and transmission electron microscopy (TEM)®Y8l have proven informative. However,
AFM fails to provide detailed structural information such as lattice defects and shell epi-
taxy, while TEM has these same drawbacks accompanying a difficult correlation procedure
that struggles to produce ambiguous identification of the same QD because of the low con-
trast of the electron microscopy method.®!' A comprehensive description of the effects of
size, shape, and structural inhomogeneities—a feat beyond the reach of conventional AFM

and TEM correlation—is imperative in order to understand the underlying physics inherent

in QD optical expression.
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When a QD is struck by a laser pulse, the probability of a photon being absorbed is di-
rectly related to the size of the QD. Further, the fate of an exciton generated within the QD is
dictated by the electronic environment, which is highly dependent upon the physical prop-
erties of the QD. The core size is the best known physical parameter on which electronic
structure depends—the larger the core, the lower the energy of photons that are able to be
absorbed and emitted. There are, however, many other physical parameters that directly
influence the energy and characteristic time in which the exciton radiatively recombines.
For example, structural defects can induce nonradiative recombination, which competes
directly with radiative emission as a potential outcome of exciton formation.'%2 Therefore,
studying exciton outcomes in single QDs as a function of structural and morphological
differences provides insight into the charge transport properties and energy conversion ef-
ficiency of films and arrays made from colloidally synthesized QDs.

Recently, we achieved correlation of time-resolved photoluminescence data with atomic
structure in commercially available core/shell QDs.'Y This correlation allowed an un-
derstanding of the delicate effects—on a single QD basis—of defects, crystal structure and
shell epitaxy on the photoluminescence behavior of individual QDs. Herein, we extend
this approach to “giant” CdSe/CdS core/thick-shell quantum dots (g-QDs)*8 /1103 ¢ ad-
dress outstanding issues pertaining to their unique photophysical properties. g-QDs exhibit
suppressed blinking behavior on the single-dot level, and also show significantly reduced
Auger recombination rates due to the presence of a thick CdS shell.>!' Intriguingly, al-
though essentially complete suppression of blinking has been recently realized for this

system, 71103

ensemble quantum yields have generally remained well below unity. Previ-
ous work has suggested that a non-emissive “dark” fraction may be contributing to sub-
optimal quantum yields;1% however, in that case the non-blinking fraction had also not
been optimized, leaving open the challenge to reconcile a fully non-blinking behavior with

relatively low QYs (<50%). In this study, we determined the chemical composition of

the same individual QD heterostructures for which we had previously acquired extensive
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Figure 4.1: Acquisition of optical, structural and chemical data for a single colloidal
quantum dot. (a) An individual quantum dot is located on a SiO, substrate and sequen-
tially imaged via optical spectroscopy and high-resolution electron microscopy according
to a previously published method.'% The measurable parameters from the very same sin-
gle colloidal quantum dot include (b) fine atomic structure, (c) spatially-resolved chemical
composition, (d) fluorescence-lifetime intensity distribution plots (FLIDs), (e) photolumi-
nescence time trace, (f) photoluminescence lifetime, and (g) second-order fluorescence in-
tensity correlation (¢?)). The location of the CdSe core can be determined from the EDS
mapping trace of selenium in (c). Because the lifetime and intensity of the QD photolumi-
nescence varies over time, both are calculated for each time bin (every 100 ms); plotting
the lifetime vs intensity for each bin provides a 2D heatmap histogram (d) that facilitates
visualization of exciton dynamics over long time scales. Probability in (d) reflects the like-
lihood of the QD to emit from a specific correlated lifetime-intensity state. Scale bars in
(b) and (c) are 5 nm.

photoluminescence data, as shown in [Figure 4. 1)

In the past, usage of high angle annular dark field (HAADF) detection on a scanning
transmission electron microscope (STEM) has allowed for identification of
core location via differential contrast based upon atomic number.”* However, when study-
ing bulkier structures than traditional core/shell nanocrystals, such as the g-QDs studied
here, the large shell volume inhibits the sensitivity of HAADF to determine the location of
higher atomic number elements within the heterostructures. Additionally, because HAADF

intensity is indicative of both atomic number contrast and sample thickness, implementa-
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tion of HAADF imaging to locate cores in core/shell QDs is a somewhat qualitative exer-
cise. For this study, we have used STEM paired with energy dispersive x-ray spectroscopy
(STEM-EDS, to provide a much more complete picture of the chemical struc-
ture of the QD. This measurement allows visualization of QD—-to—QD variations in location
of the CdSe core. The minimum observable distance between the core and the surface of the
g-QD heterostructure can then be correlated to specific PL behaviors. With our expanded
correlation toolset, we are able to probe the relationship between a plethora of parameters,
including core location (via single-QD STEM-EDS), surface roughness (via 2D perimeter),
absorption cross-section, PL intensity time trace (Figure . Tl)), PL radiative decay lifetime
(Figure |4.1f), and second-order fluorescence intensity correlation ratio g(*/ .
We can also record the trajectory of both PL lifetime and PL intensity over time. These
parameters can then be histogrammed to provide insight into changes in the exciton re-
combination pathway as a function of time, as demonstrated in the fluorescence lifetime
intensity distribution in [Figure4.1dl The g’ measurement (Figure 4.1k) indicates the like-
lihood of biexciton emission from a single quantum dot after biexciton formation due to a
single laser pulse.*% Any time two photons are sequentially emitted after excitation by one
pulse, a count is registered around the zero-time delay peak. Therefore, the area ratio of the
center peak to any of the side peaks of g(? is typically used as a means to measure biex-
citon quantum yield relative to that of single exciton quantum yield (BXQY/SXQY). This
measurement also provides a good indication of the ability of a QD to emit radiatively un-
der high pump fluence (when biexciton formation is more likely) and has been shown to be
heterogeneous among as-synthesized QD samples—making study of structural dependence
vital to QD development. 2190

Although g-QDs are non-blinking (100% nonblinking fraction, see [Appendix [B)), they
still exhibit intensity variations in average PL intensity from dot to dot. Without a structural
correlation, these emission variations could reasonably be attributed to corresponding vari-

ation in the volume of single g-QDs. Because the volume (and absorption cross-section) of
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g-QDs changes substantially with as little as a single-monolayer of variation, the heterodis-
persity of g-QDs demands single QD QY measurements in order to understand if variations
in emission intensity are due to changes in single QD QY or changes in QD size. Here,
we have used intensities acquired from HAADF-STEM to facilitate precise determination
of the absorption cross-section for every individual QD on which we performed single QD
spectroscopy. This measurement, along with measured photoluminescence (PL) intensity,

was used to determine the QY of each g-QD relative to all other QDs.

4.2 Correlation of atomic structure and photoluminescence for g-QDs

The correlated PL. and STEM images for a population of QDs on one TEM support film
window are shown in shows the raster-scanned PL image taken with
the single nanocrystal fluorescence microscope at Los Alamos National Laboratory. The
reflection of the excitation beam off of the SiO, substrate can be seen in the upper right and
lower right corners of this image, while the PL from the polystyrene latex beads that were
used to localize the same QDs later in STEM can be seen in the middle right of

The collage of the correlated STEM images at low magnification is shown in [Figure
M.2bl Single QDs are marked with similar red circles and lines for ease of identification of

the same areas on the fluorescence image and electron micrograph. The scale bar is 2 um.

4.3 Time-correlated single photon counting for improved description of single quantum

dot photoluminescence

After preparation, the support film was placed, face-down, on a No. 1 glass cover
slip. The sample was then imaged by raster scanning with a 405 nm pulsed excitation
source (PicoQuant PDL; 30 ps pulse width, 2.5-10 MHz repetition rate). This setup has
previously been described in full detail.!% The repetition rate was chosen to ensure that
the PL lifetime trace decayed fully before the arrival of subsequent pulses. Excitation and

collection of emission occurred through an oil-immersion Olympus objective with N.A. of
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Figure 4.2: Correlation of confocal raster scanned fluorescence and atomic structure
for individual quantum dots. The image obtained on the raster-scanning fluorescence
microscope (a) g-QDs can be identified as bright white pixels on the STEM image. The
presented STEM image is a composite of many high magnification STEM images. (b)
corresponds to the area imaged by STEM. The large patterns in the STEM image are a
product of the film manufacturing process.

1.3. The emitted photons were collected onto two avalanche photodiodes (APDs; SPCM-
AQRH-14, Perkin Elmer) in a Hanbury-Brown Twiss interferometric configuration. We
verified that, for all QDs studied, the number of excitations per pulse <N> was less than
0.2. This was done according to a previously established method of measuring <N> as a
function of excitation intensity.

Homebuilt software was used to perform all analysis of photoluminescence data and

generate FLIDs.

4.4 Single quantum dot energy dispersive x-ray spectroscopy

After all relevant photoluminescence data had been collected, support films were stored
in a grid holder until electron microscopy could be performed. Scanning transmission
electron microscopy images were obtained using a Tecnai Osiris operating at 200 kV, with

a spot size set to 10 (to reduce charging effects) and a camera length of 220 mm for HAADF
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imaging. HAADF-STEM imaging was chosen over HRTEM imaging since the white-on-
dark-contrast for STEM greatly facilitates the location of individual quantum dots at low
magnifications. Patterns of polystyrene were used to align the STEM image and distances
measured from the optical microscope were used to identify regions of interest. Large
area STEM images were used to identify neighboring particles and possible dark particles.
After obtaining a high resolution STEM image of a particle, the spot size was lowered to 4
yielding ~1.5 nA of beam current with a probe size on the order of 0.5 A. These conditions,
in conjunction with a highly efficient Super-X”" EDS detection system, enabled rapid
collection of EDS spectrum maps with a minimal number of scans (~30 seconds total

acquisition time). EDS hypermaps were collected using Bruker’s Esprit software.

4.5 Determination of single quantum dot quantum yields via high angle annular dark

field imaging

The absorption cross section is calculated according to the following modified equa-

tion: 1001106

n
0 =Vot|fi] —=

4.1)

Nmedium
where o is the absorption cross-section of the g-QD heterostructure, «,, is the absorption
coefficient, |fwl® is a correction factor, n,, is the refractive index of CdS, Ryegium 1S the
refractive index of air, and V is the rough volume of the heterostructure measured from
the HAADF intensity. We approximate the value of the QD volume by setting the maxi-
mum measured HAADF density to the value of the maximum measurable two-dimensional

diameter (the Feret diameter, Rr) and calculating via the equation:

VQD:AZ{ <P¢i yRF} (4.2)

max
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where A is the two-dimensional projection of the area of the QD on the TEM support
film in nm?, ¢; is the integrated density per pixel, and ¥ is the number of pixels per nm?.
The absorption cross-section can then be used to calculate the relative QY for any given

intensity using the simple relationship:

1

where / is the measured photoluminescence intensity. This allows us to determine the QY
ratio of all g-QDs and normalize to the highest QY in the studied population.

For calculation of QD volume, detection of scattered electrons was presumed to scale
linearly with material thickness as demonstrated previously. 1219 AJso, the approximation
is made that QD height does not vary drastically from the width measured from 2D cross-
sections. Additionally, in contrast to smaller core/shell QDs, the CdSe core here accounts
for <5% of the total heterostructure volume. Because the intensity contrast of the HAADF
varies nonlinearly as a function of atomic number Z (I < Z%), where the variable « is al-

ways <2,107

any overestimation in the QD volume due to atomic number contrast difference
between CdSe and CdS would be <2% and within the error of the instrument. Therefore, a

correction factor for variable atomic number contrast was deemed unnecessary.

4.6 Quantum yield heterogeneity and the lack of a “dark” fraction

For this study, we examined 24 individual g-QDs from the same synthetic batch. Full
details on synthesis are available in The QY distribution of this sample is
shown in [Figure [4.3@al—it is apparent from this plot that there was an inherent inhomogene-
ity in the distribution of single QD QYs.

The average of the QY's that were measured was 43%. It is important to note that the
QYs presented here are relative, and the QD assigned a QY value of 1 likely possessed a

value somewhat smaller than unity. Therefore, the 43% value is a slight overestimate of the
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Figure 4.3: Quantum yield heterogeneity among single nonblinking QDs. (a) The g-
QDs display a heterogeneous distribution of single-QD quantum yields. The gold point
represents the mean of the single-QD measurements. (b) HAADF / EDS overlay of the
single nonemissive dot found in the examined sample. This particle was the lone g-QD with
an exposed (unpassivated) CdSe core, as demonstrated in the EDS map. On the whole, we
find that QY heterogeneity, and not a significant “dark” fraction, accounts for the measured
ensemble PLQY. Scale bars are 5 nm.

mean QY expressed by single QDs. As a result, the calculated ensemble g-QD QY via an
arithmetic average of single-QD QYs is internally consistent with the measured ensemble
QY in solution ( 30%).

This observation became more intriguing when searching for “dark” QDs. Previous
studies of traditional QDs have demonstrated that a “dark fraction” of permanently non-
radiative QDs contributes negatively to ensemble QD photoluminescence (PL).4*® In the
past, we have shown the unique ability to probe the precise atomic structure of “dark”
QDs. 192 With this in mind, we set out to determine a unique structural motif among “dark”
QDs in the overall g-QD population. To aid in the investigation of the “dark™ fraction,
a g-QD sample was chosen that exhibits good nonblinking PL behavior on the individual
QD level, but an ensemble photoluminescence quantum yield (PLQY) of ~30%. For the
purpose of examining this “dark™ fraction, the sample size was expanded to >50 QDs using

wide-field fluorescence microscopy at Vanderbilt; in total, only 1 g-QD was observed to be

permanently nonradiative, and it had an unpassivated CdSe core (Figure{4.3b and4.3c). A

sample image from the search for “dark” QDs is shown in
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Figure 4.4: Correlation of wide-field fluorescence and atomic structure. These data
were acquired in the search for “dark™ g-QDs. (a) An optical image taken with wide-field
excitation. The edge of the TEM support film window can be seen in the fluorescence
image, and a structure of polystyrene latex spheres that was used for correlation is located
in the middle left area of the image. (b) - (d) Crystal structures and EDS maps for individual
QDs found on the TEM grid. Through this search, it was found that only ~2% of QDs in
the examined were “dark,” contrary to previous study of g-QD samples. Scale bars in
(b)-(d) are 5 nm.
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In light of these results, the measured ensemble QY (~30%) is attributed to variation
in the single-QD QY, and not to the presence of a large “dark fraction” of QDs. The lack of
a substantial population of “dark” QDs is notable—this observation runs contrary to those
made by several groups in the past in work on traditional QDs.*>**> More broadly, we have
determined that in order for a QD to be in the “dark” population, some portion of the CdSe
core must be unpassivated by the shell material—an assertion that is supported by previous
study.”>102 This would explain the presence of only one observed “dark” g-QD; the large
successive ionic layer adsorption and reaction (SILAR) grown CdS shell provides complete

surface passivation of the CdSe core for nearly every studied QD.

4.7 Single quantum dot quantum yield “pinning”

Notably, three of the g-QDs had a remarkably high QY when compared to the rest of
the sample, as can be seen in[Figure[4.3p] On the other hand, also demonstrates
that the QY of the remaining individual g-QD population is much lower, and varies from
QD-t0-QD. As an explanation for this single-QD QY variation, we attempted to implicate
a specific structural factor via analysis of QD structure. There is, however, no observed
relationship between structural properties and QY, as shown in Additionally,
visual inspection of individual g-QDs did not reveal specific morphological or structural
features that are tied to high single-QD QY.

It is important to note that none of the g-QDs with non-unity average QY has a maxi-
mum single-QD QY near-unity. As shown the average QY (determined from
the integrated single-QD photoluminescence intensity) is intimately tied to the maximum
measured QY (determined from the maximum single-bin photoluminescence intensity).

This QY pinning phenomenon indicates that any nonradiative process suppressing the
single-QD QY is occurring on a time scale much faster than the 100 millisecond binning
time, leading to an apparent QY that shows little temporal variance over the entire acqui-

sition time (always >300 seconds). Additionally, we found that QDs with high single-QD
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Figure 4.5: Optical vs physical parameters for studied quantum dots. Shown is a plot
of assorted physical parameters vs assorted photoluminescence features for 24 individual

g-nQDs.
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Figure 4.6: Quantum yield “pinning” in nonblinking QDs. (a) Single g-nQDs are
“pinned” to characteristic QYs, with single particles expressing a time-invariant single QD
QY over the entire PL collection period. Max QY is calculated from the highest-intensity
single time bin, while Average QY is calculated from the average QD intensity over the
entire collection time. (b) g-nQDs with high QY have FLIDs with tails moving toward low
lifetime and low intensity, (¢) g-nQDs with low QY show the opposite trend.
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QY have long lifetimes and a FLID with a tail extending toward low PL intensity and short
lifetime (Figure [4.6b). Meanwhile, the g-QDs with low single-QD QY show the opposite

trend (Figure [4.6¢).

4.8 Charging as an explanation for variation of single quantum dot quantum yield

To assist in determination of the underlying cause for the QY heterogeneity, we per-
formed intensity-discriminate g(?) analysis on a g-QD from each of the high- and low-QY
subsets. This analysis allows determination of the g(® value for different intensity levels of
the photoluminescence time trace, and has previously been shown to provide information
about the charge state of a QD.1% The structures and optical analyses of the high- and
low-QY g-QDs are shown in [Figure [4.7]

The g(? spectra and corresponding global fits that were used to determine values of
BXQY/XQY ratio are shown in[Figure 4.8

The high-QY g-QD possessed a low overall g® value and no intensity-dependent g%

behavior, indicating that the BXQY/SXQY ratio was constant over all measured intensities

(Figure and 4.7). Meanwhile, the low-QY g-QD showed a high g(? value, but a

marked variation of g/® with intensity (Figure and |4.7%). Based upon a previously-

established precedent, which showed that charged QDs have a drastic level of g% variation
with PL intensity but neutral QDs do not,1% these results implicate single-QD charging
as the source of low QY. This is corroborated by the shapes of the g-QD FLIDs
4."/c and 4.7d))—previous spectroscopic and spectroelectrochemical work has shown that
a FLID with a tail rising toward high PL intensity and lifetime is indicative of a charged
QD B9 We consistently observed this FLID shape for all but the highest QY g-QDs.
The conventional g-QD charging mechanism involves the Auger ionization of a biex-
citon, followed by excitation with a photon to form a trion. In the CdSe/CdS system used
here, the hole is more strongly confined to the core than the electron,> so Auger ionization

of the hole is more likely than that of the electron. Therefore, biexciton Auger recom-
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Figure 4.7: Further analysis of the influence of charging on single-QD quantum yield.
Shown are corresponding structure / EDS map overlays (a),(b) and optical data (c)-(g)
for a representative neutral (a) and charged (b) g-QD. The FLIDs indicate that the g-QDs
with highest single-QD QY are neutral, while the g-QDs with heterogeneously distributed
lower single-QD QY are charged. This is confirmed by determining intensity-dependent
g? values from the photoluminescence intensity transients (e) and (f) of the two g-QDs.
For plots (e) and (f), if the photoluminescence intensity of a given time bin falls within
the shaded area, the photon arrival events corresponding to that bin are included in the
g® measurement. This allows us to measure the value of the second-order correlation
parameter g(? for different intensity levels within the overall photoluminescence intensity
transient. The g(? values of each intensity level are indicated on the corresponding shaded
areas in (e) and (f), and are also plotted vs quantum yield of the corresponding intensity
levels in (g). The g(® values of the neutral g-QD are constant with intensity, while the
charged g-QD g(? values decrease with increasing intensity (g). Scale bars are 5 nm.
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bination results in excitation of the hole, which can become localized in trap states on the
surface of the g-QD. Upon excitation of the g-QD by the next laser pulse, a negative trion is
formed.“?10> The g-QD remains in this charged state, which possesses a characteristically
low PL emission intensity due to competition between the radiative and nonradiative trion
decay rates, until the hole recombines with the extra electron in the core. In this explana-
tion of QD charging, the density of surface trap states determines the likelihood of charge
trapping, and the depth of the respective trap state determines the amount of time the g-QD
spends in the corresponding charged state. This would result in QD surface charging that
would compete with excitonic recombination and reduce the overall PLQY on the single-
QD level. These effects (trap density and depth) combine to dictate the overall percentage
of time the g-QD spends in a charged state. This simple mechanism is illustrated in[Figure|
4.9

As a result of the fast time scale of QD charging, 11"

the measured QY for each g-
QD is temporally invariable and directly related to the rates of charging and discharging
for that specific g-QD. For CdSe/CdS heterostructures, charging by a lone charge carrier
has been shown to result in quenching of emission intensity and reduction in fluorescence
lifetime.#%0> Therefore, the observed heterogeneity in the low single-QD QY g-QDs is
hypothesized to be due to dissimilarity in the charging / discharging rates from QD to QD.
This dissimilarity likely arises from the location as well as the nature of the trap sites on
the QD.

To further confirm this hypothesis, we developed a two-state model to explain the rela-
tionship between charging and single-QD QY. In our model, the QD is fluctuating between
a neutral state with 100% QY and a charged state with QY defined by the minimum mea-
sured single-QD QY. Under these assumptions, the relationship between single-QD average
QY and single QD average lifetime becomes:

 Tavg(Omax — Omin) + TX(%)(Z — Omax)

Qavg = ; (4.4)
) o (1-92)
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Figure 4.9: Mechanism to describe QY heterogeneity. (a) A single g-QD with quasi-
type-II band structure. The valence band is shown as a green line, while the conduction
band is indicated with a red line. When the g-QD is struck by a laser pulse, the most
common outcome is a single exciton (b) that can recombine radiatively—a process that
occurs with near-unity QY. Occasionally, a biexciton is formed (c); Auger ionization of the
biexciton results in a negatively-charged g-QD with the hole localized in a hole trap (HT)
on the heterostructure surface. After excitation, emission of this singly charged g-QD (e)
occurs much less efficiently than photon emission from a neutral g-QD, reducing overall
PLQY. The g-QD remains in the charged state until the hole escapes from the hole trap and
recombines with the extra electron {(f)—(b) or (d)—(a)}.
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Figure 4.10: Modeling the relationship between quantum dot quantum yield and life-
time. Plotting average quantum yield vs average lifetime for each quantum dot reveals a
linear relationship between the parameters. This linear model assumes that a single QD
is in either a neutral or singly charged state. Because the neutral exciton lifetime varies
between dots, an upper and lower bound corresponding to short and long neutral exciton
lifetime are plotted.

where Q. and Qi are the single-QD QY of the neutral and charged states, respectively,
Tx is the neutral exciton lifetime, and 7,,, is the average lifetime of the single QD (see
for full derivation). demonstrates the relationship between single-
QD QY and 74y,.

Neutral exciton lifetime varies from QD-to-QD; for this reason the derived model is
shown for a range of Tx varying from 66 to 189 ns, corresponding to the minimum and
maximum measured Ty values for the investigated sample. The agreement between our
single-charging model and the measured data confirms that such a model is sufficient to
describe the observed variations in single-QD QY.

In previous work, we have shown that the presence of crystalline defects at the core/shell

interface results in reduction of the PL “on” time of individual QDs. This phenomenon
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likely occurs due to the presence of surface defects that form as a result of the stacking
faults found at the core/shell interface. 1% In the system studied here, this type of surface
defect would occur as a result of continuation of stacking faults at the core/shell interface
outward to the surface, and would be expressed as a grain boundary in the thick CdS shell
of the g-QD heterostructure. However, stacking faults at the core/shell interface would
be difficult to observe in our HAADF images because this interface is typically obscured
by the large particle volume, which lowers the chance of the nanocrystal being aligned
perfectly on a zone-axis—a requirement for high resolution imaging.

In addition to the above mentioned defects, several other sources of surface defects are
known which could contribute to g-QD charging, and consequently reduce the g-QD PLQY.
Ligand coverage is especially important, and steric crowding at the surface of the nanocrys-
tal can prevent complete ligand passivation of the surface.!' Further, under-coordinated
atoms at the surface can act as trap states that could localize charge carriers. Previous
results have also shown that surface dynamics of the nanocrystal and passivating ligands
can result in surface trapping; 373 this type of defect has been used to describe reduced
PL emission as well as QD blinking behavior.?%?Z Although g-QDs benefit from a thick
inorganic shell, the exciton recombination dynamics are not entirely divorced from the QD
surface due to the large energy of Auger ionization; minimization of defects related to

ligand coverage is key in increasing the overall PLQY by reducing g-QD charging.

4.9 Implications for measurement of biexciton quantum yield

With regard to g® measurements—as has been noted previously, the g?) value, which
can be calculated as the center peak-to-side peak ratio for the second order intensity corre-
lation histogram, is known to be equal to the biexciton quantum yield divided by the single
exciton quantum yield (BXQY/SXQY).?32 Therefore, the actual BXQY value is not nec-
essarily the same as the g? value for the QDs studied. In the case of the g-QDs studied

here, because the value of the SXQY is typically lower than 100%, the deviation of g%
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Figure 4.11: The use of single-QD quantum yield to determine BXQY. The g% values
measured for each QD are used, in conjunction with the measured single g-QD QY, to
calculate BXQY for each QD. The tight grouping of BXQY values indicates that charging,
and not BXQY variation, is the main source of g(?) heterogeneity.

from BXQY is significant. When the experimentally measured single-QD QY is used to
calculate BXQY according to this relationship, the average BXQY value for the observed
QDs is reduced by a factor of ~2 from the measured g(?/ value, as shown in
While g(z) values show a wide, heterogeneous distribution, BXQY values calculated
using measured QY show a very narrow distribution, suggesting that Auger suppression is
quite uniform across the sample (radiative recombination from the biexciton state is similar
for all g-QDs). This also indicates that observed variations in g? are mainly a result of
variation in the degree of charging in individual g-QDs, and the inherent BXQY for each

g-QD is fairly constant.

79



4.10 Entanglement in a “quantum heart”

As part of this correlated fluorescence microscopy and STEM study on g-QDs, an acci-
dental discovery of an electronically-coupled “heart-shaped” pair of QDs (coupled QD, or
CQD) within the same g-QD heterostructure was made. This structure is of great interest
due to the potential for use in a variety of quantum information technologies. Specifically,
CQDs are crucial for development of quantum computation due to their promise to reduce
optical-electronic-optical conversion bottlenecks upon implementation into single-photon
switches and routers. /13 Although CQDs have been grown epitaxially, % successful
colloidal synthesis of this type of heterostructure has thus far been limited. Coupling of
two colloidal QD cores could lead to entanglement generation, obviating the need for
custom-growth of single epitaxial CQDs and facilitating rapid development of quantum
communication technology.

The EDS spectrum shown in demonstrates that the CQD analyzed has
two cores; however, on the timescale of single exciton emission, the CQD emits only one
photon at a time. To determine this, a time-gated g*/ method that only analyzes photons
collected after 20 ns (much longer than the biexciton emission lifetime of ~5 ns that is gen-
erally observed in “giant” CdSe/CdS core/thick-shell QDs). If antibunching is observed in
photons collected in this time frame, the analyzed fluorophore is acting as a single-photon
emitter. The gated second-order intensity correlation spectrum with g(?’=0.03 demonstrates
that dipole-dipole coupling or charge transfer interactions required for the creation of en-
tangled states occur between the two spatially separated QD cores.

Further fundamental investigation is needed to understand the nature of emission from
such colloidal CQDs. A synthesis method that can lead to reliable, on-demand synthesis
of such CQDs with custom-tailored physical parameters would be especially useful to the

expanding field of quantum information technology.
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Figure 4.12: Quantum optical signature of coupling between artificial atoms in a col-
loidal QD heterostructure. Z-STEM (a) and STEM-EDS (b) of an electronically coupled
pair of CdSe cores, as illustrated in (c¢). While (d) shows that the antibunching trace g(z)
has a nonzero value (0.43), this is due to high BXQY, as illustrated in the time-gated g(*/
spectrum shown in (e), which has a center peak to side peak ratio of 0.03. Insets in (d) and
(e) are expanded regions of the same g(?) spectrum at a delay time of T = 0. Scale bars are
5 nm.
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4.11 Conclusions

Reduced PLQY is intimately linked with surface defects—and remarkably, these fine
defects seem to have little to do with overall morphology of the g-QDs. Rather, such
defects likely result from synthetically controllable conditions such as ligand selection,
ligand ratios, shelling temperature, and the level of alloying at the core/shell interface. This
would explain the recent success of, for example, high-temperature shelling procedures->
and graded alloy syntheses'!® in obtaining high-QY QD samples.

A tandem of HAADF-STEM and PL spectroscopy has proven crucial for a compre-
hensive understanding of single QD photoluminescence behavior. Without this pairing, it
would not have been possible to determine single-QD QY or to identify single-QD QY het-
erogeneity among individual nonblinking QDs. Further analysis of single-photon emission
events was necessary to elucidate the mechanism by which single-QD QY is reduced—
namely single-QD charging.

Our data indicate that, even within nonblinking QDs, quantum yield heterogeneity
arises from charging processes that occur on a time scale much faster than is measurable
using conventional single-QD photoluminescence spectroscopy. We show that such quan-
tum yield heterogeneity can account for g-QD ensembles simultaneously characterized by
moderate quantum yields yet also nearly fully nonblinking behavior. We also note that QY
pinning is due to rapid charging and discharging from a singly-charged state, rather than
multiple discrete charged states for individual nanocrystals—an assertion that is supported
by previous research on the quasi-type-II band gap offset between CdSe and CdS,>> and

also by our own model.
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4.12 Experimental methods
4.12.1 Nanocrystal synthesis

Materials. Selenium (1-3 mm shot, 99.999%), CdO powder (99.998%), and oleic acid
(OLAC, 90%) were purchased from Alfa Aesar. Sulfur (99.999%), oleylamine (OLAM,
C18 content 80-90%), 1-octadecene (ODE, 90%), and octadecane (OD, 90%) were pur-
chased from Acros Organics. Trioctylphosphine (TOP, 90%) was purchased from Sigma
Aldrich, and trioctylphosphine oxide (TOPO, 90%) was purchased from Strem Chemicals.
All chemicals were used as received without further purification, and all syntheses were
performed under Ar atmosphere using standard air-free Schlenk techniques.

Preparation of Stock Solutions. 0.5 M Cd(I)oleate solution was prepared by dissolving
CdO in OLAC at 180 °C, followed by removal of water under vacuum at 80 °C. Simi-
larly, 0.2 M Cd(IT)oleate solutions (10:1 mol/mol OLAC:Cd**) were prepared by dissolv-
ing CdO in a mixture of OLAC and either OD or ODE. 0.2 M sulfur solutions were pre-
pared by dissolving sulfur powder in either OD or ODE at 180 °C. Stock solutions of
trioctylphosphine-selenium complex (TOP-Se) were typically 1M, and prepared by stirring
Se in TOP overnight under air-free conditions.

Synthesis of CdSe quantum dot (QD) cores. CdSe QD cores were prepared according to
previously published literature, with slight modifications.”"17 Briefly, a room-temperature
solution containing 4 mL of 1 M TOP-Se, 3 mL OLAM, and 1 mL ODE was rapidly
injected into a 300 °C solution containing 0.750 mL of 0.5 M Cd(Il)oleate, 1.2 g TOPO,
and 9 mL of ODE. The temperature recovered and was maintained at 270 °C, and after 5
min, a solution containing 3 mL of 0.2 M Cd(Il)oleate in ODE and 6 mL of 1 M TOP-
Se was added dropwise over ~1h. The resulting nanocrystals exhibited a lowest energy
absorbance peak at 605 nm, corresponding to an approximate size of 4.8 nm.1 18
CdSe/CdS “giant” quantum dot (gQD) synthesis: CdSe/CdS gQDs were synthesized

using a SILAR approach, following previously published methods.” Briefly, 2.0 10"7 mol
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Figure 4.13: Nonblinking fraction of g-QD sample. The fraction of g-QDs that were
observed to be nonblinking was 100%, as illustrated here. The inset shows a sample non-
blinking trace of a single g-QD for a ~35 minute collection period.

of purified CdSe cores, dispersed in hexanes, were added to a mixture of 5 mL OLAM and
5 mL OD. Hexanes were removed in vacuo at 80 °C, and the temperature was raised to 240
°C for SILAR. Alternating injections of 0.2 M Cd(II)oleate and 0.2 M sulfur (both in OD)
were performed in a dropwise fashion, allowing 3 h of solution-phase annealing after each
Cd(IT)oleate addition and 1 h after each S addition. The delivered precursor volumes were

calculated”! to yield one ML of CdS shell per addition cycle, for a total of 16 ML CdS.

4.12.2 Nonblinking fraction of g-QDs

The nonblinking fraction of the analyzed g-QD sample was determined to be 100% in

a separate study, as shown in [Figure |4.13]

4.12.3 Derivation of the two-state charging model

The model for fitting QY vs average lifetime was derived by assuming that the maxi-
mum measured lifetime for each QD was the lifetime of the neutral exciton. The range of

Tx is then taken to be between the highest and lowest measured values of Tx. The QY is
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taken to be:

_ AQmax + BQmin
A+B

sQY

where A+ B =1, and Q,,qx and Oy, are the QY of the neutral and charged state, respec-

tively. Rearranging this equation gives

B— A(Qmax - Qavg)
Qavg - Qmin

Similarly, the average lifetime can be expressed as:

ATX + BTX7
T = h g

where Tx can be taken to be the maximum measured lifetime of a single QD. Meanwhile,

the lifetime of the charged state can be expressed as a sum of the radiative and Auger

lifetimes:

1 1 1 1
_|_

Tx-  Tmin  Tx- TAX-

and “statistical” scaling indicates that

1 2

Trx— Trx

Further, the QY of the charged state can be expressed as

1 2
Tr,X - TrX
Ox-=0min="—"7"""71 =7
Tx—  Tax- Trx
and
T — Omin
min — 5 bmax
2
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so the average lifetime becomes

T o ATmax"‘BTmin . ATmax—i_B(%)Tmax
e A+B A+B

which rearranges to

B Qmin Tmax

ATavg +B Tavg = ATpax + )

Substituting the equation for the scaling parameter B and rearranging gives the final form:

Tavg (Qmax - Qmm) + Tmax( Qgrin ) (2 - Qmax)
Tmax( 1 - % )

Qavg =

When the known values for Q. (1), Omin (0.03), and 7, (upper bound: 66 ns, lower
bound: 189 ns) are substituted, we obtain the two linear equations representing the upper
and lower bounds of our model, which takes into account differences in neutral exciton

lifetime:

Qavg(upper) =0.01497,,, +0.0137
Quvg(lower) = 0.00527,, +0.0137

All but three of the QDs fall within this range.

Average lifetimes for QDs were calculated as a weighted average of lifetimes from the
FLID probability distribution plot. For many of the examined QDs, a triple-exponential
decay would have been necessary to fully describe the decay dynamics. This indicates
that there may be a multiexciton or multiply charged state involved in QD emission. This
state was typically faintly visible as an additional correlated lifetime-intensity state in the
FLID, however, and is therefore not likely to be the reason for different QDs being pinned

to differing QYs.
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4.12.4 Comparison of a spherical QD approximation with volume from HAADF intensity

It was interesting to find that approximating the g-QDs as a sphere did not result in a
drastic change in the measured QD volume. Typically, the calculation of sphere volume
from the feret diameter resulted in a slightly larger volume estimate than the calculation
of volume from HAADF intensity. The average difference between these two calculations,
however, was only 19%. Therefore, even an approximation of the g-nQDs as spheres re-
sults in the observation of a heterogeneous distribution of QYs. The full statistical data

comparing the two methods of calculating QD volume are shown in

4.12.5 Physical and optical data of studied g-QDs

shows select physical and optical data for all g-QDs studied.

4.12.6 Sample preparation

A transmission electron microscopy (TEM) support film coated with polystyrene latex
sphere markers was prepared for correlation as reported previously. 1% The synthesized g-
QD samples were diluted to ~1 nM concentration in hexanes. Approximately 10 pL of this
solution was then dropcast onto the prepared support film (Ted Pella, PELCO 8 nm Ultra-
Flat Silicon Dioxide Support Film) and the residual hexanes solution was immediately

wicked away with a KimWipe.

4.12.7 Fitting of g(? traces for determination of center peak to side peak ratio

Many of the acquired g(? traces had sharp peaks attributed to cross-talk between APDs.
To determine true areas of peaks on the g? plots, we implemented a global fit that allowed
fitting of multiple parameters on each peak simultaneously. Typically, peaks were fit with

a double exponential decay or rise of the form:
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Table 4.1: Comparison of calculation of sphere volume with calculation of volume
from HAADF integrated intensity.

VSPHERE (nm3) VH AADF (nm3) % Difference (norm.)

38743 39535 2.0
43840 42637 2.7
58881 54037 8.2
50369 48624 3.5
52448 45122 14.0
39551 39485 0.2
50139 53000 5.7
41711 46056 10.4
68003 112704 65.7
55318 51719 6.5
45170 47729 5.7
45725 42449 7.2
60782 51789 14.8
41508 38755 6.6
45663 39589 13.3
28051 31749 13.2
24101 32457 34.7
82082 66250 19.3
43997 42294 39
36532 74023 103
38770 38257 1.3
40759 82070 101
45293 39622 12.5
38422 34446 10.3
Average: 46494 49767 19
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Table 4.2: Physical and optical data of studied g-QDs. QY is the single g-QD quantum
yield, normalized to the highest QY. BXQY is biexciton quantum yield measured from g(%
and single g-QD QY. T,y is the average lifetime in nanoseconds. Dr is the Feret diameter
in nanometers. o is the absorption cross-section in 10713 cm?.

QY BXQY Tayg (ns) Dp(nm) o(10°13 ecm?)

1 0.29 45 17.9 2.62
0.99 0.21 74 21.1 3.19
0.92 0.28 49 22.1 3.20
0.55 0.18 37 21.5 3.72
047 0.18 38 23.2 3.64
045 0.13 39 21.9 3.44
042 0.19 18 21.5 3.12
041 0.14 54 24.1 3.09
0.41 0.19 34 22.9 4.36
040 0.19 30 22.9 3.92
0.39 0.18 32 22.2 3.19
0.39 0.15 42 18.8 2.56
0.38 0.14 24 21.0 3.19
0.36  0.10 30 21.0 2.78
0.36  0.18 30 21.9 341
0.34  0.15 25 22.1 3.85
0.32 0.12 41 21.3 6.62
0.27 0.13 27 24.4 4.18
0.27 0.16 33 27.0 5.35
0.27 0.11 30 22.9 4.28
0.26  0.10 25 22.2 343
0.26  0.09 36 20.6 5.97
0.24  0.08 33 25.3 9.10
0.23  0.11 23 23.6 4.17

Average: 043 0.16 35 22.1 4.0
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For the global fit analysis, 7;, T2, A;, A2, and xyp were linked for the center peak rise and
decay. Further, 7; and 7, were linked for the left and right peak rise and decay. A; and A,
were linked for the left peak, and A; and A, were linked for the right peak.

Finally, yy was linked for all fit rises and decays. The variable x) was set to the known
value based upon the laser repetition rate. After fitting, the area under the fit curves was
integrated to yield the center-to-side peak ratio, which has been referred to simply as g%

in this manuscript for convenience.
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Chapter 5

Conclusions

In this work, the necessity of fully studying and understanding single QDs at a time
was demonstrated through a series of experiments on colloidal QDs. The developed cor-
relation strategy was incredibly useful for examination of two well-known, well-studied
CdSe/CdS core/shell heterostructure QD systems. It is expected to be even more powerful

when applied to relatively undeveloped QD and nanostructure syntheses.

The presented strategy of correlating fine atomic structure with quantum optical single-
photon data can be used as an ideal tool to enhance the means by which QD synthesis is

performed.

5.1 Overall conclusions

The greatest obstacle in performing a study to understand the interplay of structure and
function on a single QD level is not in the data analysis, but in the use of an unambigu-
ous, reproducible method to acquire these correlated data. Because it is not yet possible
to simultaneously acquire electron micrographs and fluorescence data from the same sin-
gle QD, a method had to be developed which allowed precise identification of QDs and
examination of these QDs in both optical and electron microscopes. The specific strat-
egy of using polystyrene latex beads as fiducial markers and an ultrathin support substrate
of SiO,—demonstrated in has been developed and implemented here to great
effect. This strategy is characterized by traits of simplicity, reproducibility, lack of ambi-
guity, and universality that make it a powerful technique for studying fine physical effects
on the optical behavior of colloidal nanostructured systems. Within the context of this

dissertation, the correlation strategy has provided answers to questions about CdSe/CdS
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heterostructured QD systems that would perhaps otherwise have remained unanswered.

By studying a CdSe/CdS core/shell QD heterostructure with incomplete surface over-
coating but high ensemble PLQY, a detailed view of the effects of structural heterogeneity
on optical properties was provided in There exists a bulk of literature research
into the nature of the QD surface and its effect on QD photoluminescence, but the work
presented here is the first to directly pinpoint specific surface defects and directly corre-
late them with detrimental PL behavior in QDs. Additionally, crystal structure, orientation
and shell epitaxy were demonstrated to be highly important considerations that must be
optimized fully to achieve optimal QD heterostructure synthesis. The powerful correlation
technique demonstrated here will assist with this optimization.

[Chapter 4] demonstrated the most complete description of a single colloidal QD that has
been achieved: high-resolution scanning electron microscopy showed the exact shape and
fine atomic structure of the QD, energy dispersive x-ray spectroscopy demonstrated the
variation of chemical composition within the QD, and advanced single-photon detection
and analysis techniques allowed determination of the fluorescent lifetime, g spectrum,
and time-dependent photoluminescence behavior of the QD. Additionally, because quanti-
tative techniques were used to measure the PL and the atomic structure, the quantum yield
of single QDs was determined. Surprisingly, the examined sample exhibited a variety of
quantum yields correlated to single QDs; this behavior was unexpected based upon past
precedent. This study also directly demonstrated the utility of the presented correlation
technique to inform the synthetic chemist: understanding that the ensemble PLQY is char-
acterized by charging, rather than the presence of a large fraction of “dark” QDs, allows

for guidance of efforts to improve the synthesis of this QD system.

5.1.1 Limitations of the correlation

One of the major limitations of the technique presented in this dissertation is the in-

ability to examine single QDs from multiple orientations. When making measurements of
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photoluminescence and atomic structure, the orientation of the QD influences radiative de-
cay intensity. Additionally, in order to obtain lattice-resolved or atomic resolution electron
micrographs, the QD must be oriented such that it can be viewed along a lattice plane. If
this condition is not met, it becomes difficult to understand the precise crystal structure of
the individual QD—this could prevent study and discovery of important effects of atomic
structure on single QD PL. For example, in STEM-EDS was a crucial compo-
nent of the study that allowed acquisition of core-centering data for CdSe/CdS core/shell
heterostructures. However, the data still only provide a two-dimensional projection of the
chemical composition; it is a distinct possibility (or even likelihood) that many of the three-
dimensional centering values differed from those measured in two-dimensions.
Additionally, acquisition of extensive data for individual QDs is much more time-
intensive than ensemble characterization of a QD sample. As presented here, the corre-
lation technique would be much better suited to continue studying fundamental physical
phenomena arising in QD systems, rather than as a tool for routine characterization of syn-
thesized samples. Finally, the methods presented here are typically destructive with regard
to the examined samples. Importantly, STEM is known to quench single QD PL.8%81 For
this reason, it is necessary to examine atomic structure only after acquisition of detailed PL.
data. If any photobleaching or structural changes occur due to the irradiation of the QD,
the subsequently acquired electron micrograph(s) may be different than those that would
have been acquired before PL study. This is unlikely to affect the overall structure of large
core/shell heterostructures such as those studied in this dissertation, although it should be

taken into account when studying more photon flux-sensitive materials.
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5.2 Future work
5.2.1 QD development

It would be highly beneficial to use advanced single QD characterization techniques to
study binary blinking QDs to elucidate the effects of charging in these emitters. Even more
interesting would be a study of QDs from recently reported syntheses that exhibit both
high ensemble PLQY and nonblinking behavior.'1>' A very recent study purports to show
bulky CdSe/CdS QDs with unity biexciton Q Y—our technique would be able to verify this
assertion, and may be able to shine light on the mechanism by which BXQY is raised to

such unprecedented levels on a global scale in this synthesis. 1

5.2.2  Non-QD development

Perhaps some of the most intriguing applications of this work will be unrelated to the
realm of quantum dot development. The general strategy laid out in this dissertation for
correlation of optical and structural properties could be applied to a variety of colloidal
nanostructures that demand a fully-informed refinement of synthetic parameters to yield
optimal syntheses. Single nanoparticle fine absorption measurements continue to increase
in resolution—correlation of this property with structures of nanostructures could illumi-
nate the convolution of size, shape, aspect ratio and volume that are known to dictate single
particle absorption and reflectance.’?’ Additionally, plasmonic behavior could be studied

as a function of physical parameters for a wide variety of colloidal nanosystems.

5.2.3 Ramifications of this work for colloidal quantum dot research

The correlation technique presented here has been utilized to understand the funda-
mental physics of single CdSe/CdS QDs. However, the potential for this technique is much
more far-reaching. In fact, the heightened understanding of QD photophysics derived from

the characterization and analysis herein can inform future synthetic strategies. The results
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presented in demonstrate that chemistry and stoichiometry of facets are crucial
in deciding shell morphology and epitaxy, and therefore are able to dictate the PL behavior
of the QD batch. showed that, even within QDs with a “giant” inorganic shell,
surface trapping processes can still dictate the emission, and tie into important processes
such as single QD and ensemble QY.

The synthesis of CdSe-based QD systems, however, has benefited from decades of syn-
thetic refinement by dozens of state-of-the-art academic and industrial research labs. The
characterization technique presented in this dissertation may be more ideally suited to de-
velopment of less well-studied QD syntheses that must compete with Cd-based strategies
for enhancement of light emitting devices and photovoltaics. Many such II-VI and III-V
structures have been demonstrated to exhibit great promise for replacement or complement-
ing of CdSe as a “workhorse” colloidal QD system. 2!

One would assume that the synthesis of these alternative compositions of QDs would be
readily informed by the abundance of literature available for CdSe QDs. However, it is be-
coming apparent that even the basic traditional nucleation and growth mechanism for CdSe
is not universally displayed by other QD heterostructures. Rather than proceed through the
slow, iterative development process that has been followed for CdSe, it will be crucial to
use advancing characterization methods to better understand the results of colloidal syn-
thesis, thereby allowing the nanochemist to make a much more informed decision of how

to proceed when developing new QD chemistry.
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Appendix A
Structures and Photoluminescence of Commercially Available CdSe/CdS Core/Shell

Quantum Dots

Following are structures of all examined LifeTech™ QD605 QDs. Each structure is

labeled with the observed “on-fraction.” Additionally, QDs placed in subpopulations in

are labeled according to the legend at the end of the displayed structures.
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In (A) shows the raw summed fluorescent image over 2000 s; 14 regions
of interest (ROIs) can be seen on this wide-field fluorescent image, as shown in (B). (C)
shows the bright field image from the optical microscope, which corresponds to the low-
and medium-magnification TEM images shown in (D) and (E), respectively. (F) shows
a Z-STEM image of the area near the bottom of the PS formation shown in (E). ROIs
could be identified as bright spots highly localized to only a few pixels; further magnifi-
cation resulted in the high-resolution images as in (G), (1), (K), (M), (O) and (R). (H), (L)
and (N) show medium-magnification identification of ROIs. Frequently, after imaging a
QD, contamination would occur that showed up as a brighter spot on subsequent lower-
magnification scans. This is the case with ROI2 in (J). When the ROI is not close enough
to the PS to allow direct correlation, grid contamination can be used as an aid for finding

ROIs from the fluorescence image, as shown in (P) and (Q).
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Figure A.1: An illustration of the method used to locate and interrogate single QDs on
the 8 nm SiO, support film.

98



Figure A.2: Acquisition of Z-STEM images for the remaining ROIs shown in (A). (A),
F), (H), (D, (K), M), (N), (P), and (R) show the medium-magnification identification of
ROIs, while (B), (C), (D), (E), (G), (J), (L), (O), (Q), and (S) show high-resolution scans
of individual ROIs. Occasionally, a fluorescent ROI would occur due to multiple QDs
occupying the same region as shown in (B). These ROIs containing multiple QDs were
readily identified; all instances of multiple QDs in the same region were disregarded for
the purposes of this study.
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Figure A.3: High-resolution Z-STEM images for all of the QDs used for this study.
Shown along with the image of each QD is the corresponding on-fraction. This image also
highlights QDs placed into the subpopulations identified in the main text.
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Appendix B

Full Structural and Optical Data for Studied “Giant” CdSe/CdS Core/Shell Nanocrystal

Quantum Dots

Following are all collected structural, chemical and optical data for the g-QDs studied

in The g-QDs are displayed in order of measured QD QY. Refer to
and for optical and physical data corresponding to these g-QDs.
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Appendix C

Measurement of Ensemble Quantum Dot Lifetime with the Rosenthal Lab Single

Quantum Dot Microscope

Measurement of ensemble lifetime is a highly important tool used to characterize the
optical and electrical properties of chemically synthesized fluorophores. Much of the time,
the PLQY of a sample is not informative enough to fully describe the radiative and non-
radiative fluorescence decay of the sample. Deviation of the measured fluorescence life-
time from monoexponential dynamics is an indication of a contribution from charge carrier
trapping to the sample fluorescence, whether as an alternative fluorescence pathway or a
process that results in nonradiative decay. When measured as a complementary analysis
to PLQY measurement, decay lifetime measurements are a powerful tool that can even al-
low calculation of nonradiative decay rates. Further, the lifetime value can provide hints
as to whether decay occurs via direct or indirect pathways, and can distinguish between
fluorescence (short decay lifetime) and phosphorescence (long decay lifetime) in organic
fluorophores.

The ensemble fluorescence decay traces presented in this appendix were collected with
the time correlated single photon counting setup described in[Section[1.4]

Due to possible photodegradation of samples, it is optimal to measure ensemble life-
time in deoxygenated solution, rather than in a solid thin film exposed to air. Additionally,
measurement of samples in solution allows diffusion of different QDs in and out of the ex-
citation volume, preventing excessive exposure to excitation and possible buildup of charge
within the examined QDs.

Initial attempts to measure the ensemble PL of QDs in solution were hampered by the
volatile nature of the organic solvents typically used to solubilize organic ligand-capped

QDs. If dropping a solution of CdSe QDs in hexanes or toluene on a glass cover slide, for
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example, the rapid evaporation of the solvent results in a constantly-changing concentra-
tion of QDs in the solution; also, frequently the solvent evaporates completely before the
requisite collection period needed to obtain an adequate number of fluorescence counts for
quantification of lifetime has passed.

For this reason, thin capillary tubes created from non-fluorescent glass were used for
fluorescence collection. These capillaries can be diced to the desired size and dipped into
the deoxygenated sample solution to fill. The low surface area of solution at the ends of
the capillaries prevents rapid evaporation, and protects the solution from photooxidation.
The width of the walls of the capillaries is 200 um; the correction collar of the microscope
objective can be adjusted to accomodate this width, and the excitation beam can be focused
into the solution volume away from the inside surface of the capillary.

Most QD and nanocrystal fluorescence decay times are on the order of dozens to hun-
dreds of nanoseconds. In some cases, fluorescence does not decay fully until several mi-
croseconds after excitation. For this reason, the 76 MHz frequency doubled beam from the
Mira is not typically useful for accurate measurement of lifetime without emitted photons
falling into a subsequent excitation period. Fortunately, the residual frequency doubled
beam (400 nm) from the Coherent OPA has a repetition rate of 250 kHz, allowing for
appropriate excitation of nanocrystalline emitters.

An example of fluorescence data of solution samples recorded with the 250 kHz ex-
citation beam is shown in Note that, if a 76 MHz beam had been used (one
pulse per 13.6 ns), the full decay of these nanocrystalline rod samples would not have been
collected. Further, rapid subsequent excitation of the same nanocrystals would result in a

change of the decay dynamics of the nanocrystals.

It is important to note that in order to reduce pulse “pile-up,” the collection rate at each detector should
not exceed 1 % of the excitation rate, or 2.5 kHz. This count rate is extremely low, increasing collection
times of fluorescence decay traces. This count rate is certainly feasible, however, as the dark count rate on
the single photon avalanche diodes is ~20 counts per second.
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Figure C.1: Fluorescence decay lifetime of CdSe/CdS core/shell nanorods. Fluores-
cence decay of two nanorod samples with differing lifetimes in toluene. Inset-The instru-
ment response function of the TCSPC system.
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