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Abstract

The focus of this thesis is the study of CdSe/CdS nanostructures, from
their fundamental properties to their integration in practical devices. This
material system has proven to be remarkably robust both as a platform for
studying physics in confined semiconductors, as well as for enabling various
optical and optoelectronic applications. In this thesis, we will discuss our recent
efforts to improve the synthesis of CdSe/CdS structures, to better understand
their optical properties and to use them to create highly performing luminescent

solar concentrators.

In the first part of the thesis we will discuss our efforts to improve the
synthesis of CdSe/CdS nanostructures of different dimensionalities. In particular,
we discuss the synthesis of CdSe/CdS quantum dots and seeded CdSe/CdS
nanorods that have a near unity photoluminescence quantum yield and complete
energy transfer from the shell to the core. Next, we discuss the fabrication of
luminescent solar concentrators using these materials and the optical
characterization of these devices. Finally, in the last section, we use a
combination of synthesis, spectroscopy, and modeling to gain better insight into

the photoluminescence lineshape of CdSe/CdS quantum dots.

Thesis Supervisor: Moungi G. Bawendi
Title: Lester Wolfe Professor of Chemistry
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CHAPTER 1

Introduction

1.1 Introduction to Quantum Confined Semiconductor Nanocrystals

Quantum confined nanocrystals are a class of semiconducting structures
which are defined by the property that their physical shape and size strongly
modulate their electronic structure. Typically, at least one or more dimensions of
these structures lie on the scale of 1-100nm as implied by their name. The
broader family of nanocrystals includes spherical (quasi 0-dimensional) structures
called quantum dots, elongated (quasi 1-deminsional) structures called nanorods
or nanowires and pancake-like (quasi 2-dimensional) structures called
nanoplatelets. Due to their strong quantum confinement, nanocrystals offer a
broad range of tools through which their electronic, optical, and chemical
properties can be tuned. Through a judicious choice of the semiconducting
material(s), the architecture of structure, as well as its size and shape, the
spectral region in which the structure is optically active can be tuned from the
near-ultraviolet (near-UV) to the mid infrared (MWIR). This high degree of
flexibility, coupled with the possibility of narrow emission bands and near unity
quantum yields have made quantum dots an appealing system for a variety of

applications, ranging from optoelectronics to biological ima,ging.l‘4
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1.1.1 The Electronic Properties of Quantum Confined Semiconductor
Nanocrystals

The general behavior of the electronic properties of quantum dots and
related nanostructures is succinctly summarized by their definition as “spatially
confined semiconductors”. As this wording suggests, two key aspects dominate
the electronic property of these structures: 1) their material composition and 2)
their specific size and shape. The first of these factors is well understood within
the framework of solid state semiconductor physics. Beginning with the discrete
orbitals of atoms, one can then build up larger and larger structures, going from
molecules, to small clusters, until one reaches the bulk limit, as summarized in
Fig. 1-1. At the bulk level the electronic structure is best understood by
transitioning from a discrete picture of energy levels, to a quasi-continuum
picture of energy bands with an associated density of states. A key property of
optically active semiconductors is the presence of energy separation between the
highest occupied band (the valence band) and the lowest unoccupied band (the
conduction band) called the bandgap.

This bulk picture can conveniently be taken as the starting point for
evaluating the electronic structure of spatially confined semiconductors. A
powerful theoretical tool to study the transition from the bulk limit to the
confined case is the effective mass approximation (EMA).® The result of this
mathematical treatment is to combine the periodic Bloch functions of the bulk
crystal with an additional function called the envelope. The envelope captures
the effect of the shape and size of the nanostructure in shaping the new set of

wavefunctions describing the system. 57
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Figure 1-1: The evolution of the electronic properties of an optically active
material from atoms to bulk semicondcutors and modulated by quantum
confinement in nanostructures

The optical properties of quantum confined nanocrystals is most commonly
mediated by bound electron-hole pairs, called excitons. In bulk crystals and
within the effective mass approximation the exciton can be described as a
hydrogen-like system where the electron is electrostatically bound to the hole.
Similar to the case of the hydrogen atom, we can define a quantity called the

Bohr radius of the exciton (R ) as defined in equation 1-1 below

m
RB=€7~( f)ao

(1-1)
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where €, is the dielectric constant of the semiconductor, m_ is the free electron

€
mass, p* is the reduced effective mass of the exciton, and q, is the Bohr radius of

a hydrogen atom.

The Bohr radius can be taken as a natural reference point to study the
degree of quantum confinement in such a system (see Fig. 1-2). In bulk
semiconductors and large micro-crystallites the size of the crystal (ryp) is much
larger than the excitonic Bohr radius (Rp). In these systems the Wannier basis
provides a natural description of the electronic structure of excitons, with the
physical confinement of the nanostructure acting at most as a perturbation. On
the other hand, as the particle of nanocrystal decrease, its spatial confinement
will add a repulsive energy term called the confinement energy (E.,, tmement)s
which for a spherical particle varies inversely with the square of its radius:

h2m?
Econfinement = e

(1-2)

For a semiconducting particle subjected to strong confinement of its
charge carriers, it is often convenient to separate the energy of the exciton
according the wvarious contributing sources. Following the EMA formalism
introduced above, the energy of the exciton can be expressed as the sum of three
terms: 1) the bandgap of the bulk material, the confinement energy of the exciton
as defined above, and finally the Coulomb attraction between the two charge

carriers (Eq. 1.1).
Eexciton = Ebandgap + Econfinement + Ecoulomb

(1-3)
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Wannier Exciton in a Excitonin a
Bulk Semiconductor Quantum Dot

Figure 1-2: The difference between excitons in bulk semiconductors
(Wannier Excitons) and Confined Excitons in Quantum Dots
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1.2 Colloidal Nanocrystals

Nanocrystals of different. dimensionalities can be grown using a variety of
techniques, including gas-phase, liquid-phase, and solid-phase approaches. In this
work, the focus will be on nanocrystals grown through self-assembly in solution.
These growth conditions generally allow the particles to form stable colloidal
suspensions in a compatible solvent, giving rise to the term “colloidal
nanocrystal.” Because of their growth conditions, colloidal nanocrystals consist of

both an inorganic part and an organic exterior.

IFigure 1-3 below shows the architecture of a typical colloidal
nanostructure: a core/shell quantum dot. In this structure, an inorganic core is
surrounded by an additional inorganic layer called the shell. The shell in turn is
surrounded by a layer of organic ligands, which ensure the colloidal stability of
the structure. In practice, the details of the inorganic part of the nanocrystal can
vary drastically, including the possibility of a single inorganic layer, complicated

multilayer structures, or graded alloyed structures. Likewise, the ligand shell can

Shell

Ligands

IFigure 1-3: General Structure of a Colloidal Core/Shell
Quantum Dot



range from simple short chain organic moieties (e.g. carboxylic acids, amines,
thiols) to more complex scaffolds such as multifunctional block copolymers. It is
important to emphasize that while a primary role of the ligand shell is to render
the nanocrystal soluble in a solvent of choice, it can also play an important
functional role, including by directly affecting the electronic properties of

nanostructure as a whole.

1.3 The Synthesis of Colloidal Nanostructures

Since the first reports of the successful solution based synthesis of colloidal
quantum dots, dramatic progress has been made in improving the synthetic
quality and expanding the complexity of such structures.® The most widely used
method to create monodisperse batches of quantum dots remains the hot-
injection technique. In this method, the precursors of the quantum dot material
are allowed to quickly react together in a well-defined nucleation step, followed
by a secondary growth step. As a result of the tendency of small particles to grow
more quickly than larger particles, it is possible for the growth step to occur in a
regime called “size focusing,” where the size distribution of the quantum dots can
narrow.” As a result, for many classes of materials it is possible to reproducibly

obtain batches of nanorods with very low polydispersity (often less than 5%).”

While early studies of quantum dots focused on single-material systems, the
field was rapidly expanded by the development of multilayer structures.’® The
simplest example of such heterostructures are core/shell quantum dots, such as
the one shown in Fig. 1-3 above. It soon became apparent that core/shell
quantum dots could offer key advantages over core only dots, especially for
luminescent applications. Key among these benefits were a high quantum yield,
low emission intermittency (blinking), and improved photost,ability.Q’ 1 Other
possibilities included changing the shape of the particle by embedding the
spherical core in a shell that was elongated as in seeded nanorods or which had

. . 12,13
an even more exotic structure as in tetrapods for example.
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1.4 The Fluorescence Lineshape of Colloidal Quantum Dots

One of the most important properties that characterize a semiconducting
nanocrystal is the structure of the fluorescence lineshape. Controlling the
lineshape is crucial for enabling the use of such nanostructures as fluorophores in
applications ranging from light emitting diodes to multiplexed imaging.
Moreover, from a fundamental perspective the lineshape, including its breadth
and structure, provides critical information on the electronic structure of the

nanocrystal and the key physical processes that modulate its dynamics.

One of the most attractive features of quantum dots and related
nanostructures is that they exhibit a narrow and tunable emission band.
However, the word “narrow” merits a more careful look in this context. High
quality nanostructures based on a spherical CdSe core generally have a PL
lineshape with a full width at full max (FWHM) on the order of 60-80meV
(T20nm at an emission maximum of 63Onm).2’ 4% From an application
standpoint, this lineshape very often compares very favorably to alternative
chromophores. For example, for light emitting applications, the narrow lineshape
of CdSe based quantum dots is substantially narrower than the corresponding
emission bands of typical organic phosphors used in the display industry. As a
result, new displays incorporating quantum dots are capable of producing a

higher color purity than that found in older generation LCD displays.16

Nevertheless, while the lineshape of quantum dots can be considered to be
narrow for many practical applications, from a physical perspective it appears to
be unexpectedly broad at first sight. As a starting point, we can calculate the
“natural” lineshape of the quantum dots (6FE,,) if the only broadening

mechanism was due to its finite radiative lifetime (7,

»4)» Which can be expressed

as in Eq. 1-3 below:
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S8Engr =
nat = 5o Trad

(1-4)

Taking into account the fact that the radiative lifetime of CdSe quantum dots is
typically on the order of 710 ns, we obtain a natural linewidth on the order of

100 neV.

Clearly this number is smaller by many orders of magnitude when
compared to the lineshape observed at room temperature. The question then
becomes what mechanism dominates the broadening. At the individual dot level,
possibilities include 1) spectral dynamics induced by the fluctuating environment
of the dots, 2) the presence of multiple emissive states, and finally, 3) the
presence of exciton-phonon ooup]ing.“’ 1718 These three factors together define
the average single-particle lineshape. In addition to these mechanisms, the
polydispersity of the quantum dot sample will also add a contribution to the
lineshape measured at the ensemble level, which we will call the inhomogenous
broadening. All the four mechanisms described above are shown pictorially in

Fig. 1-4.

A key question is what mechanism dominates the broadening that results
in the room temperature spectrum? The first part of the answer as it relates to
CdSe/CdS quantum dots is that size inhomogeneity is not the answer. A variety
of techniques ranging from single particle fluorescence to solution - photon
correlation Fourier spectroscopy (s-PCFS) indicate that for high quality batches
of CdSe/CdS dots the average single particle spectrum is alost identical to the

2, 15

ensemble spectrum. 5 As a result, the broad ensemble lineshape simply reflects

the fact that each individual quantum dot has a spectrum that is broad.

Next, we can consider the relative importance of the mechanisms that

shape the lineshape of quantum dots at the single particle level. From previous
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studies we know that the net effect of spectral diffusion is to induce broadening
on the order of less than 1meV, particularly for thicker core/shell pa,rticles.18
This fact is consistent with our observations that the room temperature spectrum
of these particles is effectively constant when monitored on timescale accessible
on a camera (10s of ms). Next we can turn to the effect of the exciton fine
structure. In CdSe/CdS dots, the only states that have a non-zero oscillator
strength and can be thermally populated (at room temperature) have an energy
difference of 10-20meV."* While this fine structure can clearly have an important
impact on the overall lineshape, it cannot by itself account for the 60-100meV

linewdiths observed in practice.

The last key mechanism that remains to be explored is exciton-phonon
coupling. In previous studies, coupling to phonons has been invoked as the key

14,19 While this conclusion

mecnaism dominating the broadening of the lineshape.
is reasonable from the available data, the key limitation of the available studies
is that they could only rely on indirect evidence to attribute the broadening to
exciton-phonon coupling. In Ch. 4 we will discuss a more direct approach to
quantifying this coupling by measuring the fluorescence spectra of CdSe/CdS
quantum dots at the single particle level from cryogenic temperatures (4K) all

the way to room temperature.
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Figure 1-4: Lineshape broadening mechanisms in semiconductging nanocrystals
(adapted with permission from Ref. 14)
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1.5 Luminescent Solar Concentrators

1.5.1 Introduction

Luminescent solar concentrators (LSCs) have emerged in recent years as a
promising avenue towards economically viable solar energy ha,r\.'est,ing.m23 As in
all other types of solar concentrators, the key operating principle of an LSC is the
collection of light over a large surface area and its concentration to a target with
a smaller surface area. In contrast to conventional (active) solar concentrators,
which rely on direct focusing of the light (e.g. using parabolic mirrors or
troughs), LSCs are a passive system that does not require active tracking of the
Sun.’* In an LSC concentration is achieved by relying on a chromophore
embedded in a dielectric slab to first absorb the incoming solar radiation and
then to re-emit the light. The slab then acts as a waveguide, which traps part of
the emitted flux through refractive index contrast and guides it to the edges (see
Fig 1-6). The ratio of the surface area of the face of the device to the surface area
of the edges then defines the geometric concentration factor called the
concentration gain, similar to a conventional concentrator. A solar cell can then

be placed at the edges to carry out the final conversion of the light to electricity.

Light Collector 4 J' ; J'

Solar Cell

Geometric Gain: G = Acoltector

target

Figure 1-5: The general scheme of a solar concentrator
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Their passive mode of operation allows LSCs to not only avoid expensive
solar tracking controllers, but also offers the benefit of collecting both direct and
diffuse sunlight. As a result, LSCs offer the possibility of creating a more cost-
effective and efficient platform for solar energy harvesting, which can be coupled
to existing PV systems. Nevertheless, for the practical implementation of such
devices, further improvements are required, most notably in increasing the
proportion of the incident photon flux successfully collected and guided to the
edges. Their high photoluminescence quantum yield, strong and broad
absorption, and versatile tunability have made nanocrystalline structures such as
quantum dots and nanorods promising candidates to serve as the active material
in LSCs. One advantage of nanorods is the possibility of creating core-shell
structures, which allows a spectral separation of the absorption and emission,
thus diminishing reabsorption. Furthermore, because of their anisotropic shape,
nanorods can preferentially emit light in a plane perpendicular to their long
axis™®, a property which can lead to a reduction in top escape losses if the

nanorods are aligned perpendicular to the plane of the concentrator.”

Incident Solar Light

NV

Polymer Matrix Solar Cell

Emitter
(Core/Shell Quantum Dots)

Figure 1-6: Basic optical processes in a luminescent solar concentrator and optical
losses (shown in red)
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1.5.2 General Considerations for the Active Material of a Luminescent
Solar Concentrator
A key figure of merit describing the performance of luminescent solar
concentrators is the optical efficiency n, defined as the ratio of the photon flux
guided to the edges of the LSC divided by the incident flux. This quantity scales

approximately as:

N ~A@pne )™

(1-5)

In the equation above, A is the fraction of photons absorbed, 7np; and 7, are the
photoluminescence efficiency and trapping efficiency (the fraction of photons re-
emitted in the LSC trapped via total internal reflection) respectively, and n is the
number of reabsorption events.”” A key consequence of the above relationship is
that unless the two internal efficiencies reach unity, a situation extremely
difficult to realize in practice, the optical efficiency will rapidly decrease with the
number of reabsorption events. This latter issue is particularly problematic since
for LSCs to have practical applications, a large geometric gain, G (the ratio of
the area of the face of the LSC to the surface area of the edges), is needed.

The requirement for a large geometric gain arises from the dependence of
the ability of an LSC to concentrate light on this parameter. Specifically, the
amount of light concentrated can be quantified by F, the so-called flux gain,
defined as the ratio of the photon flux guided to the edges divided by the solar
energy flux that would be incident on the surface area of the edges, which can be
expressed as F =1n X G. From this relationship, it is immediately clear that an
LSC cannot significantly concentrate light unless it has a large geometric gain.
However, as the geometric gain increases, so necessarily does the average optical

path of the light through the device, thus increasing the probability for

30



reabsorption and diminishing the efficiency, such that at a certain value of G the

flux gain will stop rising.

For the above-mentioned reasons, reducing the reabsorption has always
been the key problem in LSC development and numerous solutions to this
problem have been explored. Most of the strategies pursued to this end can
generally be divided into two classes 1) changes in intrinsic material parameters
to reduce the spectral overlap between the absorption and emission and 2)
dilution of the emissive species.g4 The most notable approach belonging to the
first category is the energetic separation of the positions of the absorption and
emission maxima corresponding to the same electronic transition, e.g. due to
vibronic coupling. For organic dyes this value is usually equal to the Stokes shift,
the energy difference between the global absorption and emission maxima.
However, in spite of extensive efforts to screen possible candidate materials
exhibiting a sufficiently large Stokes shift for LSC applications, even the best

materials display significant reabsorption relying on this factor alone.

A related strategy, called solid state solvation (SSS), is based on the
preferential stabilization of the excited state in a polar solid matrix, resulting in a
further reduction in reabsorbance. It was on a combination of a large Stokes shift
organic dye and exploitation of SSS that a state-of-the-art LSC developed by
Baldo and coworkers was based.”® An additional approach in this category is
reliance on emission via an electronic transition with a low absorption oscillator
strength, such as emission from phosphorescent complexes or f-f transitions in
rare earth complexes.m’ % However, while such materials have indeed been
proven to yield greatly diminished reabsorption, their applicability to LSCs has
generally been limited either by a low quantum yield or insufficient absorption

across the solar spectrum.

The second category can be thought of as a host-guest system where most
reabsorption takes place by the host and the energy is transferred to the guest,

the latter finally re-emitting the light. The host-guest system can either consist of
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a blend of separate components or a single material containing two separate
subunits. In terms of the former, various systems composed of an organic host
and a fluorescent or phosphorescent guest have been reported.go’ ® One approach
falling into the latter category is based on the use of core-shell inorganic
nanorods. In such systems, emission occurs exclusively from the core, while the
majority of the absorption takes place in the shell. The key to minimizing
reabsorption in such systems then is essentially to minimize the volume ratio of
the core to the shell. In Ch. 4 we will discuss the realization of this approach
using CdSe/CdS quantum dots and nanorods to create an active material with

minimal reabsorption and near unity fluorescence quantum yields.
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1.6 Overview of the Thesis

The thesis focuses on the synthesis, characterization, and application of
semiconducting nanocrystals. In particular, the material system studied consisted
of core/shell structures of CdSe/CdS having either a spherical CdS shell

(quantum dots) or an elongated shell (nanorods).

Chapter 2 discusses the development of new methods to synthesize
CdSe/CdS core/shell quantum dots and nanorods. The characterization of the
madterials using a suite of optical tools ranging from spectrophotometry to single
particle fluorescence is discussed. In particular, we emphasize the key factors
needed obtain particles with a quantum yield approaching 100% and complete

energy transfer from the shell to the core.

Chapter 3 deals with the study of the active materials used in luminescent
solar concentrators. Inorganic heterostructures are shown to be ideally suited to
reduce reabsorption due to their ability to act as a host/guest system where one
part of the structure is responsible for the absorption and another part is
responsible for the emission. The fabrication, optical characterization, and
modeling of prototype devices fabricated using CdSe/CdS quantum dots is

discussed in detail.

Chapter 4 discusses the optical and electronic properties of CdSe/CdS
quantum dots. The role of electron delocalization into CdS is discussed as the
central mechanism directing the evolution of the optical spectra as a function of
the shell thickness. A unified model is presented to describe the fluorescence
lineshape in these particles and its dependence on exciton-phonon coupling in the

quantum dots.
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CHAPTER 2
The Synthesis and Characterization of CdSe/CdS

Quantum Dots and Nanorods

From the very beginning of the field of colloidal quantum dots, the material
CdSe has played a central role in the field. Fundamental studies of CdSe
nanocrystals were critical in unraveling the complex behavior of quantum dots,
from their general electronic structure to the dynamics of single pa,rticles.l‘ :
Likewise, it was CdSe that opened the gates to a variety of practical applications
of quantum dots in areas such as biological imaging and electroluminescent
devices.®> This entire body of work was made possible by a series of synthetic
advances which produced particles which were: 1) uniform at the batch level, 2)
tunable in size and shape, and 3) exhibited a high fluorescence quantum yield

and 4) exhibited long-term photostability." *

Early in the development of colloidal quantum dots, it became apparent
that the optical quality of the structures could be improved by surrounding the
original dot (now called the core) with a second inorganic layer (called the
shell).6 For luminescent applications the most important role of the shell is to
help confine the exciton in and around the core and to protect it from defects
and perturbations on the surface. The requirement to confine the exciton close to
the core dictates that as a prerequisite the shell must have a higher band gap

than the core. In addition, the band-alignment at the interface should be such
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that both the conduction and valence bands of the shell material lie higher in

energy than the corresponding bands in the core material.

This situation is shown diagrammatically in Fig 2-1 below. The strongest
confinement occurs when a high band offset exists for both the conduction and
valence bands, called a type-1 heterojunction. For example, in the case of CdSe,
such an arrangement can be achieved when overcoating the core with a material
such as ZnS.” In contrast, if one of the bands of the shell lies close in energy to
the corresponding band in the core, one can achieve what is called a quasi — type-
II band alignment. For example, in the case of CdSe, such an arrangement is
found when CdS is used as the shell material. In this case, the low barrier
between the conduction bands allows for significant electron delocalization into
the shell.” ® The implication of this delocalization for the electronic and optical

properties of CdSe/CdS nanostructures is discussed in detail in Ch. 4.

A

Energy

_1*® B

Type | Quasi -
Type ll

Figure 2-1: Type | and Quasi - Type II Core/Shell Heterojunctions; the
spread of the electron wavefunction is shown in organge and the spread of
the hole wavefunction is shown in blue
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2.1 Thick-Shell CdSe/CdS Quantum Dots

Of all the shell materials used to overcoat CdSe quantum dots, CdS has
been remarkable successful in creating heterostructures with superlative optical
properties. The CdSe/CdS system has produced particles with unity fluorescence
quantum yields, high biexciton quantum yields, minimal inhomogeneous
broadening, and highly suppressed blinking.4‘ B Due to these properties,
CdSe/CdS quantum dots have been integrated into a wide variety of
applications, ranging from light emitting devices, biological imaging, and other

: ; S 14, 15
optical and optoelectronic applications. '’

The wversatility of CdSe based quantum dots has been dramatically
expanded recent synthetic advances in the growth of a thick CdS shell. Such

thick-shell CdSe/CdS dots can now be grown while retaining a high degree of

Figure 2-2: TEM micrograph of thick-shell Cdse/CdS quantum dots



monodispersity at the batch level, near unity quantum yields, and narrow
fluorescence lineshapes. These thick-shelled particles have proven especially
attractive for applications that require minimal reabsorption, such as luminescent
solar concentrators and to a lesser degree in displays.lo’ % The reduction in
reabsorption is made possible by effectively decoupling the absorption and
emission of these particles. While high energy light will mostly be absorbed into
the shell, the exciton created in this process will rapidly relax in energy and
localize in the core, where it can finally recombine radiatively. This idea will be

discussed in more detail in the next chapter.

While numerous methods exist to grow the CdS shell on these particles, the
best results have been obtained using a slow-injection high temperature growth
that has previously been reported4 and which we adapted for thick-shell
CdSe/CdS dots. Two of the biggest advantages of this method is that it yields
particles with a high degree of uniformity at the batch scale (e.g. see Fig. 3-3)
and near unity quantum yields. These advantages appear to follow from the high
degree of crystallinity of the shell which reduces the number of non-radiative
channels that otherwise can reduce the quantum yield. The benefit of this
passivation scheme is especially striking for particles with very thick shells (15+
monolayers of CdS). In these particles, electron delocalization into the shell
results in a dramatic lengthening of the radiative lifetime (from 720 ns to
hundreds of ns). Nevertheless, because the non-radiative decay channels are so
efficiently suppressed, the radiative pathways can still dominate, allowing from

fluorescence quantum yields up to 100%.
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2.1.1 The Evolution of the Biexciton Quantum Yield in CdSe/CdS
Quantum Dots as a Function of the Shell Thickness
As another illustration of the benefit of the shell in CdSe/CdS
heterostructures, we have looked at the evolution of the biexciton quantum yield.
In core only CdSe or related system, the biexciton quantum yield is generally no
higher than ~3%.'" This low quantum yield is generally attributed to Auger-

17, 18
! Because

mediated non-radiative relaxation of the biexciton to the exciton.
the Auger process depends on the wavefunction overlap of the core and electron
wavefunction, its rate can be inhibited by increasing the separation between the
two charge carriers.'’” ' ' Indeed, when looking at a series of CdSe/CdS
quantum dots one observes a monotonic increase in the biexciton quantum yield
as seen in Fig 2-3. In fact, by using an extension of this approach combined with

partial alloying, more recent studies have demonstrated that that the biexciton

quantum yield can even be made to reach unity.m
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Figure 2-3: The change in the biexciton quantum yield vs.
CdS shell thickness
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2.2 CdSe/CdS Nanorods

The versatility of inorganic nanocrystals is greatly expanded by the
possibility of modifying their electronic properties by changing not only their
size, but also their dimensionality. In particular, elongated structures such as
nanorods exhibit an attractive set of emergent properties that set them apart
from spherical quantum dots, such as a large degree of fluorescence a,nisotropym’
I and enhanced transport through various types of biological tissue®. Among
visible-light emitting materials, seeded CdSe/CdS nanorods (structures consisting
of a spherical CdSe core surrounded by an elongated CdS shell) have emerged as
a robust material system combining a high degree of monodispersity with bright
and spectrally narrow photoluminescence. However, while rapid initial progress in
the development of CdSe/CdS nanorods resulted in the achievement of
fluorescence quantum yields of up to 75%°" 3 further improvement of the
quantum yield proved elusive using conventional fast-injection based
preparations. Moreover, as with CdSe/CdS quantum dots, the quantum yield was
rapidly observed to decrease with increasing shell volume, an effect which was
attributed to the long radiative lifetimes caused by delocalization of the electron
into the shell.?’ This reduction in the efficiency has been a significant barrier to
these materials for a variety of optical and optoelectronic applications, such as

luminescent solar concentrators (LSCs) and light emitting diodes (LEDs). % 2427

In this work, we have employed a two-step process to synthesize the shell
by first using a hot injection reaction to grow a thin CdS layer, followed by a
slow second growth. The first step is needed to maintain kinetic control over the
initial growth of the shell in order to obtain a monodisperse batch of nanorods
with a well-defined elongated geometry, as previously reportedﬁ. The second slow
growth in turn was motivated by our previous work on spherical CdSe/CdS
quantum dots, where a slow high temperature growth was seen to improve both
the synthetic and optical quality of the nanoparticles. In our study we show that

the second growth step not only improved the crystallinity of the nanorods but
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had a major impact on the optical properties, increasing the fluorescence
quantum vield up to unity, highly suppressing residual defect emission, and
allowing for complete energy transfer from the shell to the core. Our approach
highlights the benefits of decoupling the growth of anisotropic heterostructures
into two steps: 1) a fast step needed to direct the shape and size of the
nanostructures and 2) a slow annealing step to reduce the defects introduced by
the fast growth to highly suppress the non-radiative channels that reduce the

fluorescence quantum yield.

2.2.1 Synthesis

The general synthetic scheme for the shell growth is illustrated in Fig. 2-4.
Spherical CdSe cores were first overcoated using an established fast injection-
based recipe™ to yield thin-shelled CdSe/CdS nanorods with a high degree of
monodispersity. These nanorods were then isolated and in a second reaction the
shell was grown further using a high-temperature, slow-injection reaction. The

second growth provided two key advantages: 1) an increase in the fluorescence

-

Fast Injection
Shell Growth

Slow Injection
Second Overcoating

CdSe cds

Figure 2-4: The general synthetic scheme for the
synthesis of the seeded nanorods



quantum yield and a suppression of the trap emission and 2) independent control
of the shell thickness. This synthetic protocol resulted in nanorods that remained
very monodisperse at the batch level even as the shell thickness was continuously
increased. In order to study the effective monodisperisty of the sample as it
relates to the optical properties of the system, the ensemble and average single
nanorod spectral correlations were measured using solution-Photon Correlation
Fourier Spectroscopy (s-PCES, see Fig. 2—5)9. From the small difference between
the two spectral correlations, one can readily conclude that the inhomogeneous
broadening of the sample only results in a minor contribution to the overall
spectral width. In addition, the particles were highly uniform and crystalline at
the individual nanorod level as can be seen from the high resolution TEM in Fig
2-6a and 2-6b. The uniformity achieved after the second growth step appears to
be a significant improvement from the initial nanorods, where the fast injection
frequently results in the appearance of visible kinks as well as other

crystallographic defects such as edge dislocations (see Fig. 53).
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Figure 2-5: s-PCFS traces showing the ensemble and
average single nanorod spectral correlation of sample
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Table 1: Dimensions and Fluorescence Quantum Efficiency of Nanorod Samples

Sample Length Width Fluorescence Quantum Yield (%)
(nm)  (nm) Lifetime
(ns)

S1 45+3  6.3+0.2 23 95 + 1

S3 4043 9.5+0.2 61 85 + 1

In order to systematically study the evolution of the electronic and optical
properties of the new nanorods, a size series was prepared by first creating a
batch of nanorods using the conventional fast-injection based growth (denoted
Fl)go, which was then subjected to an additional slow growth steps to create two
new samples, which we denoted in the order of increasing thickness as S1, 52.
Finally in order to even more drastically increase the shell thickness, sample 51
was subjected to one additional slow growth, yielding the sample denoted S3. As
can be seen from table 1, while the length of all the four samples is almost
unchanged (ranging from 40nm to 45nm) as additional growth along the axial
direction was balanced by the general tendency of the particles to become more
spherical after prolonged reaction times. In contrast, the thickness increased
continuously from 5.5nm for F1 to 6.3, 7.0, and 9.5 in S1, 52, and 53
respectively. By taking into account the initial size of the core (d=4.9nm) and
the thickness of each individual CdS layer, we can estimate the change in the

number of CdS monolayers (estimated assuming each layer of CdS had a
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thickness of 0.35nm) to be from 1 in F1 to 2, 3, and 7 respectively in S1, S2, and
S3.

One key advantage of dividing the shell growth in two steps is to allow for
an independent control of the length and thickness of the nanorods, allowing for
the synthesis of uniform particles with a wide range of aspect ratios for any
particular length. While conventional fast growth techniques yield highly uniform
particles with a tunable length, changing the thickness has proven to be much
more challenging since varying most synthetic parameters such as the amount of
precursors injected and the reaction time predominantly affects the length while
leaving the thickness largely uncha,nged.QO’ I While some progress has been
reported for preparing thicker shelled nanorods by using a higher injection
temperature, this approach nevertheless still resulted in coupled growth of the
nanorods along both their long and short axes.”® In contrast, using our method,
the first step results predominantly in growth along the long axis, while the
second step occurs under conditions that promote symmetric growth in all
directions® ® Therefore, by carefully selecting the reaction conditions our method
allows for core/shell nanorods with a desired combination of length and
thickness. As a final note, because the shell is in equilibrium with the reaction
precursors, under conditions that promote isotropic growth particles tend to
become rounder. As a result, during the second step, the length may remain
constant or even decrease even as the volume is increasing. This fact should be
taken into account when designing the growth of the shell in order to obtain the

target dimensions.
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50nm

10nm

Figure 2-6: TEM micrograph of the nanorods after the slow-shell
growth: a) a micrograph of sample S1 d) High Resolution TEM
micrograph of sample 52
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2.2.2 Optical Characterization

The fluorescence spectra of these samples are shown in Fig. 2-7a. As the
shell volume was increased, the spectra continuously redshifted and the
lineshapes slightly broadened as expected from the known tendency of the
electron to delocalize into the shell across the quasi type-Il barrier typical of
CdSe/CdS heterostructures™ . An interesting qualitative difference between the
spectra is revealed when re-plotting the data on a logarithmic scale (Fig 2-7b). In
addition to the band-edge luminescence, one can distinguish an additional red-
shifted band in some of the spectra. Such a feature is ubiquitous to CdSe or CdS
based nanoparticles and while its origin has not been definitively identified, it is
generally attributed to defect states either at the surface of the nanoparticle or at
the core/shell interface and is for this reason usually denoted as the trap band in
these materials.”’ What is interesting is that while this feature is strongly
pronounced in the initial CdSe cores and still clearly apparent in the initial
nanorods, this band is highly suppressed in the samples subjected to the second

slow shell growth. Indeed the feature is essentially undetectable in the two
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Figure 2-7: a) Fluorescence spectra of the CdSe cores and the nanorods on a
linear scale and b) on a logarithmic scale



thinner nanorod samples (S1 and S2) and only re-emerged in the thickest sample

(S3), but even then remained much weaker than in the initial nanorods.

The observed reduction in the defect band can be linked to the large
degree of uniformity and crystallinity of the shell and the improved passivation of
the surface made possible by the slow growth step. Such a behavior is fully
consistent with the improved optical performance obtained in our previous work
on spherical CdSe/CdS quantum dots™ '°. Importantly both in the case of the
nanorods as well as the quantum dots the suppression of the defect band is not
simply a function of the CdS shell thicknesss but always requires the slow growth
step. This behavior can be clearly seen in the case of the CdSe/CdS QDs where
the fluorescence spectra for a series of aliquots are shown in Fig. S6a/b, all grown
using a high temperature slow-injection growth as described in Ref. 5. No defect
band is apparent in any of the spectra, even for the lowest shell thickness. In
addition, samples of CdSe/CdS nanorods grown using the fast injection growth

from a smaller initial core do exhibit such a defect band (Fig. S6¢/d), even if the
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Figure 2-8: Time resolved photoluminescence traces of
the nanorod samples
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shell is thicker than when starting from a larger core as in our present st,udym.
These observations highlight the fact that it is the use of a slow high temperature
growth step that is the key factor enabling the suppression of the defect band

and the more general improvement in the optical properties.

The fluorescence quantum yield of the four nanorod samples were then
measured using an integrating sphere (see Table 1). The excitation wavelength
was selected to be 405nm in order to ensure that the majority of the absorption
occurred directly into the shell. The initial quantum yield of the nanorods after
the first growth was only moderate at 59%, which already represented a
reduction from the higher values (70%-+) measured for nanorods made from the
same batch of cores but having a shorter shell. Upon growing a thin shell using
the slow growth method (sample S1), the quantum yield increased to 95%. A
similar sample having a thicker shell (S2) was measured to have a quantum yield
of 98%. This significant increase in the quantum yield even as the shell volume
was increased, suggests a strong suppression of the non-radiative decay channels
present in the initial nanorods. It was only when growing the shell further that
the quantum yield decreased, a value of 8% being measured for the thickest-
shelled nanorods in this series. This final decrease in the quantum yield may
largely be due to the gradual lengthening of the radiative lifetime as the shell
volume was increased (see Fig. 2-8), which again made the remaining non-

radiative decay channels competitive with radiative recombination.

The evolution of the normalized absorption spectra from the CdSe cores to
the nanorod series is shown in Fig. 2-9. At high energies (above 500nm), where
most of the absorption is mediated by the CdS shell, the spectra remain
relatively constant, barring the gradual disappearance of the sharp features as the
CdS shell gradually transitions from the quasi-one dimensional confinement to its
bulk-like limit. However, as in the case of spherical CdSe/CdS quantum dots, the
biggest change observed in the spectra consists in the relative reduction of the

first excitonic features (see the inset of Fig. 2-9) compared to the CdS band as
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Figure 2-9: Absorption spectra of nanorods (inset magnification
of first excitonic feature

the volume of the shell increases and consequently the volumetric ratio of CdSe
to CdS decreases."” Because virtually all of the spectral overlap between the
emission and absorption spectra of the nanorods  occurs through this first
excitonic feature, its relative reduction directly leads to a decrease in the effective
reabsorption of these materials. Indeed, for the sample with the largest shell
volume (S3), the absorption at the fluorescence maximum is reduced by two
orders of magnitude compared to its value in the CdS band. Such a low
reabsorption is comparable to values previously reported for giant-shelled
CdSe/CdS quantum dots and represents one of the lowest levels of reabsorption

measured in inorganic or organic materials.



2.2.3 Evaluation of the Shell-to-Core Energy Transfer Efficiency

Figure 2-10: Electronic processes in CdSe/CdS nanorods, including 1)
absorption, 1) shell-to-core energy transfer, II1) fluorescence and the
trapping pathways before and after thermalization

One key property exhibited by the nanorods grown using the current
method is that in contrast to other large volume CdSe/CdS particles, they
exhibit effectivelv complete energy transfer from the shell to the core. Such a
result could be anticipated from the fact that a unity quantum yield was
measured even when exciting at 405nm, where most of the absorption occurred
directly into the shell. A more systematic demonstration of this property follows
from the analysis of the excitation-emission spectrum of the nanorods, shown in
Fig. 2-11a, which shows the variation of the fluorescence spectrum of the
nanorods as a function of the excitation wavelength. Upon normalizing the
spectrum to the peak of the fluorescence at each excitation wavelength (IFig 2-
11b), it is apparent that the spectrum remains completely unchanged, suggesting
that the exciton is always able to equilibrate on a time scale much faster than
the fluorescence lifetime. Upon taking a cross-section of the 2D plot prior to
normalization (or equivalently directly measuring an excitation spectrum), the
resulting spectrum tracks the absorbance spectrum completely, as shown in Fig.
2-12. This property means that the quantum yield of the particles is insensitive

to the excitation wavelength.
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The fact that the energy transfer in these nanorods is significantly more
efficient than in conventional nanorods of similar dimensions indicates that the
slow growth step results in a suppression of the surface traps that can otherwise

31 This general behavior can be

prevent the exciton from localizing to the core.
understood within the general scheme shown in Fig. 2-10. If the nanorod is
excited well above its effective bandgap, the exciton that will be generated will
mostly be delocalized in the CdS shell (I). In order for the exciton to eventually
recombine radiatively in the core, it must successfully pass through two
branching ratios. First, the hot exciton must localize in and around the core (II)
upon thermalization (at an effective rate kgr) in competition with the parasitic
pathways that can trap the exciton or one of the charge carriers in the shell (at a
rate ki;). Finally, the exciton must recombine radiatively (III) at a rate kg in
competition with all the remaining non-radiative decay channels (kn:). Because
both the localization rate®” as well as the radiative rate are known to decrease

with the shell volume, the fact that nanorods subjected to the slow growth step

can exhibit a unity quantum yield when excited into the shell indicates a strong
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suppression of all the non-radiative channels operating both before and after the
thermalization of the exciton. It should be pointed out that upon magnifying the
spectral range around 500nm, one can observe a very small peak as shown in
figure 2-13, presumably due to emission of light from the CdS shell prior to
thermalization. The integrated area of this feature is about 10,000 weaker than
the integrated band-edge spectrum, which is consistent with the fact that the
typical carrier localization timescale (T40ps) is about 1000-10000 times shorter

than the typical intrinsic radiative lifetime of CdS nanostructures (~10ns).
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Figure 2-13: Fluorescence Spectrum of S2. Inset shows the weak

CdS emission peak at a magnification of 10KX
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2.2.4 Evaluation of the Degree of Polarization in the Fluorescence of

CdSe/CdS Nanorods

Finally, in order to assess the degree of polarization of the nanorods, we
performed polarization-dependent single particle fluorescence spectroscopy. In
particular we were interested to see whether the thickest shell nanorods would
exhibit the same degree of polarization (P, defined as the difference of the
orthogonally polarized components of the fluorescence divided by the total
fluorescence intensity) as the conventional, thinner nanorods obtained after the
initial first injection. The experimental set-up that was used is shown
schematically in Fig. 4a (a detailed description of the experiment is described in
the supplementary information). The sample consisted of a dilute solution of
nanorods spun cast onto a coverslip, which allowed for a clear separation between
individual particles. The nanorods (sample T1, which was synthesized using a
similar procedure used for sample S3) had a length of 63nm and a thickness of
10nm, resulting in an aspect ratio (the ratio of the length to the width) of
approximately 6. A typical trace showing variation of the fluorescence intensity
as a function of the polarizer angle is shown in Fig 4b, from which the degree of
polarization can be estimated to be 65%. This value is comparable to values that
have been previously reported for nanorods that had a similar aspect ratio, but
with a thinner shell (and a proportionately shorter length). Such a result is
consistent with the theoretically predicted component of the fluorescence
polarization that is attributable to the dielectric environment, as this
contribution should only depend on the aspect ratio rather on the ratio of the

length and the width of the shell, rather on their absolute dimensions.*
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2.3 Conclusions

In conclusion, we have developed a two-step method to grow an elongated
CdS shell on CdSe cores, yielding highly monodisperse nanorods with tunable
shell thickness and near unity quantum yields. The nanorods also exhibited
highly efficient energy transfer from the shell to the core, making the structures
well-suited for broadband light harvesting. The improvement in the optical
properties of the system may be attributed to the increased uniformity and
crystallinity of the shell made by possible by the long reaction time of the second
growth. This result extends the same optimization that we previously reported
for spherical giant-shelled CdSe/CdS particles to a quasi-one dimensional
geometry where the good optical properties can be combined with linear
polarization. We believe that these new materials may be good candidates for a
variety of optical applications such as luminescent down-shifting and luminescent

solar concentrators.'% '8
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2.3.1 Materials and Methods

Synthesis: The synthesis of the CdSe cores and the first fast-injection shell
growth was carried out by following a previously published synthetic recipe. The
second step of the shell growth consisted of a slow high temperature CdS growth,

adapted from Ref [4] and is described in detail in the supplementary information.

Optical TImaging: Absorption spectra were recorded using a Cary 5000
spectrophotometer and emission spectra were recorded using a Fluoromax-3
spectrofluorometer. Quantum yield measurements were taken using a Labsphere
integrating sphere using a bmW, 405nm as the source, chopping the beam at 210
Hz and collecting the output using a calibrated silicon detector through a
Stanford Research Systems lock-in amplifying system. A filter was used to
spectrally separate the fluorescence, and the final quantum yield was corrected

the reflectance and leakage of the filter.

Time Resolved Photoluminescence: To measure the PL lifetime, the nanorods
were diluted in a hexane solution, placed in a quartz cuvette and excited with a
pulsed 532 nm laser (PicoQuant) at a 2.5 Mhz repetition rate. The excitation
light was removed using a spectral filter and the emission was collected by a
single photon avalanche photodiode (Micro Photon Devices). The photon arrival
time was correlated with the excitation pulse by a Picoharp 300 (PicoQuant)

time-correlated single photon counting system.

Single Particle Fluorescence: The excitation source was a beam of 488nm light
from an argon ion laser, which was rendered circularly polarized using a quarter-
wave plate and then focused unto the sample using a 100x oil immersion
objective. The emitted light was passed through a polarizer and was finally
collected by a CCD camera. The fluorescence was connected with 30s integration
windows for each data point as the polarizer was moved stepwise by 20 from 0°

to 0°.
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2.4 Supplementary Information

2.4.1 Synthesis of CdSe/CdS Quantum Dots

Chemicals: 1-octadecene (ODE, 90%), trioctylphosphine oxide (TOPO 99%),
trioctylphosphine (TOP, 97%), oleylamine (OAm, 70%), 1-octanethiol (> 98.5%),
sulphur powder (99.999%) were obtained from Sigma Aldrich. Cadmium oxide
(CdO, 99.998%), selenium powder (99.999%), oleic acid (OLA, 90%) and
octadecylphosphonic acid (ODPA, 97%) were purchased from Alfa Aesar.

Synthesis of Thickest Shell Dots:

To a 250mL round bottom flask was added 100nmol of the CdSe cores (with a
maximum of the first excitonic feature in the absorbance spectrum at 572nm)
dissolved in hexane, 3mL of ODE, and 3mL of oleylamine. The solution was
degassed at r.t. for 1 hr. and then for 5 min at 100°C to remove the hexane and
water. The solution was then stirred under Ny and the temperature was raised to
310°C. At 200°C, a solution of Cd-oleate (8mL of a 0.2M solution of Cd-oleate in
ODE) dissolved in ODE and a separate solution of octanethiol (328uL) dissolved
in ODE (for a total volume of 20mL for each) were injected at a rate of
2.5mL/hr. After 2 hours 2 mL of oleic acid was injected and after 4 hours from
the time of injection and additional 2mL of oleic acid was added. After 8 hrs. the
solution was stirred for an additional 15 minutes at 310°C, then the heating
mantle was removed. The final product was obtained by precipitation with

acetone.
Synthesis of Dots with Different Shell Thicknesses:

The same general protocol as_for the thickest-shelled dots was used, with the
difference that the amounts of the precursor reagents (Cd-oleate and octanethiol)
as well as the injection times were reduced proportionally to yield the desired

shell-thickness.
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2.4.2 Synthesis of CdSe/CdS Nanorods

Chemicals: 1-octadecene (ODE, 90%), trioctylphosphine oxide (TOPO 99%),
trioctylphosphine (TOP, 97%), oleylamine (OAm, 70%), 1-octanethiol (> 98.5%),
sulphur powder (99.999%) were obtained from Sigma Aldrich. Cadmium oxide
(CdO, 99.998%), selenium powder (99.999%), oleic acid (OLA, 90%) and
octadecylphosphonic acid (ODPA, 97%) were purchased from Alfa Aesar.

1.1 Initial Nanorod Growth {F1)

The initial seeded nanorods were prepared by following the procedure reported
by Carbone et al [1], using CdSe cores with a maximum of the first excitonic
feature in the absorbance spectrum at 585nm. Briefly, 3.0g trioctylphosphine
oxide, 290mg octadecylphosphonic acid, 90mg hexylphosphonic acid, and 90mg of
CdO were added to a 50mL RBF and degassed as 1500C for one hour. The
solution was then heated up to 300 oC under N2 in order to crack the CdO. In a
separate vial, 100nmol of the CdSe cores were concentrated, 120mg of S was
added, and the solids were dissolved in 2mL of trioctylphosphine at “800C. The
main reaction solution was then heated to 350 oC and 1.5mL trioctylphosphine
was added. Finally, once the reaction reached the final temperature, the cores/S
solution was rapidly injected and the reaction was allowed to proceed for 10min.
after which the heating mantle was removed. The nanorods were then
precipitated using a mixture of methanol and butanol and were redispersed in

hexane.
1.2 Second Slow Growth
F1

To a 250mL round bottom flask was added 40nmol of the initial CdSe/CdS cores
nanorods dissolved in hexane, 3mL of ODE, 3mL of oleylamine, and 3mL of oleic
acid. The solution was degassed at r.t. for 1 hr. and then for 20 min at 80oC to

remove the hexane and water. The solution was then stirred under N2 and the
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temperature was raised to 3100C. At 2000C, a solution of Cd-oleate (1mL of a
0.2M solution of Cd-oleate in ODE) dissolved in ODE and a separate solution of
octanethiol (42uL) dissolved in ODE (for a total volume of 6mL for each) were
injected at a rate of 3mL/hr. The final solution was then cooled down and the
nanorods were collected by precipitation using acetone followed by re-dispersion

in hexane.

F2

The procedure for F1 was repeated with the difference that the amount of the
shell precursors used was 2mL of a 0.2M solution of Cd-oleate in ODE and 42uL

of octanethiol.

1.3 Additional Shell Growth

To a 250mL round bottom flask was added 20nmol of sample F1 dissolved in
hexane, 3mL of ODE, 3mL of oleylamine, and 3mL of oleic acid. The solution
was degassed at r.t. for 1 hr. and then for 20 min at 80°C to remove the hexane
and water. The solution was then stirred under N2 and the temperature was
raised to 310°C. At 200°C, a solution of Cd-oleate (ImL of a 0.2M solution of Cd-
oleate in ODE) dissolved in ODE and a separate solution of octanethiol (42uL)
dissolved in ODE (for a total volume of 6mL for each) were injected at a rate of
3mL/hr. The final solution was then cooled down and the nanorods were

collected by precipitation using acetone followed by re-dispersion in hexane.
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2. TEM Micrographs:
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Figure S2: The TEM micrograph of the initial nanorod sample (F1)



Figure S3: Higher magnification TEM of sample F1 indicating visible defects

(dashed red outlines)
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Figure S4: The TEM micrograph of the sample S1

7 Figre S5: The TEM micrograph of the sample S2
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Figure S6: The TEM hiéf;)graph of the sample S3
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3. Fluorescence spectra of CdSe/CdS quantum dot aliquots and small-core seeded
CdSe/CdS nanorods
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Figure S7: Fluorescence spectra of a series of CdSe/CdS quantum dotst on a) a
linear and b) logarithmic (b) scale for different aliquots; Fluorescence spectra of
1dSe /CdS nanorodsi with a small (2.5nm) CdSe core on c¢) a linear and d)

logarithmic scale

t The dots were created from a core with a first excitonic feature in the
absorption spectrum at 543nm. Aliquots were taken each after uniform intervals
of shell growth; aliquot 8 corresponded to a total shell thickness of ~14
monolayers. I The nanorods had a total shell thickness of 30nm and were grown
using similar conditions to the “fast growth” step used elsewhere in this

publication
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4. Additional Spectra
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Figure S8: A reproduction of Fig. 2b with the y-axis
lowered to include all the data
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Figure S9: Comparison the PL decay of sample S3 with
excitation at 405nm and 532nm
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CHAPTER 3
The Development of New Active Materials for

Luminescent Solar Concentrators (LSCs)

3.1 Introduction

Luminescent solar concentrators (LSCs) have received renewed attention
in recent years as a platform for solar energy harvesting complementary to
conventional photovoltaic technologies.l'3 The key requisite properties for the
active materials in LSCs are low reabsorption (i.e. minimal spectral overlap
between the absorption and emission spectra) and a high fluorescence quantum
efﬁciency.‘i'6 In this chapter we will discuss the development of CdSe/CdS
quantum dots and nanorods that simultaneously fulfill these two requirements as
well as the optical characterization of the LSC prototypes fabricated using these

materials.

3.2 The Use of Thick-Shelled CdSe/CdS Quantum Dots as the Active
Material in Luminescent Solar Concentrators
Inorganic core/shell quantum dots (QDs) are especially well suited to
address the problem of reabsorption since they allow for a spectral separation of
the absorption and emission by confining the two processes to different parts of
the heterostructure.” The basic operational principle as illustrated in Fig. 3-1
begins with absorption (I), which for high photon energies will occur into states

predominantly located in the shell. Absorption is then followed by rapid energy

75



relaxation to the band-edge states (lI), which are confined within or near the
core, where the exciton can finally recombine radiatively (IIl). This scheme
allows for a straightforward reduction of the reabsorption by simply maximizing

the volumetric ratio of the shell to the core.

Unfortunately in many systems, such as in the case of CdSe/CdS
nanostructures, a pronounced tradeoff exists between the shell thickness and the
quantum yield, which has been attributed to a reduction in the spatial overlap of
the hole and electron wavefunctions due to the quasi-type Il band alignment of
the CdSe/CdS system.” ' Recent progress in svnthetic methods has resulted in
near unity efficiencies for thin-shelled CdSe/CdS QD&;.H Such a high quantum
vield indicates a major reduction in the non-radiative decay channels and

suggests the possibility of maintaining a high quantum yield even in thick-shelled

Figure 3-1: Use of CdSe/CdS quantum dots as a host/guest

system. The key optical properties start with I) absorption

by the shell material (the antenna), II) energy transfer to

the core (the guest) and III) radiative recombination from
the core

dots. In order to test this prediction, we have developed a synthetic method that
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is inspired by Ref. 11 that retains a high quantum yield even as the shell
thickness increases.'” We prepared a series of core-shell QDs from the same CdSe
cores but having variable shell thicknesses, with the volume of the shell varying
up to a factor of 16 (calculated from the amount of precursors injected), with the
thickest, dots having a thickness of 5.0nm (approximately 14 monolayers) of CdS
as determined from TEM™. We characterized this series of QDs and used the
thickest ones to construct prototype LSCs. Finally we compared our results to a

Monte Carlo simulation to identify the major loss channels.

20nm

Figure 3-2: TEM micrograph of the CdSe/CdS quantum dots used for the
LSCs
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3.2.1 The Reduction of Reabsorption Using CdSe/CdS as a

Host/Guest System

The absorption spectra of the QDs (normalized at 450nm) as a function of
shell thickness are plotted in Fig. 3-3. The spectral region at wavelengths below
500nm is dominated by absorption into the CdS shell and its shape is largely
insensitive to the shell thickness. In contrast, a significant change is seen in the
relative intensity of the first excitonic feature (shown in the inset of Fig 3-3),
corresponding to absorption by the CdSe core. Because this first excitonic peak is
responsible for virtually all spectral overlap with the fluorescence spectrum, a

relative reduction in this absorption feature directly results in a decrease of the
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Figure 3-3: Evolution of the absorption spectra as a function of the shell volume (x
refers to the volumetrie ratio of the shell material relative to the thinnest shell

studied)
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reabsorption.

We quantify the reabsorption by a parameter 5, which we define as the
inverse of the area of spectral overlap between the normalized absorption and
emission spectra as shown in Fig 351 This parameter decreases nearly linearly
as a function of shell thickness (see Fig 3-6), resulting in a 45-fold reduction in
the reabsorption in the thickest-shelled dots compared to the original CdSe cores.
The absorption and fluorescence spectra of the thickest shelled quantum dots are
shown in Figure 3-4, on a linear and log scale. The absorption near the emission
maximum is nearly two orders of magnitude smaller than that in the region
where CdS absorbs (<500nm). Such an effective reduction in reabsorption is
comparable to the best organic systems reported to date.* Moreover, even the
sample with the thickest shell retained a high fluorescence quantum yield, with a

value of 86% measured in solution.

3 T T ¥ T N T . 3 1 T 1 T : 1
- 14 M n
il = c
= ,9 2 S
< § < g
_§ 4 i3 _§o.1- Lo.1 S
= I 3
< C < -
=~ 0.01- -0.0T"

0 —T Y1 7 O A 0 K

300 400 500 600 700 800 300400500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 3-4: Optical spectra of the thick-shelled CdSe/CdS quantum dots on a
linear scale (left) and a logarithimic scale (right)
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3.2.2 Embedding Quantum Dots in an Optically Transparent Polymer

Composite

In order to assess the performance of these QDs for LSC applications,
prototype devices were prepared by embedding the quantum dots in a polymer
matrix by adapting a previously reported pro(:(‘.dur(‘..15 Briefly, quantum dots
were dissolved in a mixture of monomeric precursor (lauryl methacrylate) and a
crosslinker (ethylene glycol dimethacrylate) at a mass loading of approximately
20%, and the resulting solution was exposed to UV irradiation in the presence of
a UV initiator (Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide) inside a mold
consisting of two glass slides separated by a silicone spacer. The schematic of the
cuvette used and a picture of an actual composite undergoing crosslinking is
shown in Fig. 3-7 below.

The final devices measured 2 cm x 1.5 em x 0.2 em, yielding a geometric
gain (the surface area of the top face divided by the surface area of the edges) of

approximately 3. The resulting composites exhibited high optical quality, most

UV Light

e et
S

o e

Silicone__|
Spacer

Glass

Figure 3-7: General schematic of the cuvette used to fabricate the composites
(left) and the cuvette in use (right)
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importantly as indicated by the lack of measureable scattering in the transparent
window of the quantum dots (ca. 700-800nm) as shown in Figure 3-8 The
reflectance in the transparent window was measured to be 8%, consistent with
the theoretical Fresnel reflectance coefficient assuming a refractive index of 1.5

for the polymeric matrix.
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Figure 3-8: Absorption spectrum of the CdSe/CdS dots

in solution and in the PLMA madtrix; inset: a close-up of
the spectral region from 500-800nm
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3.2.3 Measuring the Optical Performance of the LSC Prototypes

The LSC performance was then measured using an integrating sphere
using a process schematically illustrated in Fig 2d. First, the external quantum
efficiency (EQE, here defined as the number of photons emitted divided by the
total number of incident photons) was measured as shown in Figure 3-9.
Excellent agreement was found between the EQE spectrum and the absorbance
of the composite, indicating minimal energy dependence of the fluorescence
quantum yield, in turn suggesting effectively complete energy transfer from the
shell to the core. Black carbon paint was used to cover the edges of the device
such that light could only be emitted from the faces of the device, and the EQE
was then measured again as previously. By subtracting this measurement from
the BQE of the original device, the optical efficiency was obtained, defined here
as the fraction of the BEQE due to emission from the edges alone'®. The optical

efficiency was found to be as high as 48% at 400 nm, a value unprecedented for

Integrating Sphere

PL1 (Face + Edge PL2 (Face only
Emission) Emission)

Edge Emission=PL1-PL2

Figure 3-9: The LSC prototype and the set-up for the optical measurements; Left
panel: basic scheme for optical efficiency measurements; Right panel: QD /polymer
composites in ambient light (left) and under UV illumination (right) with the edges

clear (top) and blocked by carbon paint (bottom)

quantum dot based luminescent solar concentrators and similar to the highest



efficiencies reported for low-reabsorption organic systems. At longer wavelengths,
the optical efficiency decreases, but as can readily be seen from the excellent
overlap of the EQE and the absorbance spectra, this decrease simply reflects the
fact that the concentrator absorbs monotonically less light at lower energies. In
fact, because of the complete energy transfer from the shell to the core, the entire
optical efficiency spectrum can adequately be generated by simply multiplying
the optical efficiency at a fixed wavelength by the normalized absorbance
spectrum of the LSC. Moreover, this measurement was obtained using an
extremely simple homogenous composite unlike previous state of the art devices
employing high refractive index substrates and anti-reflection coatings to reduce

optical losses.
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Figure 3-10: EQE spectra of the LSC prototype (left) and optical efficiency of the LSC
(right)
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3.2.4 The Implementation of a Monte Carlo Simulation for Modeling

Photon Transport in Luminescent Solar Concentrators

A Monte Carlo simulation was developed to model the operation of
luminescent solar concentrators by adapting and implementing a previously
published protocol.17 The general scheme of the LSC simulation is summarized
graphically in Fig. 3-11 below. The first step of the simulation was to release a
photon with a specified wavelength onto the top of the LSC and determine if the
photon was reflected at the air/polymer interface by calculating the reflectance of
the interface assuming a refractive index of 1.5 for the polymer/QD composite.
Next it was calculated if the photon was absorbed by simulating the propagation
length (based on the optical density of the LSC at the wavelength of the incident
photon) and comparing this quantity to the height of the LSC. Next it was

T
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» Figure 3-11: Schematic of the Monte Carlo Simulation for Photon
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verified if the photon was re-emitted (based on the fluorescence quantum yield of
individual quantum dots in the composite, which was calculated as described in
the next section) and if so the wavelength was updated by sampling the emission
spectrum, a propagation length was calculated, and the photon was given a
random (isotropically distributed) direction. This process was repeated while the
photon was in the interior of the concentrator and until the photon was
reabsorbed (when it moved by a distance equal to the current propagation
length), lost, or collected. If a photon was reabsorbed, the simulation resumed
from the step immediately following absorption. If the photon reached a face of
the LSC, the probability of reflection was calculated from the unpolarized Fresnel
reflection coefficients to determine if the photon was reflected back into the
concentrator or lost. Finally if a photon reached any of the four lateral edges it
was considered collected. The above process was repeated until 100,000 photons

were collected.

As inputs the simulation used the experimental optical spectra, the
fluorescence quantum yield of the composites (see below), and the Fresnel
reflection coefficients calculated for a medium with a refractive index of 1.5 and a
cladding of 1.0. The fate of all incident photons was then calculated for an LSC
having the same dimensions as the prototypes and using the measured optical
spectra. The result is shown in Figure 3-12, for incident photons with a fixed
wavelength of 400nm. The optical efficiency predicted (49%) matches the
experimental result (48%). The loss channels can be divided into absorption and
operational (post-absorption) losses. The former account for incomplete
absorption of the light due to reflection and partial transmittance and together
amount to ca. 18% of all incident photons (denoted “Reflected” and “Not
Absorbed” in Fig. 3d). The operational losses in turn are due to the non-unity
fluorescence quantum yield and non-unity trapping efficiency (the fraction of
photons re-emitted in the LSC trapped via total internal reflection), denoted
“Not Emitted” and “Lost Top” respectively in Fig 3d. The EQE spectrum yields a
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fluorescence quantum yield of 82% (see SI), indicating that the high quantum
yield observed in solution (86%) is retained upon embedding the quantum dots in
the polymer matrix. The trapping efficiency can be estimated by dividing the
optical efficiency by the total EQE, giving a value of ca. 73%, consistent with the
theoretical value of 75% calculated for an isotropic emitter in a dielectric medium

with a refractive index of 1.5.

They key sources of uncertainty stem from the parameters that enter into
the model, namely the measured optical spectra, the estimation of the refractive
index and the resulting reflection coefficient, and the measurement and
calculation of the fluorescence quantum yield. Among these sources of error, the
extraction of the fluorescence quantum yield from the EQE is probably
responsible for the greatest portion of the uncertainty. While it is difficult to
estimate the exact uncertainty of these measurements, the fact that the EQE
spectrum was observed not to vary by more than about 3% over multiple runs as
well as the similarity of the quantum yield measured in solution and in film using
two different methods (giving 86% and 82% respectively) suggests an upper limit

of the relative uncertainty of the simulation of less than 5%.

The absorption losses can in principle be diminished by increasing the
optical density of the LSC and through the use of anti-reflective coatings.
However, it is the operational losses that ultimately set the limit to the
performance of LSCs, since these losses occur not only upon the initial absorption
of the incident photon, but upon every reabsorption event as well. This effect can
be expressed mathematically using an approximate expression for the optical
efficiency: n(A)~A(MpMer)™t!, where A is the fraction of photons absorbed, np,
and 7, are the photoluminescence and trapping efficiencies respectively, and n is
the number of reabsorption events.” Because of the low reabsorption of our
quantum dots, in the LSCs fabricated only approximately 3% of the photons lost
had been reabsorbed according to the simulation, indicating that the vast

majority of photons propagated freely through the waveguide after being emitted.
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While the geometric gain of the prototype devices is small, this low degree of
reabsorption makes possible the retention of a high efficiency even at much
higher geometric gains, which in turn makes possible the concentration of
significantly more light. For example, our modeling suggests that even at a
geometric gain of 200, the collection efficiency at 400 nm can be as high as 20%,

yielding a 40-fold concentration of the incident light.

H Collected

m Reflected

® Not Absorbed
H Not Reemitted
M Lost Top

4.00%
A=400nm

Figure 3-12: Distribution of outcomes for photons incident
on the LSC from the Monte Carlo simulation
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3.2.5 Determination of Fluorescence Quantum Yield of Quantum Dots

in Polymer Composites

The fluorescence quantum yield of the individual quantum dots embedded
in the polymer matrix was determined by fitting the external quantum efficiency
with the Monte Carlo simulation developed using the quantum yield as the only
free parameter, yielding a quantum yield of 82%. The corrections carried out to
the EQE to extract the fluorescence quantum yield can be rationalized in terms
of specific optical losses. For example, at 400nm, the EQE was measured to be
66%. Correcting for partial reflection (4%) and incomplete absorbance (85%),
yields a quantum yield of 81%. There is a further 1% correction due to

reabsorption of photons, giving the final value of 82%.
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3.2.6 Conclusions

In conclusion, we have optimized CdSe/CdS core-shell quantum dots for
LSC applications to exhibit an unprecedented combination of minimal
reabsorption and a high fluorescence quantum yield. The optical properties of the
materials developed can be retained upon incorporation into polymer composites,
providing a practical route for the fabrication of simple concentrators, the optical
performance of which is in full agreement with theoretical predictions. While we
were finalizing this publication, it came to our attention that another group has
pursued a similar approach of using thick shelled CdSe/CdS quantum dots to
fabricate LSCs with low rea,bsorpt,ion.18 The key difference between our result
and this work is that while the former used quantum dots synthesized using an
older method and had a fluorescence quantum yield a bit over 40%, our devices
incorporate a new generation of quantum dots, with a quantum yield that is
almost doubled relative to the older method, which in turn allows for a much
higher optical efficiency than had previously been attainable. The high optical
efficiency of these concentrators, combined with their high degree of transparency
in a large part of the visible spectrum makes them well-suited for applications
such as energy harvesting window coatings or to serve as the first layer in
tandem LSCs. As a standalone solar concentrator, the ultimate limitation of the
system is the large band gap of the shell material (CdS), due to its poor match to
the solar spectrum. Ultimately the key to significantly advancing the performance
of inorganic nanostructures in the context of LSC applications is the transition to
lower band-gap materials, which in turn may be optimized using the same

scheme described in this paper.
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3.2.7 Methods:
The CdSe/CdS quantum dots were synthesized by first preparing the

CdSe cores using a previously published prot,ooollg and then carrying out a slow
high temperature CdS shell growth by modifying the procedure described in Ref.
8 as described in detail in Ch II. Absorption spectra were recorded using a Cary
5000 spectrophotometer and emission spectra were recorded using a Fluoromax-3
spectrofluorometer. Solution phase quantum yields were calculated using the
relative fluorescence method by using Rhodamine 101 as the reference dye. TEM
micrographs were recorded using a JEOL 2010 TEM. LSC measurements were
taken using a Labsphere integrating sphere using a tungsten lamp as the source,
chopping the beam at 300 Hz and collecting the output using a calibrated silicon

detector through a Stanford Research Systems lock-in amplifying system.
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3.3 Reducing Top Escape Losses in Luminescent Solar Concentrators

by Aligning CdSe/CdS Nanorods

With the onset of synthetic methods for the production of inorganic
nanorods, significant effort has been devoted to the development of methods to
align these rods in order to fully exploit the new properties emerging from their
anisotropy, such as their linearly polarized luminescence. One of the earliest such
approaches was based on the spontaneous self-assembly of these structures, a
process that in the case of CdSe/CdS nanorods showed the possibility of creating
both horizontally aligned ribbons on a substrate, as well as well-ordered vertically
aligned monolayers.lg’ 20 Furthermore, by slowing down the evaporation of the
solvent to the order of days, the creation of vertically aligned films was even

shown to be possible over cm-sized areas.”

In order to gain more control over the self-assembly process, we adopted a
thermal-processing method previously reported for CdSe nanorods® for the
alignment of CdSe/CdS nanorods. Briefly, CdSe/CdS nanorods were added to a
poor solvent (butyl acetate), the solution was heated to 100°C and was then
slowly cooled to room temperature. As a result, highly order micrometer sized
platelets consisting of a close packed vertical array of nanorods was obtained as
shown in Fig. 11. For CdSe, such platelets have been demonstrated to act as
building blocks for the formation of vertically aligned films after drop-casting, in
a process occurring in a few minutes.”® While this approach resulted in the
reproducible alignment of various batches of nanorods over micrometer-sized
areas, it proved difficult to create films that were sufficiently thick and optically
clear to be directly used in luminescent solar concentrators. More recent work in
our group is focused on combining this alignment scheme with a polymer scaffold
in order to create uniform composites with a high degree of alignment

preferentially in a direction normal to the surface of the substrate.
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Figure 3-13: The vertically aligned packed CdSe/CdS; a) optical image; b) TEM
micrograph with the inset showing the Fast Fourier Transform (FFT)
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3.3.1 Conclusions

We have shown that self-assembly can be a powerful tool for the
development of vertically aligned arrays of CdSe/CdS nanorods. Through a
simple thermal process, micrometer-sized platelets of vertically aligned nanorods
can be fabricated. While in principle such platelets can serve as building blocks
for the fabrication of thick functional films, this approach appears difficult to
realize using a neat film of nanorods. In particular, scattering in such films can
be a significant issue, which can preclude the fabrication of efficient solar
concentrators. We hope that in the future it will be possible to use self-assembly
to first form these aligned platelets and to then embed them in an optically clear
polymer matrix. This new composite material would then combine the advances
of the prototype LSCs we discussed in section 3-2, with the reduced reabsorption

made possible by aligning the nanorods.
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CHAPTER 4
The Evolution of the Electronic and Optical Properties
in CdSe/CdS Heterostructures: The Central Role of

Electron Delocalization

Over the past two decades dramatic progress has been made in unravelling
the electronic properties of quantum dots and the optical properties they give rise
to. The combination of theoretical advances and optical studies at the batch and
single particle level have rapidly expanded our understanding of the electronic
properties of quantum dots and related nanostructures. Nevertheless, in spite of
this vast progress, several fundamental questions have remained largely
unanswered. One such question relates to the mechanisms that dominate the
dramatic broadening of the lineshape of quantum dots such as CdSe from less
than 1meV at cryogenic temperatures (4K) to up to 100meV at room

1-
temperature. 3

In order to gain insight into the dominant mechanisms of exciton-phonon
coupling in quantum dots, we have studied a series of CdSe/CdS quantum dots
with different core sizes and shell thicknesses. The quasi-type II band alignment
in this system makes it possible to synthetically tune the effective spatial
separation between the hole and the electron in the excited state of the
na.nocrystal.l’ ‘ Through a combination of time resolved fluorescence spectroscopy

and single dot fluorescence spectroscopy at a broad range of temperatures (4K —
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300K), we have sought to quantify the strength of the exciton-phonon coupling
as a function of the physical structure of the nanocrystal. Finally, a unified model
is used to describe the evolution of the lineshape as a [unction of the temperature

in terms of these exciton-phonon coupling parameters.

4.1 Electron Delocalization into the Shell in CdSe/CdS Quantum

Dots

A key defining feature of the CdSe/CdS system is the fact that the
conduction bands of CdSe and CdS lie close in energy, making it possible for the
electron to delocalize from CdSe to CdS."” Fig. 4-1 illustrates the qualitative
picture that arises from this quasi-degeneracy of the conduction bands. Upon
thermalization of the exciton, an electron and hole will liec at an energy higher
than the valence and conduction band of CdSe respectively. In the case of the

hole, the energetic barrier to crossing into CdS is so high that its wavefunction

a Quasi Type-Il
Type-l A ——
I
??? 0-300meV
= 1.74eV
9 2.44eV
Q
c
w
\ /
\ 4

CdSe CdS

Figure 4-1: The band alignment in CdSe/CdS; a) a band edge electron (red) and a
band-edge hole (blue); b) the spatial extent of the electron and hole wavefunctions;
¢) uncertainty in the band offset of the CdSe and CdS conduction bands
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Figure 4-2: The central role of electron delocalization in shaping
the electronic and optical properties of CdSe/CdS

will mostly be localized to the core. In contrast, in the case of the electron, the
energetic barrier for the particle to delocalize into CdSe is sufficiently small that
significant delocalization can be expected. The specific details about this band
offset, are still under debate in the literature. Estimates for the band offset have
ranged from 0-300meV and it has also been suggested that this value can vary as
a function of the core size and the tempera.ture.é‘ 5 The uncertainty regarding the
band offset also makes it more difficult to estimate whether a given CdSe/CdS
heterostructure is better described as type 1 or quasi type II. The question is
whether the lowest lying state for the electron lies below (type 1) or above (type
II) the energy of the conduction band in CdS.” Nevertheless, in spite of the
debate regarding the detailed nature of the conduction band offset, there is
general agreement about the strong tendency of the electron to delocalize into the

CdS shell.

The ability of the electron to delocalize into the shell can be monitored by
probing the evolution of the optical properties of CdSe/CdS as a function of the

shell thickness. Specifically, there are three main effects one generally observes: 1)
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a gradual redshift of the PL maximum, 2) a gradually increasing radiative
lifetime, and 3) broadening of the photoluminescence lineshape. The first and
third effects can clearly be seen figure 4-3 below, showing the evolution of the
lineshape of a series of CdSe/CdS dots as a function of the shell volume. The

next three subsections will look at each broadening mechanism individually.

Increasing Shell Volume
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Figure 4-3: The evolution of the fluorescence peak of a series of
CdSe/CdS dots with a core with a first excitation feature at
H63nm
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4.1.1 Change in the Energy of the Fluorescence as a Function of the
Shell Thickness in CdSe/CdS Quantum Dots
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Figure 4-4: The evolution of the fluorescence maximum vs shell thickness (a) and the
relative change in the fluorescence maximum for each step of the shell growth (b)

A ubiquitous process in CdSe/CdS dots is the redshift of the fluorescence
band upon growth of the CdS shell. Figure 4-4 above shows the gradual decrease
in the energy of the fluorescence peak as a function of the shell volume for three
series of CdSe/CdS dots with different core sizes. Three effects are apparent in
the graphs below: 1) the energy decrease is monotonic with the shell volume, 2)
the energy decreases fastest at the beginning of the shell growth but eventually
reaches an asymptote and 3) the energy decrease occurs fastest for the smallest

cores (see the right side of Fig. 4-4).

We can rationalize this behavior by considering the various contributions
that determine the total energy of the exciton. These contributions are listed in
the equation below where the confinement energy of the hole and the electron are

written separately:
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Eexciton = Ebandgap + Econf.,hole + Econf.,electron + Ecoulomb

(41)

The first term (Epunqgap) is simply the bulk bandgap of CdSe and this term
can safely be taken to be constant. Next, we have the two confinement terms for
the hole and the electron respectively (E.,,.¢ noe and E, ... ¢ .joctron)- Because the
hole is largely confined to the core, this term should only decrease slightly as the
shell increases in thickness. On the other hand, in the case of the electron we can
expect that the energy will continuously decrease as the electron can relax in
energy by delocalizing into the shell. Finally, the electrostatic attraction between
the core and the electron will also decrease as the shell increases and the average

separation between the two charge carriers tends to increase.

As a result, the fact that the fluorescence maximum decreases with the
shell thickness until it approaches ~1.9eV reflects the loss of the electron
confinement energy and the coulombic term. What is left in the end is the bulk
bandgap energy of CdSe (1.7eV) and the confinement energy of the hole (7200-
300meV). The more rapid relaxation seen for smaller CdSe cores simply reflects
the fact that the electron confinement energy is higher in the beginning, creating
a greater driving force for the electron to delocalize into the shell. Likewise the
fact that the final energy of the thick-shelled dots is lowest for the smallest cores

reflects the fact that these particles have the lowest hole confinement energy.
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4.1.2 Change in the Radiative Lifetime of CdSe/CdS Quantum Dots

as a Function of the Shell Thickness

A key property of CdSe/CdS systems of different dimensionalities is a
gradual lengthening of the radiative lifetime as a function of the volume of the
CdS shell.* ™ This increase in the lifetime is a direct consequence of the
increased separation between the hole and the electron caused by electron
delocalization into the shell. Specifically, the radiative rate (the reciprocal of the
radiative lifetime) will be proportional to the overlap integral (K) between the
wavefunctions of the hole (R"(r)) and the electron(Ré(r)) as shown in the
equation below'’:

R 2
K= f drr?Ré(r)R"(r)
0

(4-2)

This behavior is illustrated in fig 4-5 below for a series of CdSe/CdS dots
with a core having an initial absorption feature at 605nm. What is apparent is
that the increase in the lifetime is both monotonic as a function of the shell
volume as well as the fact that it does not appear to saturate. Moreover, as one
can see from Fig. 4-6, for smaller cores, the increase in the radiative lifetime as a
function of the shell volume is even steeper and it again does not seem to
saturate. In fact, for even larger shell volumes, the radiative lifetime has been
reported to increase by at least an additional order of magnitude, reaching

. 11,12
microseconds.

This behavior directly follows from the tendency of the electron to
delocalize into the shell. In the absence of any barrier for delocalization, the
overlap integral between would simply be proportional to the volumetric fraction
of the core (where the hole is confined) to the total volume of the quantum dot

(over which the electron can extend). The approximately linear increase of the
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radiative lifetime with the shell volume seen in Fig 4-6 is fully consistent with
this picture. The qualitative behavior of the evolution in the radiative lifetime
will be considered in more detail in section 4.1.4, where we will discuss the
change in the spatial distribution of the electron within a simple theoretical

framework based on the effective mass approximation.
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Figure 4-5: Normalized time-resolves photolumienscence of a series of
CdSe/CdS dots, using a core with a first absorption feature at 605nm

180

| |—=—543
1604 |—e—563
—4— 605

140
120-
100—-
801
60

Lifetime (ns)

40
20 -

0 - . . . : T -
0 2 4 6 8

Relative shell volume
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4.1.3 Change in the Fluorescence Lineshape of CdSe/CdS Quantum

Dots as a Function of the Shell Thickness

The last key process observed upon growth of the CdS shell is a gradual
broadening of the lineshape. This evolution can clearly be seen in Fig 4-7 for one
series of CdSe/CdS dots and is summarized for a series of different core sizes in
Iig. 4-8 above. The key behavior observed is that after the growth of the first
shell layer, every subsequent growth step results in a monotonic broadening of
the lineshape. The key limitation of the data presented above is that it is based
on ensemble-level experiments and thus cannot unambiguously rule out whether
the broadening is primarily due a change in the single dot lineshape or to an
increase in inhomogeneous broadening. In order to more directly look at the
evolution of the intrinsic fluorescence lineshape in this system, we complement
the ensemble level data with single particle measurements as described in

subsequent sections.
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Figure 4-7: Evolution of the FWHM of the fluorescence spectrum
of CdSe/CdS QDs vs the shell volume for 3 different core sizes
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4.1.4 Modeling of the Electron Delocalization in CdSe/CdS

In order to gain more physical insight into the evolution of the electronic
properties of CdSe/CdS dots, we modelled the evolution of the electron
wavefunction in CdSe/CdS dots using a simple numerical model. The entire
model is designed in the framework of the effective mass approximation. The
starting point of the model is particle in an infinite sphere where the electron is
placed in a spherical confining potential that has an infinitely high barrier at
r = Ry, where R, is the total radius of the particle. Next, we modify the potential
by adding an energy offset AE to the interval R, < r < Rg, where R, is the edge
of the core, in order to account for the conduction band offset between the core
and the shell. Finally, an electrostatic term is added to account for the attraction
between the hole and the electron. The hole is treated as a simple point charge
located at the center of the quantum dot. The effective mass of the electron is
defined separately for the core and electron based on literature data, as are the

dielectric constant of the core and shell.

The results of the simulation are shown in Fig. 4-8 below. Panels a and b
show the evolution of the radial distribution function (RDF) of the electron as a
function of the shell thickness."* In panel a, no electrostatic interaction is
included and as a result, the distribution of the electron becomes increasingly
concentrated in the shell. In contrast, when the electrostatic interaction is turned
on, one can see that while the electron rapidly delocalizes in the beginning, for
larger shell thicknesses the RDF stops changing significantly. This result is not
surprising when considering the Wannier picture for excitons in bulk
semiconductors. In the latter case, even when the electron is not confined by an
external potential, at low temperatures it will be bound to the hole

electrostatically such that its RDF will peak at the exciton Bohr radius.

Nevertheless, while the results of the simulation as described so far for a
thick shell are consistent with the bulk limit, they cannot fully be reconciled with

the experimental data for thick-shelled quantum dots. Specifically, as previously
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mentioned, the radiative lifetime is known to increase continuously with the shell
thickness, even after it becomes much larger than the exciton Bohr radius. The
solution to this apparent contradiction is that so far we have only considered the
ground state of the exciton. When solving for the higher level states, (e.g. the 2s
state as shown panel c in Fig. 4-8), we see that the RDF for these states extends
much further into the shell. We can once again describe this situation in terms
analogous to the bulk case. One can treat the bulk semiconductor as an infinitely
large “box,” such that there is a continuous band of states past the ionization
limit. At finite temperatures the electron in a bulk exciton can be kicked into one
of these free states through a thermally activated process, effective ionizing the
exciton. It is for this reason that excitons in systems like CdSe or PbS are not
observed at room temperature. In contrast in a quantum dot even when the
electron is excited into the higher-level electronic states, it never becomes fully
free since its spatial extent is still limited by the physical size of the dot. As a
result, one can think of the electron as effectively being in equilibrium between
the ground state and higher level states where it is almost free. Because in this
picture the electron can once again sample the entire volume of the nanocrystal,
we can expect that its average separation from the hole will again increase
monotonically with the volume of the shell, in qualitative agreement with the

experimental data.

110



a) e b) . , :
= Shell Size ‘ Shell Size
oos| 00%
o 1.5 nm core - 1.5 nm core
ROF oo} No coulomb pot. 0025 With coulomb pot.
002 RDF oo}
0015 0015}
oot oot ,-
0005 ".. 0.005 § ’
% 2 4+ & & 10 2 4 % 18 2 % 2 4 8 8 0 12 4 & 18
r (nm) r (nm)
" ,
) o3} | | ¢ Core only
005} | | g 15
002
RD; 005 2s
oo}
0005
0

o2 4 & 8 w0 12 M & 18
r(nm)

Figure 4-8: The evolution of the radial distribution function (RDF) for the electron in
CdSe/CdS as a function of the shell thickness for a) no Coulomb potential and b) in
the presence of a Coulomb potential and c¢) the ground and first excited state
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4.2 Unraveling the Photoluminescence Lineshape of CdSe/CdS

4.2.1 General Considerations
Although the lineshape of quantum dots such as CdSe/CdS may at first

sight appear to be simple and featureless at room temperature, the full physical
picture is much more complex. The lineshape reflects the interplay of 1) the
electronic transitions that contribute to the photoluminescence, 2) the phonons
that couple to these transitions, and 3) the effect of the quantum dot
environment on these states. In order to understand the mechanisms that
dominate the broad lineshapes of CdSe/CdS and related systems at room
temperature, we need to consider the contribution from each of these sources

individually.

Even at low temperatures it is apparent that the steady-state central
photoluminescence peak (the zero optical phonon line or ZPL) is much broader
than the natural linewidth estimated from the radiative lifetime. Part of the
broadening is due to internal processes, such as dephasing induced by spin-flips

14,15 Nevertheless, in many colloidal

or acoustic phonon assisted processes.
nanostructures, a more important broadening mechanism is energy fluctuation of
ZPL.'® ' This process, generally called spectral diffusion, is likely due to the
Stark effect mediated by the fluctuating electrostatic environment that surrounds
the nanostructure. However, it is important to note that in the case of CdSe/CdS
quantum dots, especially for thicker shells, the combined contribution arising
from dephasing spectral diffusion leads to broadening by less than 1meV.'" In
other words, while these processes have a large impact of the lineshape observed

at low temperatures, these factors can only play a modest role in explaining the

broad lineshape observed at room temperature.

The next natural source of broadening to consider is the fine structure of
the exciton. In contrast to simple organic chromophores where only one electronic

state (usually the lowest lying singlet) is responsible for the photoluminescence,
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in quantum dots one often finds that multiple electronic states lie close enough in
energy to contribute to the lineshape. In the case of CdSe-based quantum dots,
the detailed structure of the band-edge states has been thoroughly studied using

6. 1820 Before considering

a combination of theoretical and experimental studies.
the fine structure, the lowest lying state of an exciton in a spherical CdSe
quantum dot is 8-fold degenerate. This degeneracy is broken by considering 1)
the crystal-field splitting between the light and heavy hole (720meV in CdSe)
and 2) the exchange energy. As a result of these two contributions, the band-edge
state splits into five distinct groups as shown in Fig. 4-9 below. Because the

3, where r is the radius of the particle, this

exchange energy scales as ~r~
contribution is pronounced for small QD sizes (r < 2nm), but becomes negligible
for larger pa,rticles.19 In the latter case, the only key contribution that remains is
the crystal field splitting, which explains why all states separate into two

branches separated by ~20meV.
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Figure 4-9: The eight band-edge fine structure states in spherical wurtzite CdSe
quantum dots vs. QD radius

113



4.2.2 Exciton-Phonon Coupling in CdSe/CdS
The last, and dominant, mechanism affecting the lineshape of CdSe/CdS

quantum dots is exciton-phonon coupling. The simplest model within which one
can consider exciton phonon coupling is the independent boson model, where a
manifold of electronic states (1) is coupled to a bath of vibrational states (a),
with a linear, diagonal coupling strength I;. The Hamiltonian governing this

interaction is given in eq. 4-3 below:

_ 1
A= z Eqln ><n| + z hwg(blbe +3) + Z (b} + bn >< n]
n a na

(4-3)

The coupling to each phonon mode produces a lineshape that has an
analytical solution, which at OK resembles a picket fence structure with discrete
satellites at energies given by mhwg, where n is an integer and hwgis the energy
of the respective mode. Each satellite will be weighted by a Poisson pre-factor to
give the lineshape function I4(E) defined by:

oo m r 2
1(E) = 2me~9 Z g:u 8(E — Ey + =2 — mhwg)
: a

hw
m=0

(4-4)

where g, is a dimensionless exciton-phonon coupling term called the Huang-Rhys

factor as defined below:

r,?
hwg

9o =
(4-5)
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and E, is the energy of the electronic transition in the absence of exciton-phonon
coupling. The typical lineshape for a two-level electronic system coupled to a
single phonon mode at 0K is shown in Fig 4-10 below. If the electronic transition
is coupled to multiple vibrational modes, total lineshape is given by the
convolution of the lineshape obtained for each mode individually (Ign(E)) as

shown in eq. 4-6.4
1(E) = 151 (E) @ I51(E) ® Ig2(E) ... ® Ign(E)

(4-6)

Energy
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FFigure 4-10: The phonon progression of a two-level
system coupled to one phonon mode with Energy
Ero
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4.2.3 Simulating the Spectrum of CdSe/CdS Quantum Dots: General

Features

For core/shell quantum dots such as CdSe/CdS, the simplest model that
can capture the essence of the underlying physics is one that considers 1)
coupling to the LO phonons of the core and/or the shell and 2) the low-energy
vibrational modes, including the acoustic phonon branches and ligand vibrations.
A crude approximation can be made by representing all of coupling to the low
energy modes by one effective mode which carries all the spectral density. For
our particular system, we include three modes: 1) the LO phonon mode of CdSe
at an energy of 26meV, 2) the LO phonon of CdS at 39meV, and 3) an effective
bath mode at 1.5meV. The model also includes two distinct electronic states
separated by 20meV representing the two lowest lying fine structure states, each

of which is assumed to couple identically to the available phonon modes.

Using Huang-Rhys factors of 0.06 for the optical phonon modes and 0.6 for
the bath mode, we can reproduce the qualitative features that are generally
observed at low temperature (4K), which include, a narrow zero-phonon line with
an acoustic phonon shoulder, and discrete satellites for the LO phonon modes.
However, using the same Hamiltonian and simply raising the temperature cannot
reproduce the observed spectra. Instead of seeing a broad (FWHM>50meV) and
featureless lineshape, we see a narrow ZPL (with a FWHM ~20meV) and a well-
defined shoulder. The failure to reproduce both the low and room temperature
results is not an artifact of the spectral density chosen, but is a direct limitation

of the linear coupling scheme considered.

This discrepancy can be addressed by going beyond the independent boson
Hamiltonian. Further refinement of the model can include the consideration of 1)
second order exciton-phonon coupling terms, 2) non-adiabatic couplings (i.e.
phonon assisted electronic transitions) and 3) a temperature dependence of the

Huang-Rhys factor, as shown in eq. 3%
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1
z Epln><n|+ z hawy (blb, +2)+ Z pma (BY + by)|n >< m|
n a

nm,a

£ Ang (b} + b) (L + be)ln >< nl @7)
n,a

From the room temperature spectrum alone, one can’t distinguish between
these possible mechanisms. However, most of the terms described above result in
an additional contribution to the Lorentzian component of the linewidth that is

2,28 Empirically we can introduce such

linearly proportional to the temperature.
a term into our lineshape function in order to better fit the experimental data, as
shown in Fig. 4-11. This additional term makes it possible to correctly obtain all
the key spectral features both at high and low temperatures. This model now
allows us to estimate the effect on the linewidth associated with changing any of
its parameters. For example, increasing the coupling to LO phonons from 0.06 to
0.2 results in an increase of the FHWM by =20meV. The magnitude of such a
change in the coupling strength would be consistent with a change in the nature
of the charge carriers, from the case of high mutual screening for neutral, core
only QDs to increased separation in quasi type II systems such as CdSe/CdS. In
fact, the more the charges are allowed to separate, the more the coupling

strength should resemble that found in the bulk, which for CdSe corresponds to a
Huang-Rhys factor of =1.%
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Figure 4-11: Simulations of the fluorescence lineshape at: a) 4K with no linear
temperature dependence, gl —g2-0.06, g3=0.6; b) 300 K with no linear temperature
dependence, g1—g2-0.06, g3=0.6; c¢) 300 K with a linear temperature dependence,
gl=g2=0.06, g3—=0.6; d) 300 K
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4.2.4 Experimental Measurement of the Temperature Dependent
Fluorescence Spectra of Single CdSe/CdS/ZnS Quantum Dots
The most direct way to study the evolution of the single dot, lineshape as a
function of the temperature is by measuring the fluorescence spectrum of a series
of individual quantum dots at different temperatures. While this experiment is
straightforward in theory, in practice several key challenges must be overcome.
One key problem is that it is often impossible to interrogate a single quantum
dot, for a prolonged period of time (i.e. over the course of hours) due to gradual
photobleaching. Fortunately, the thick-shelled CdSe/CdS dots (with 15
monolayers of CdS) prepared according to the method described in Ch. 2 are
particularly well-suited for this study as they show little degradation even over
the course of days of measurements. To improve the stability even more we
added an additional thin layer (71-2monolayers) of ZnS. A second problem is the
difficulty of keeping one dot in the focal volume while changing the temperature
by hundreds of ~300K. A cryostat with an integrated piezoelectric stage
(Montana Instruments) was used in combination with a program offering

continuous feedback to keep a given dot centered on the camera.

The results of the temperature studies for a typical dot are shown in Fig.
4-12 below. The top panel shows the two key features observed upon raising the
temperature: 1) a gradual redshift of the PL peak and 2) a monotonic broadening
of the lineshape. In order to more clearly see the broadening the fluorescence
spectrum is shown in Fig 4-12 where each plot is re-centered at the center of the
peak. In addition to the broadening, one can also see the change in structure to
the vibrational band, from discrete satellites at low temperatures, to a broad
pedestal at intermediate temperatures, and finally to a broad featureless
lineshape close to room temperature. This series of spectra was then combined
with the theoretical model described in the previous section to quantify the

exciton-phonon coupling we observed.
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Figure 4-12: The Emission Spectra of Sample 1C-1-95 plotted in absolute
energy (top) and difference from peak energy (bottom)
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4.2.5 Fitting the Experimental Temperature Dependent Data to the

Lineshape Model

The data presented in the previous section was fit using the minimalistic
model described in Section X. Again, three phonon modes were considered: the
CdSe LLO phonon, the CdS LO phonon, and an effective acoustic phonon mode.
In addition, an additional term was introduced for the zero-phonon line, which
increased linearly with the temperature. In order to fit the data we used the
following steps: 1) the energy and Huang-Rhys factor for the CdSe and CdS LO
phonon satellites and the acoustic phonon satellite was determined from the
lowest energy spectrum (at 5K) and 2) the breadth of the ZPL and its
temperature dependent broadening were fit to best describe the broadening form
5K to 280K. Just to emphasize, the same set of parameters obtained using this

method was then used to simulate all 8 spectra as shown in the figure below.

The result of this analysis is shown in Fig. 4-13 and Fig. 4-14. As can
clearly be seen from this series of spectra, a very good degree of agreement was
seen between the experimental data and the simulation for the entire
temperature range. This result indicates that the independent boson model
augmented by a broadening term that is linear in the temperature is sufficient to
capture all the main qualitative features of the fluorescence spectra of CdSe/CdS
quantum dots across the broad temperature range studied here. The following
coupling parameters were finally obtained: for the CdSe LO phonon mode:
E=27meV, g=0.2; for the CdS LO phonon mode: E=36meV, g=0.07, and for the
effective acoustic mode: E=1.5meV, g=0.3. The ZPL is treated as a Lorentizan

function with a FWHM of 1.7+% (meV). The OK temperature limit of the

ZPL reflects all factors that limit the narrowest ZPL we can measure, including
spectral diffusion, additional dephasing processes, and the limited resolution of

the spectrometer.

To put these numbers into context, for CdSe cores and thin-shelled

CdSe/CdS samples, the Huang-Rhys factor observed for the CdSe mode is
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usually on the order of 0.05. For the thick-shelled dots studied in our
experiment, the higher Huang-Rhys factor for the CdSe mode and the additional
spectral density of the CdS mode were enough to introduce an additional
broadening at room temperature on the order of “20meV, consistent with the
broadening observed both at the ensemble level (see section 4-7) as well as
previous average single-particle measurements obtained using solution — photon
correlated Fourier spectroscopy.l’ % In future work we plan to also measure the
temperature dependent spectra for thin-shelled CdSe/CdS dots in order to make
an even more direct comparison between the evolution of the lineshape in both

limits of electron delocalization.
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4.3 Conclusions

In conclusion, we have studied the evolution of the optical and electronic
properties of CdSe/CdS quantum dots using a combination of optical studies and
theoretical simulations. As expected, electron delocalization into the CdS shell
dominates the main changes observed, including a redshift of the emission band,
the lengthening of the radiative lifetime, and the broadening of fluorescence
lineshape. In addition, we measured the temperature dependent lifetime of a
series of thick-shelled CdSe/CdS dots at the single particle level for a
temperature range from 5K to 280K. The fluorescence spectra were then fit to a
unified model for exciton-phonon coupling, which gave excellent agreement across
a broad temperature range. In this second set of studies, electron delocalization
once again emerged as a dominant process by increasing the strength of exciton-
phonon coupling in thick-shelled dots compared to thin shelled dots. This
increased coupling strength could then be related to the increased breadth of the
fluorescence lineshape of thick-shelled CdSe/CdS dots observed both at the

ensemble and single particle level.
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Appendix A
The Determination of the Quantum Yield Using an

Integrating Sphere

In integrating sphere was used to measure the quantum yield of the samples
described in the previous chapters in this thesis. In this appendix, the basic
operation of the integrating sphere set-up used as well as its practical limitations
are described. The determination of the quantum yield of the near-infrared
emitting dye IR-26 is used as an example. In general the same set-up was used
for all quantum yield measurements, the only major modification being the use of
a Si detector for samples emitting in the visible part of the spectrum and the

choice of filter for each particular experiment.

The Determination of the Quantum Yield of IR-26

Quantum yield measurements were taken using an integrating sphere
(Labsphere RTC-060-SF). The experimental set-up that was used is shown
schematically in Figure 1 below. The sample was illuminated using a 785nm
diode laser with an excitation power of 25mW that was chopped at 210 Hz. The
output was collected using a calibrated germanium detector (Newport: 818-IR)
through a Stanford Research Systems lock-in amplifying system. An 850 nm

colored glass long-pass filter was used to block the excitation beam. The sample
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(consisting of a solution of IR-26 dissolved in dichloroethene (DCE)) was placed
in a PTFE capped quartz cuvette with five optical windows and a solvent blank
was used to ensure as uniform of an environment inside the integrating sphere as
possible. The integrating sphere included two baffles, one which lay immediately
beneath the sample holder to prevent direct emission into the detector as well as
a baffle on a side, which could be used to ensure that reflected light from the

initial beam could only reach the detector after multiple reflection events.

Integrating Sphere

Input
Port

Incident
Light

I Filter
@ Ge Detector

Figure A15: The configuration used to measure the quantum yield

Four measurements were than taken using this system: 1) Reference no
filter (RNF), in which a reference cuvette containing neat DCE was placed in the
sample compartment; 2) Reference filter (RF), in which an 850 longpass
excitation filter was placed before the detector, 3) Sample filter (SF), in which
the sample was switched to IR-26 dissolved in DCE with the filter in place and
finally 4) Sample no filter SNF (sample no filter), in which the filter was
removed. From these four measurements it was possible to extract the quantum

yield of the solution by calculating the number of photons absorbed, the number
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of photons emitted, and correcting for leakage of the excitation light and the

dark counts of the detector using the following equation:

SF —LF
_ EQE(S)
" LNF — SNF — (SF — LF)
EQEQ) (4-8)

QY’

In the equation above, RNF, RF, SNF, SF refer to the current measured
on the detector four the four measurements and EQE(S) and EQE(L) refer to the
EQE of the detector at the wavelength of the sample emission and of the

excitation source respectively.

Finally, a correction was applied to account for the transmittance of the

filter (at the wavelength of the emission band), which gave:

QY

" Filter Transmitance

QY

(4-9)

Using this method, we measured the quantum yield of IR-26 at three
different concentrations (quantified by the optical density of the sample). Each
measurement, was carried out in triplicate to ensure the reproducibility of the
experiment. The quantum yields measured were respectively as shown in table 1

below:
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Peak Optical Density Quantum Yield (%)

0.50 0.064 + 0.002

0.35 (24 hours later)  0.049 + 0.003

The quantum yield we obtain for low optical densities is thus 0.05%, a
value that is consistent with the values earlier reported by Beard and coworkers’,
and which is also close to the value of 0.07% more recently measured by Hatami
and coworkers (before correcting for the absorption of the solvent)z. We therefore
strongly believe that the new value of 0.05% is the true value rather than the

value of 0.5%, which had earlier been used in the literature®.

132



Appendix I References

1. Semonin, O. E.; Johnson, J. C.; Luther, J. M.; Midgett, A. G.; Nozik, A.
J.; Beard, M. C. J. Phys. Chem. Lett. 2010, 1, (16), 2445-2450.

2. Hatami, S.; Wuerth, C.; Kaiser, M.; Leubner, S.; Gabriel, S.; Bahrig, L.;
Lesnyak, V.; Pauli, J.; Gaponik, N.; Eychmueller, A.; Resch-Genger, U.
Nanoscale 2015, 7, (1), 133-143.

3. Kopainsky, B.; Qiu, P.; Kaiser, W.; Sens, B.; Drexhage, K. H. Appl
Phys. B 1982, 29, 15-18.

133



