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Abstract
Nanomaterials from Nanocomponents: Synthesis and Properties of
Hybrid Nanomaterials
Austin Joseph Akey
This thesis consists of two series of investigations into two different classes of
hybrid nanomaterials, their formation and properties.
In the first part of this thesis, hybrid nanomaterials composed of cadmium
selenide nanoparticles and single-walled carbon nanotubes (SWNTs) are discussed; a
novel synthetic method for these hybrids is presented, and an anomalous
photoluminescence behavior is examined. Our experiments show that SWNTs can be
decorated with CdSe nanoparticles at high loading densities, following the removal of the
nanoparticle surface ligands and replacement with pyridine. The resulting hybrids are
thermally stable up to 350ºC and mechanically stable against sonication. The
photoluminescence Stokes shift in the bound nanoparticles is shown to be reduced
relative to that of unbound nanoparticles. This difference is attributed to Forster
resonance energy transfer from the nanoparticles to the nanotube, leading to hot
luminescence in the nanoparticles.
The second part of this thesis focuses on formation strategies and mechanisms for
nanoparticle superlattices. Supercrystals, as they are called, are formed using
lithographically-patterned reservoirs and capillary channels, giving control over both
supercrystal dimensions and placement; these supercrystals form within a few hours,
much faster than those previously reported. These results are extended to the formation
of large-area (> 10 µm lateral dimension) thick (> 1 µm) supercrystals on substrates, and

the formation mechanism probed by in situ small-angle x-ray scattering. Both
monocomponent and binary supercrystals are examined.
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Introduction
1.1 Overview
Nanomaterials are a remarkable class of structures that have captivated the
scientific community for the past two decades1. Spanning the disciplines of chemistry,
physics, and several kinds of engineering, they offer interesting challenges and surprising
behaviors which bear significant investigation. Investigations of these materials often
require techniques from multiple different fields, ranging from complex chemical
syntheses2 through microelectronic fabrication3 all the way to synchrotron-based x-ray
crystallography4. The properties discovered so far in these investigations have been
remarkable: semiconducting nanoparticles (NPs) whose bandgaps depend on particle
size5, individual graphite sheets with enormous mechanical strength and remarkable
electronic behavior6, superhydrophobic films of nanoscale fibers7, the possibilities seem
endless. However, each individual nanomaterial’s properties, while interesting, are
limited by its constituent elements and crystal structure. The construction of macroscale
materials and functional devices incorporating nanomaterials has proven difficult, due to
the challenges inherent in the precision fabrication and manipulation of such tiny objects8.
Lack of understanding about surface effects, long an unsolved issue in solid-state physics,
plagues the fields of nanoscience and nanotechnology and makes their eventual
applications difficult to realize. However, the materials themselves remain an extremely
rich area of study, with many new nanostructures appearing in the literature each week,
and new and different properties discovered on a regular basis.
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Indeed, the profusion of nanomaterials species is likely responsible for the low
ratio of useful applications to nanomaterials types, with many of the discovered
nanostructures possessing at most one or two unusual features but not constituting a
revolutionary technology on their own. A natural way to solve both this problem and the
problem of integrating nanomaterials into technologies is to combine different
nanomaterials with different properties, in order to engineer a nanocomposite with a
desired set of properties than can then be added to the existing technological base without
requiring totally new interface technologies to access them. Combining the properties of
different nanomaterials requires an understanding of collective behavior, in which
composite materials possess the properties of all sub-units as well as, possibly, new
properties arising from their interaction.
The creation of a composite requires facing the most poorly-understood aspect of
nanomaterials: the nature of their surfaces and the interactions that occur there. Surfaces
and interfaces of materials have always been a particularly difficult system to analyze,
even in well characterized substances such as silicon; when the material in question is as
complex and variable as crystalline nanoparticles, the problem increases dramatically in
complexity. The current state of understanding regarding the surface of CdSe
nanoparticles, for example, is incomplete to the point that it is unknown what the exact
ratio of cadmium to selenium atoms in the nanoparticles is, and whether the surface of the
nanoparticle reflects the stoichiometry of the interior, or even has the same crystal
structure9! In addition, because these materials are generally synthesized using relatively
new chemical techniques, it is common for there to be a large number of secondary
products and leftover reagents in the average raw nanomaterial sample10. The processing
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steps necessary to remove these contaminants further changes the sample’s surface and
interior, making it very difficult to know what exactly is in the final product. This is only
one example of the problems facing the field, with issues ranging from characterization
methods that dictate what experiments can be done to the extreme sensitivity of
nanoscale effects to environmental factors such as temperature and humidity. However,
after a great deal of effort, our control over a few systems has advanced to the point
where they can be treated as building blocks for new and exciting hybrid materials.
The work described in this thesis consists of two different approaches to the
creation of hybrid nanomaterials. The first is to take two dissimilar nanostructures, CdSe
colloidal nanoparticles and single-walled carbon nanotubes (SWNTs), and combine them
to form a hybrid with new properties emerging from the interaction of the components.
The second is to take large numbers of one nanostructure, in this case colloidal
nanoparticles, and arrange them into a periodic array to form a supercrystal, with
potential properties arising from particle-particle interactions and modified or controlled
by the periodicity of the array. To prepare, characterize, and apply these hybrid
nanomaterials, a full understanding of both the specific materials used and the general
behaviors of hybrid nanostructures must be acquired.
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1.2 Colloidal Nanoparticles
1.2.1 Colloidal Crystalline Cadmium Selenide Nanoparticles
Crystalline nanoparticles are a unique and unusual class of materials, deriving
their internal structure from the same atomic interactions that control the structure of bulk
materials, but possessing properties determined by their size and surface composition.
Cadmium selenide (CdSe) is, in the bulk, a reddish crystalline II-VI semiconductor with
a direct bandgap of 1.73 eV. Crystalline nanoparticles of CdSe, however, if fabricated
with dimensions smaller than the Bohr radius of an exciton in the bulk, exhibit quantum
confinement effects that lead to a size-dependent, larger bandgap5. The ability to
fabricate colloidal nanocrystals of precisely controlled sizes is therefore equally the
ability to fabricate a nanomaterial with a controlled range of bandgaps, without the need
for doping. The physics and chemistry of these materials have been a subject of intense
study since their discovery.
Many challenges have been found that limit the ability to take advantage of the
unique properties of these materials; among them, the need for organic ligand molecules
coating the surface of the nanoparticles during synthesis, which severely reduces
electrical conductivity of films of nanoparticles; the small size and relative chemical
sensitivity of the nanoparticles, which makes their manipulation and deposition
challenging; the limited understanding of the chemistry of both the interior and the
surface of the nanoparticles; and the simultaneous need for both good quantum
confinement, to maintain the quantum-dot properties, and for access to the internal
electronic structure of the nanoparticle, in order to make use of the excited states
produced by light absorption.
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The synthesis of CdSe nanoparticles that is used here is a well-developed
procedure, originally reported in Ref 10. This class of synthesis involves preparing
organometallic precursors, such as cadmium stearate and trioctyl phosphine selenide,
then reacting them at high temperatures, around 300ºC, in an oxygen- and water-free
environment, and in the presence of large amounts of a ligand molecule. Once small
crystals have nucleated, the temperature is then adjusted to control the rate of growth and
the reaction continues until particles of the desired size have been formed. Excess
ligands are then removed from the nanoparticles by washing in orthogonal solvents.
There are two commonly used precursors in CdSe synthesis. The precursor most
commonly used years ago, dimethyl cadmium, was not used in the studies reported here
for several reasons. It is highly toxic, has a tendency to degrade over time, and the
resulting nanoparticle synthesis is extremely sensitive to the speed of precursor injection
which leads, in many cases, to the variations in the size and quality of the produced
nanoparticles depending on difficult-to-reproduce injection rates11. Instead, cadmium
oxide, a more stable precursor, was used here. Cadmium oxide is added to stearic acid,
and heated and mixed in the presence of a high boiling-point (b.p.) solvent such as
octadecene, to produce cadmium stearate.
Ligand molecules are added to control the nucleation and growth of the
nanoparticles; by varying ligand type and concentration, it is possible to select for a
particular size of nanoparticle to be most stable in the reaction, to prevent Ostwald
ripening, and to produce highly monodisperse particles of a particular shape. Ligands
used in the cadmium selenide synthesis include hexadecylamine (HDA) and
trioctylphosphine oxide (TOPO). The ligands also serve to isolate the surface of the
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nanoparticles from one another and from the solvent environment. The nanoparticle
surfaces need to be electrostatically screened from one another, lest they recrystallize into
bulk material. The ligands contain a binding group which attaches to one of the chemical
species on the nanoparticle surface, and a nonpolar carbon-chain tail, which prevents
aggregation of the nanoparticles and allows them to be suspended in non-polar solvents.
The surfaces of CdSe nanoparticles are believed to contain an excess of either cadmium
or selenium atoms, depending on the synthesis and characterization method, leading to a
slight surface charge that would prevent their suspension in many nonpolar solvents9.
Once the cadmium stearate has formed and the precursor/ligand mix has been
increased to nucleation temperature, trioctylphosphine selenide, the other precursor used,
is injected into the reaction, and immediately begins to decompose along with the
cadmium stearate, to form cadmium selenide crystal nuclei. At this point ligands bind to
the surface of these crystals, and compete with other cadmium and selenium atoms for
surface sites. After sufficient growth time has passed and a particular nanoparticle size
has been obtained, an equilibrium is reached between unreacted precursors and ligands,
preventing further growth. Growth conditions must be stringently controlled, both in
terms of ligand/precursor ratio and growth temperature/time, to prevent Ostwald ripening
from occurring, leading to polydisperse nanoparticle sizes. However, sufficient time must
be allowed for the majority of the nanoparticles to reach equilibrium size, and to anneal
out any defects formed during growth. It has been shown that nanoparticles can “selfcleanse” by removing dopant atoms to their surfaces during the growth process12; this
makes controlling nanoparticle structure by doping extremely difficult if the dopant
atoms are not completely mutually soluble with the nanoparticle components.
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After growth has finished and temperature has been decreased to ambient, the
nanoparticles are suspended in a mixture of solvent, excess ligand, and leftover
precursors (along with intermediate reaction products). To remove these and purify the
product, the nanoparticles are washed in so-called orthogonal solvents: solvents which
dissolve the excess ligands and precursors, but not the ligand-passivated nanoparticles. A
typical choice for this would be either methanol or ethanol; once added to the reaction
solution, the nanoparticles are precipitated by centrifugation and the undesired
components decanted in the supernatant. The nanoparticles can then be resuspended in
toluene or another compatible non-polar solvent, and either used as-is or washed
repeatedly until the desired level of cleanliness is achieved.
The CdSe nanoparticles are, in general, nearly-stoichiometric, with a combination
of wurtzite and zincblende crystal structure13 depending on size and growth conditions.
They range in size from about 1.2 nm to about 3.5 nm in radius, and can be synthesized
as spheres, as nanorods in a variety of aspect ratios, or in a range of different branched
and faceted structures. For the purposes of this research, quasi-spherical and short
nanorod structures were used. The nanoparticles in general are found, by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES), to have a slight excess of
cadmium14. There exists significant controversy over the nature and composition of the
surfaces of these particles; in addition to nonstoichiometry, the surfaces may be covered
by many different ligand species, depending on the purity of the starting ligand material.
Indeed, it is generally acknowledged that high-purity TOPO is an undesirable reagent to
use, and produces low-quality, polydisperse nanoparticles. In general, the TOPO used is
90% purity, with significant variation in nanoparticles produced from different batches of
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TOPO. This points to the importance of impurities in the TOPO, including various other
phosphine-containing molecules (such as phosphonic acids), which are numerous and
poorly characterized15. It is unclear which of these impurities is critical for nanoparticle
formation, and what role they play on the surface of the nanoparticles. For this reason, it
has proven difficult to characterize the interactions of CdSe nanoparticles with their
environment and with other nanostructures.
An additional issue arising in the use of these nanomaterials is their reactivity
towards the ambient environment. CdSe nanoparticles, with ligand coatings, are known to
oxidize slowly when exposed to air16. Although non-polar solvent solutions of the
nanoparticles are stable in air for years against precipitation, the optical properties of the
nanoparticles are observed to change with exposure to oxygen, with the bandgap of the
nanoparticles increasing. This suggests that a shell of oxide has formed at the surface of
the particle, increasing the effect of quantum confinement (by shrinking the CdSe core).
The particles are also observed to be unstable with exposure to light, as photon
absorption can produce excess charges and promote reactions with the surrounding
environment. For this reason, care must taken in the handling of the nanoparticles, and
ideally fresh nanoparticles should be synthesized for each major experimental series.
Considerable effort is underway to characterize the surfaces of CdSe
nanoparticles, specifically, to measure the prevalence and species of both defect sites and
ligands. Despite over a decade of research, it remains unknown precisely what the
molecules passivating the nanoparticle surface are, and how strongly and in what relative
concentrations they are attached. Many strategies exist for removing ligands from a
nanoparticle and replacing them with a different, better characterized molecule, but it is
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also unknown how complete this exchange is. There has been remarkable progress in
some areas, however: it is now possible to exchange the long carbon-chain ligands used
during synthesis for short molecules, or even for ions. It has been reported that CdSe NPs
can be passivated using a combination of small phosphines and chlorine ions17, leading to
nanoparticles with much-better-defined surfaces. At the same time, work into covering
CdSe and similar NPs with conductive ligands based on metal chalcogenides has been
advancing rapidly18.
The crystal structure of CdSe nanoparticles has been characterized and debated at
some length. While bulk CdSe forms in wurtzite structure, the nanoparticles are believed
to be a combination of wurtzite and zincblende, Since the two structures differ only by a
stacking fault, and since an individual nanoparticle can contain as few as 15 atomic layers,
the nanoparticles can be treated as either pure wurtzite or as a roughly 50-50 mixture of
the two13. It has been observed that, in cases where the nanoparticles deviate from
spherical geometry (i.e. nanorods, nanowires, tetrapods, etc.) the anisotropy manifests
preferentially along the <001> crystallographic axis, due presumably to the lower surface
energy requirements for growth in this direction19.
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1.2.2 Quantum Confinement in Nanoparticles
The most well-known and remarkable feature of the II-VI crystalline
nanoparticles is the size-dependent quantum confinement of excitons, which leads to a
size-dependence of the bandgap. This confinement effect has been modeled in a number
of ways, ranging from simple particle-in-a-box analysis through empirical
pseudopotential methods to density functional theory techniques20. Particle-in-a-box
treatment provides a simple way to understand the effect; by confining the wavefunction
of the carriers in three dimensions, the nanoparticles can be modeled as a spherical “box”
and energy states calculated. The result is a 1/r2 dependence in one of the terms
determining the bandgap energy where r is the nanoparticle’s radius. For a complete
treatment of this phenomenon, see Ref. 21.
This effect makes CdSe nanoparticles an extremely useful optical material, and
potentially an intriguing optoelectronic one as well. At present, CdSe nanoparticles are
sold as fluorophores for stains and similar uses in the life sciences, and are being
considered as a component of display and lighting technologies. The physics of quantum
confinement, and the more complex behaviors arising from it, remain under investigation,
especially in active areas such as multiple exciton generation and charge separation and
extraction. It is worth noting that the various issues in nanoparticle synthesis and
characterization mentioned above have a strong impact on quantum confinement
behavior; for example, many nanoparticles which are measured by microscopy to be of
one size may show quantum confinement effects representative of either smaller or larger
particles, as observed by luminescence; surface defects can lessen the confinement effect,
causing red-shifting due to gap states and, due to inhomogeneity, broadening of the
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exciton features in absorption and emission spectra, while oxidation of surface layers can
reduce the effective size of the nanoparticle, causing blue-shifting of the exciton features.
Cadmium selenide nanoparticles are used in Chapters 2, 3, and 4 of this thesis.
The quantum yield and stability towards oxygen of CdSe nanoparticles can be
increased by the addition of a “shell” of another, different-bandgap material with a
compatible crystal lattice, such as ZnS or ZnSe . Many methods exist for the production
of these “core-shell” nanoparticles; the “SILAR” (Successive Ion Layer Adsorption and
Reaction) method is one of the most commonly used, and is used here22. The shell
material can also consist of other epitaxially compatible substances such as CdTe, with
bandgaps which lead to segregation of one charge species to the shell (holes in the case of
CdTe)23. These two general types of core-shell structures are often referred to as Type I
(as ZnS, with improved confinement of both carriers to the CdSe core) and Type II (as
CdTe, with preferential confinement of one carrier to the core)24, as in Fig. 1-1. They are
described further in Section 1.2.4.
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Figure 0-1: A schematic of the band alignments discussed above and in Section 1.2.4.
The solid arrows denote the lowest band gap. The dashed lines are the results with the
NP’s under strain, the solid lines are the natural band alignment results. Dark circles are
electrons after excitation, and light circles are holes. (a) represents a core-shell CdSe/CdS
nanoparticle, a Type-I core-shell system. (b) represents a core-shell CdSe/CdTe
nanoparticles, a Type-II core-shell system. Reproduced from Ref. 24 Fig. 1.
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1.2.3 Fe2O3 Nanoparticles
In addition to CdSe, and its analogues CdS, CdTe, PbS, PbSe, etc, a variety of
other materials have been synthesized in nanoparticle form, with many different
properties. One material used in our experiments has been maghemite, Fe2O3. These
nanoparticles can be synthesized using oleic acid as the ligand and Fe(CO)5 as the iron
source; the initial nanoparticles form in an oxygen-poor state, but are believed to rapidly
oxidize upon contact with air to form maghemite25. These nanoparticles can be made with
good size monodispersity (>5% FWHM for the distribution of radius) and spherical
shape with sizes ranging from about 3.0 to 7.5 nm in radius, above which they tend to
become cubic in shape26. As bulk iron oxide is a ferromagnetic material, the magnetic
properties of the nanoparticles have been extensively investigated. Above ~5.25 nm
radius, the nanoparticles remain ferromagnetic at room temperature. Below this size, the
nanoparticles display superparamagnetic behavior27. This behavior is observed in a wide
variety of magnetic nanoparticles, but iron oxide is one of the most well-characterized
and controllable nanoparticle syntheses, making it ideal for superlattice formation and
related work. Fe2O3 nanoparticles are used in Chapters 4 and 5.
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1.2.4 Core-Shell Nanoparticles
A particularly useful class of nanoparticles is the so-called “core-shell”
nanoparticles. As with all NPs, many different species and morphologies exist, but for the
purposes of this work only one is relevant: the Type-I CdSe/ZnS core-shell nanoparticle
(Fig. 1-1). Cadmium selenide and zinc sulfide have extremely similar crystalline lattices
(within <1% lattice mismatch) and the synthetic chemistry needed to form monolayers of
ZnS on the surface of a CdSe nanoparticle is well developed22. The synthesis requires a
starting material of monodisperse CdSe NP cores, which are redispersed in a bath of
molten ligands. Carefully-measured amount of zinc and sulfur precursors are added to
produce shells of controlled thickness around the core. These shells serve two purposes.
First, they passivate the CdSe surface more effectively than organic ligands, reducing the
number of surface trap-states that can quench luminescence, and prevent the core from
oxidizing. Second, in the case of ZnS and CdS, the bandgap of the shell material is such
that quantum confinement of both carriers in the core is enhanced (see, for example, Fig.
1-2). The photogenerated exciton is still strongly confined to the core in the presence of
the larger-bandgap shell material28. It may be less confined in the core than in core-only
NPs due to wavefunction leakage into the shell that is greater than that into the
ligand/vacuum. However, since the wavefunction in the shell will not extend to the shell
surface, the radiative lifetime, and therefore the quantum efficiency, will increase28. This
is called a Type-I band alignment, as distinguished from the Type-II alignment in which
one charge carrier is sequestered in the core and the other mostly confined in the shell (as
occurs in, for example, CdTe shells, Fig. 1-1). The shell material still requires organic
ligands to prevent recrystallization of NPs, and there is some uncertainty about the
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quality and nature of the interface between the core and the shell, but overall core-shell
quantum-dot NPs have proven superior (higher and longer-lasting quantum efficiency)
for most applications involving luminescence29. The CdSe/ZnS core-shell nanoparticles
used in this work, specifically in Chapters 2 and 3, had shells ranging from 1 to 7 atomic
layers thick, as measured by transmission electron microscopy (TEM).

Figure 0-2: A plot of experimentally-measured photoluminescence quantum yield of
CdSe/CdS core-shell nanoparticles with respect to the number of atomic monolayers of
CdS in the shell. Reproduced from Ref. 30.
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1.3 Single-Walled Carbon Nanotubes
A second, significantly different class of nanostructure is the carbon nanotube. A
huge amount of work has gone into characterizing and exploiting these unusual objects.
Carbon is one of the most versatile elements on the periodic table, the building-block of
organic life and a source of widely varying substances as different as wax and diamond.
Graphite, a naturally-occurring allotrope of carbon, represents only one part of this
diversity, and yet graphitic carbon (i.e. carbon arranged in periodic hexagonal array) has
yielded three separate types of surprising nanomaterial: C60, the buckminster-fullerene
molecule; carbon nanotubes; and graphene, an individual atomic sheet of the more
common graphite (Fig. 1-3). All three possess unique properties, but only one concerns
us in this thesis: the carbon nanotube, and more specifically the single-walled nanotube
variant (SWNT). Carbon nanotubes can be formed both as individual tubes (SWNTs),
with or without their ends closed (and singly or as bundles), or as nested sets of two or
more nanotubes, called multi-walled nanotubes (MWNTs). Carbon nanotubes are, in
essence, a rolled-up sheet of graphene, a single molecule ranging in length from a few
nanometers to (at present) a few meters, and in diameter from approximately 0.6 nm to
1.5 nm, depending on the particular synthetic technique used to generate them. They
combine in one material extraordinary mechanical strength31, extremely high carriermobility32, both metallic and semiconducting behaviors, and extreme chemical and
thermal robustness33.
Of these, it is the electronic nature of SWNTs that is most interesting in terms of
collective properties when combined with other nanomaterials. Efforts to combine
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Figure 0-3: Four different graphitic-carbon structures. Graphite is the three-dimensional
form; graphene is a single, two-dimensional sheet of graphite; carbon nanotubes are a
“one-dimensional” tube of graphene; and C60 is essentially a “zero-dimensional” sphere
of graphene.

Figure 0-4: SWNT band-structure arises from the chiral angle of the nanotube. On the left
is a cartoon of one Brouillon zone of graphene, showing the Van Hove singularities in the
band structure. On the left, two different species of SWNT: above, an armchair (as
drawn schematically in black on the SWNT) metallic SWNT, whose longitudinal axis
passes through one Van Hove singularity; below, a zigzag (drawn in black on the SWNT)
semiconducting SWNT, whose longitudinal axis does not pass through a Van Hove
singularity, leading to the opening of a diameter-dependent bandgap.
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SWNTs with other materials to enhance collective mechanical or thermal34 properties
have met with some success, but the most accessible and potentially important
improvements available at the nanoscale come in the form of changed electronic structure
and behavior. The SWNT, as has already been stated, possesses enormously high carrier
mobility, on the order of ~200,000 cm2/Vs, which alone is sufficient to make it
interesting as an electronic material. However, the most remarkable aspect of SWNT
electronic behavior is that there exist both metallic and semiconducting species,
essentially chemically indistinguishable, whose particular electronic structure is
determined by their diameters. Where colloidal quantum dots possess bandgaps created
by zero-dimensional quantum confinement of charges, carbon nanotube band structures
are determined by 1-dimensional confinement of carriers. Electrons and holes in a carbon
nanotube are confined radially, but free to move along the nanotube long axis, leading to
a unique situation where the precise diameter of the nanotube sensitively determines the
presence or absence and the size of a bandgap (Fig. 1-4).
SWNTs are distinguished and categorized by their chiralities, the angle of “twist”
in the atomic lattice along the long axis of the nanotube. SWNT chiralities are commonly
referred to by a pair of indices, in the format (n,m), which correspond to the number of
unit vectors which compose the chiral vector of the SWNT (i.e. the vector along a plane
of graphene which becomes the longitudinal axis of the SWNT when the graphene is
rolled into a tube). The chiralities are separated into those resulting in metallic SWNTs,
with indices that conform to the rule 2n + m = 3l, where l is an integer (known as
armchair SWNTs); and the remainder, which lead to semiconducting nanotubes and are
known as zigzag or chiral SWNTs, depending on chiral angle. These two different

19

electronic species of SWNTs are formed at the same time and in the same way, the result
of slight energetic differences during the very beginning of SWNT growth.
Characterization and separation of these SWNT species is an absolute necessity for
eventual applications to be realized. SWNTs are used in the research discussed in
Chapters 2 and 3 of this thesis.

20

1.3.1 Carbon Nanotube Growth and Processing
The number of processes and variables involved in SWNT formation makes CdSe
NP synthesis look simple; for an overview of the techniques and their results and
limitations, see Ref. 35. In brief, the primary methods of SWNT growth can be separated
into two categories. First is destructive growth, in which a sample of solid carbon is
heated to very high temperatures, either with or without catalyst particles, and the
resulting soot-like products are purified to extract SWNTs. The heating is accomplished
either by laser ablation of a graphite substrate or by electric arc-discharge using a
graphite electrode. The purification step involves using concentrated acids to dissolve
everything except for the extremely chemically-inert SWNTs. These destructive-growth
methods produce SWNTs with approximately 2:1 semiconducting:metallic nanotubes.
The second category of syntheses can be broadly termed constructive SWNT
growth, in which a feedstock of carbon-containing gas or vapor decomposes in the
presence of a catalyst and crystallizes into SWNTs. The feedstock can be gases like
acetylene and methane, or vapors of ethanol, acetone, etc. in an inert carrier gas. All of
these growths are carried out at high temperatures (generally around ~1000ºC), and under
strict oxygen-free conditions, since SWNTs will oxidize and burn at those temperatures.
The catalysts are usually a transition metal such as cobalt, molybdenum, or iron, and can
be sprayed into the reaction vessel or fixed to a substrate. Many variations on this growth
method exist, but the two we have used as a source of SWNTs for our work are the highpressure carbon monoxide (HiPCO) method and the chemical-vapor deposition (CVD)
method. These methods produce tubes with relatively few defects, and with ratios from
2:1 (HiPCO) to 12:1 semiconducting:metallic nanotubes (for the cobalt-molybdenum
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catalyst or CoMoCAT CVD growth method). CVD methods can also be used to grow
nanotubes of predetermined lengths36, ranging from a few microns to a few meters, and to
grow SWNTs and MWNTs both horizontally along a surface and vertically in nanotube
“forests.”
Once formed, SWNTs usually require a number of processing steps to render
them suitable for use either in experiments or in functional materials. The simplest and
easiest to work with are the CVD-grown SWNTs on substrates, which require only gentle
rinsing to remove any contaminants, and can then be processed via standard lithographic
techniques or experimented on directly. However, CVD-grown SWNTs have the
downside of being comparatively sparse, with only a few usable nanotubes per micron,
and requiring a complex growth apparatus that must be maintained and operated by a
competent chemist (see Ref. 35 for details). HiPCO, laser ablation, and arc-discharge
SWNTs can instead be purchased in raw form from a number of companies. However,
these raw materials generally contain a large amount of contaminants: leftover carbonsource material, graphitic carbon formed during the reaction, catalyst particles, carbon
fibers, and amorphous carbon, all of which need to be removed before the SWNTs can be
used. The surfaces of SWNTs, when defect-free, are almost completely chemically inert
at room temperature, requiring strong oxidizers like nitric acid to damage, and do not
burn in air below ~900ºC. The same is not true of the growth contaminants, however, so
most of the unwanted material can be removed by a process of heating in air to 500ºC
followed by immersion in concentrated HCl. The amorphous carbon and carbon fiber
burn in the first step, and metal catalyst particles dissolve in the second. Finally, the acid
solution can be vacuum filtered to recover purified SWNTs. This process has the added
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advantage of removing any highly-defective SWNTs from the sample, as these defects
provide sites for oxidation during the heating step.
A second method of purification is based on the formation of micelles around the
SWNTs in an aqueous solution. This method has the advantage of leaving the SWNTs in
a liquid suspension at the end for ease of handling, as well as removing the end-caps that
close the ends of the nanotubes. To produce and purify aqueous SWNT suspensions, raw
SWNT powder is sonicated using a high power (>100 W) sonicator, in the presence of
purified water and a surfactant. The surfactant, which can be any of a number of
molecules37, generally has one hydrophilic and one hydrophobic end. During sonication,
the surfactant encapsulates individual SWNTs or bundles of SWNTs and protects the
hydrophobic SWNT surface from the surrounding water. At the beginning of sonication
most of the SWNTs are in bundles, the result of the extremely strong Van der Waals
attraction between the sidewalls of carbon nanotubes, and some of these bundles are also
attached at the ends by catalyst particles, non-SWNT graphitic carbon, or other material.
Sonication serves to both debundle the SWNTs and to cut them into shorter lengths,
reducing the percentage of the SWNT micelles that contain contaminants. After
suspension of the SWNTs is finished, the solution is centrifuged in an ultracentrifuge at
very high speeds (upwards of 25,000 RPM) for periods ranging from a few hours to a few
days. During this centrifugation, unencapsulated or poorly-encapsulated material, such as
contaminants, free catalyst, and very large SWNT bundles, are driven to the bottom of
the centrifuge tube. Once sufficient purification has occurred the purified SWNT
suspension is decanted and the contaminants discarded. This process avoids oxidative
damage to the SWNTs, and can be scaled to produce large amounts of purified SWNT
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material; however, the sonication can produce new defect sites on the SWNT sidewalls,
as well as shortening the nanotubes, and insufficient centrifugation can lead to
suspensions containing large numbers of bundled SWNTs.
The centrifugal purification strategy has recently been used to overcome another
challenge in the study and use of SWNTs: separating the semiconducting from the
metallic species. This problem has prevented the application of SWNTs to electronic and
optical devices; given that there is little chemical difference in different SWNT chiralities,
it has been left to trial-and-error to fabricate SWNT devices of the correct chirality and
diameter. Using a process known as density-gradient ultracentrifugation (DGU),
developed by the Hersam group at Northwestern University38, SWNTs can be separated
not only into semiconducting and metallic fractions but also into individual chiralities.
This process takes advantage of the differences in diameter between SWNT chiralities,
and of slight inequalities in the diameter distribution of the various SWNT growth
methods. In general, a given sample of raw SWNT material is processed into aqueous
suspension as above, but using a very specific combination of surfactants that form
micelles more easily around SWNTs of a particular diameter. These suspensions are then
loaded into centrifuge tubes containing a liquid whose density increases, usually linearly,
from top to bottom, and centrifuged again in the ultracentrifuge. Larger-diameter SWNTs
have more surfactant molecules on their surfaces and are thus slightly heavier than
smaller-diameter SWNTs; over the course of the centrifugation, the SWNTs migrate
along the density gradient until they reach equilibrium with the surrounding fluid. This
produces distinct bands of SWNTs corresponding to the different diameters in the
original sample, which can be drawn off via fractionation. Larger-diameter SWNTs
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generally have a slight excess of metallic species, while smaller-diameter SWNTs are
more likely to be semiconducting (Fig. 1-5). Repeating this separation process multiple
times leads to samples consisting of only semiconducting or metallic species, and
eventually to samples consisting of only one chirality. At present this process has very
low yield, generating only about 1 µg of single-chirality product per gram of starting
material, making it prohibitively expensive for commercial application. The
semiconducting/metallic separation, however, is less expensive, yielding approximately 1
mg per gram of starting material, and so separated semiconducting/metallic SWNTs can
now be purchased from some commercial suppliers. These materials are cleaned of the
surfactants, vacuum filtered to remove any remaining contaminants, and are almost as
pure and defect-free as those grown by CVD on substrates. Separated
semiconducting/metallic SWNTs are used in the research discussed in Chapter 3 of this
thesis.

Figure 0-5: A schematic showing the incorporation of bundled and mixed-chirality
SWNTs into aqueous solution, followed by density-gradient ultracentrifugation, resulting
in distinct bands of SWNTs which correspond to individual diameters and, by extension,
chiralities. Reproduced from Ref. 38.
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1.3.2 Optical Properties and Characterization of SWNTs
Carbon nanotubes are remarkable materials for many reasons, but one of their
most remarkable features is their unique electronic structure. One-dimensional quantum
confinement can cause the opening of band-gaps in some chiralities of tubes, while Van
Hove singularities leave other chiralities metallic39. This unique structure is reflected in
the optical properties of SWNTs, which provide both intriguing possibilities for
applications and a useful set of diagnostic and characterization tools. Vertical forests of
SWNTs have proven to be the best light-absorbing materials ever discovered40; thin films
of SWNTs are conductive but nearly transparent41. Raman scattering and
photoluminescence can identify individual SWNT chiralities; absorption measurements
can identify percentages of semiconducting and metallic SWNTs in an ensemble sample,
and ultrafast optical techniques can probe the internal electronic structure.
The three major optical techniques used in this thesis are absorption and
photoluminescence spectroscopy, both steady-state and ultrafast, and inelastic (Raman)
scattering. SWNTs have specific signature when studied with all three techniques, and
different information can be gathered by each. Absorption reveals the presence of
semiconducting and metallic species in a sample, identifiable by a set of particular
transitions that can be seen between 0.5-1.3 eV and 1.0-2.0 eV for semiconducting
SWNTs and between 1.5-3.0 eV for metallic SWNTs39 (Fig. 1-6). Ultraviolet-visible
absorption (UV-Vis) can also be used, in principle, to determine the degree of bundling in
a suspension of SWNTs. Bundling leads to coupling between SWNTs, resulting in
broadening of absorption peaks, so the narrowing of the peaks in the UV-Vis absorption
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Figure 0-6: A plot of calculated gap energies corresponding to peaks in the absorption
spectrum of SWNTs. Solid circles indicate the metallic SWNTs and open circles the
semiconducting ones. Gap energies for all the chiral indexes with larger diameter than
(5,5) are plotted as a function of diameter. Arrows show diameter
distributions for each of two commonly-used SWNT-growth catalysts, which produce
distinctive diameter distributions. Two horizontal lines in each catalyst diameterdistribution area show “metallic window” in which the optical transitions arising only
from the metallic tubes would be observed in absorption. Reproduced from Ref. 39.
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spectrum can be used to gauge the effectiveness of different SWNT debundling
techniques. However, the more useful part of the SWNT absorption spectrum lies in the
infrared. Semiconducting SWNTs have bandgaps in the range from 0.5 eV to 1.3 eV,
depending on diameter; a single-chirality SWNT sample should in principle be
identifiable by its absorption spectrum39,42. In reality this is not terribly useful, as samples
containing multiple chiralities have absorption spectra where the individual peaks are
difficult to distinguish, making this less useful for chirality identification in a mixed
sample. Additionally, the low absorption cross section (1×10-17 cm2 per carbon atom in a
(6,5) SWNT excited at its second optical transition) makes absorption measurements on
individual SWNTs extremely challenging43.
Photoluminescence (PL), the process of light absorption followed by light
emission from a sample, is more useful as a tool for both chirality determination and as a
measure of electronic processes inside the SWNTs. Metallic nanotubes, lacking a
bandgap, do not photoluminesce; the photoluminescence of semiconducting SWNTs can
be used both to determine the chirality distribution of a mixed semiconducting sample
and to examine the excitonic processes inside the nanotubes44. In coupling between
SWNTs and other materials, PL can offer clues about doping levels as well as charge
transfer, Forster Resonant Energy Transfer (FRET), and other forms of quenching45.
Finally, inelastic light scattering, or Raman scattering, is a tremendously useful
tool in the study of carbon nanotubes. Two major aspects of Raman spectroscopy are
useful in this thesis: first, examination of the defect modes in the SWNT Raman spectrum
helps determine the quality of a SWNT sample before and after purification; and second,
the phenomenon of resonant Raman scattering can be exploited to determine the full set
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of chiralities present in a given SWNT sample. This latter is covered in depth in Refs. 46,
47

; it requires the use of three different excitation wavelengths (514, 633, and 785 nm) to

resonantly excite all of the possible chiralities in a SWNT sample. (We see them in the
PL spectra in Chapter 3, but do not use them for analysis.) The radial breathing modes
(RBM), the phonon modes arising from radial contraction and expansion of the SWNT,
are diameter-dependent (see Fig 13 in Ref. 46 for the plots, often called Kataura plots, of
RBM frequencies versus (n,m) index of SWNTs), but generate very weak signals in nonresonant Raman scattering. By exciting all possible SWNT chiralities at their resonant
frequency and observing the resulting RBM spectrum, full chirality determination is
possible. It should be noted, however, that this is easier to do for solution samples or
powders than for single tubes on a substrate. In addition to the low signal generated by a
single SWNT, nanotubes on a substrate are subject to Van der Waals forces that can
slightly distort the cross-section of the tube, and thus shift their RBM frequencies. Other
observed phonon modes include the G-band, which is split into many different features
around 1580 cm-1 and arises from the first Raman active mode in graphite, and the Dband near 1350 cm-1 (see Fig. 1-7). The G-band splits into two modes, denoted G+ and G-,
at 1590 and 1570 cm-1 respectively. The G+ mode is due to in-plane vibrations along the
nanotube axis, while the G- mode is diameter-dependent and arises from in-plane
vibrations around the SWNT circumference. The intensity of the D-band correlates to the
number of structural defects in the SWNT. There is also a commonly-observed mode,
confusingly named Gʹ, which is an overtone of the D-band.
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Figure 0-7: Raman spectrum of a sample of raw HiPCO SWNTs, with the major phonon
modes labeled. The sample was analyzed in powder form on a silicon substrate, giving
rise to the weak Si Raman peak at 520 cm-1.
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1.3.3 Electronic Properties of Carbon Nanotubes
The motivation behind using SWNTs as part of a hybrid nanomaterial with
colloidal quantum dots is to take advantage of the superior electronic properties of the
nanotubes in conjunction with the controllable optical properties of the quantum dots.
SWNTs by themselves have bandgaps that absorb infrared light39. Given the difficulty of
selecting individual chiralities from a mixed sample it would be very difficult to
controllably tune the absorption of a SWNT-based photovoltaic device. CdSe NPs and
other similar NPs have easily-controlled bandgaps, and very high internal quantum
efficiencies (the ratio of photons emitted to photons absorbed), making them good
candidates for exciton generation, but are lacking when it comes to carrier transport and
charge separation due to the insulating ligands and the granular nature of NP films.
SWNTs, by contrast, have extraordinarily high carrier mobility and can easily be
connected to electrical contacts to make a photodiode. The ideal combination of the two,
then, would use size-controlled CdSe NPs to absorb light, and then transfer the energy of
that light into the SWNT in the form of individual charge carriers or bound excitons,
where it can more easily be harvested. Such hybrids with SWNTs decorated by NPs are
discussed in Chapters 2 and 3.
The electronic properties of SWNTs require some explanation in order to properly
appreciate the advantages and challenges of applying a SWNT/NP hybrid to a functional
device. Transport of the majority charge carrier in SWNTs occurs by a mechanism
fundamentally different to that in classical materials. Instead of carriers “hopping” from
atom to atom, the 1-dimensional quantum confinement effect leads to ballistic carrier
transport, which is discussed in detail in Ref. 48. This leads to the high carrier mobilities
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mentioned above; however, the unique quantum nature of the SWNTs does have a
downside. While conduction within the tube is extremely fast, conduction of carriers
between SWNTs and other materials is subject to a large effective resistance. Since
transport can only occur along longitudinal electronic states within the SWNT, charges
must enter and leave the nanotubes via tunneling, being unable to conduct efficiently in
the radial direction. This leads to an effective resistance at the interface between SWNTs
and the contact material, whose magnitude depends on the work function of the material
in question. With optimum matching of the work-function, the theoretical minimum
resistance49, 50 is achieved with palladium contacts, with the lowest recorded contact
resistance to date being 17.2 kΩ. This in turn limits the ultimate utility of SWNTs in
electronic devices, and especially in transistors and photovoltaic devices, as significant
power is expended overcoming this contact resistance. Nonetheless, SWNTs are a
remarkable example of the physics of 1-D quantum confinement, and their unusual
mechanical, chemical, and thermal robustness can offset the issues at present with
electrical contact and render SWNT devices useful in some situations. At the moment,
some of the more promising electronic applications include the use of SWNTs as a
transparent, conductive thin-film (using metallic SWNTs) or as elements in chemical and
biological sensors (using semiconducting SWNTs)51.
One final relevant electronic property is the potential for multiple exciton
generation (MEG) in SWNTs. Multiple exciton generation is a process in which a
semiconducting material absorbs a single photon whose energy is significantly higher
than the bandgap, and as a result, more than one exciton is formed. The subject of MEG
is a very controversial one in nanomaterials, with much literature arguing for and against

32

the phenomenon in quantum dot NPs52, 53. Even the process by which MEG would occur
in nanomaterials is a subject of controversy; however, the benefits of MEG, should it
prove to be an exploitable phenomenon, are great. Creating more than one exciton per
photon allows a photovoltaic device to make use of photons with energy much higher
than their bandgap, when normally the excess energy is lost to rapid thermalization. This
would give an MEG-based device the ability to beat the Shockley-Quiesser limit on
photovoltaic efficiency, and would represent an enormous advance in solar cell
technology.
Recently an experiment was performed54 using a device geometry called a splitgate photodiode that showed that at low temperatures (90 K and below), semiconducting
SWNTs can produce more than one exciton per photon with a photon energy of only 2.1
times the SWNT bandgap. This is a startling finding; for comparison, in bulk materials
MEG occurs at photon energies 5 times the bandgap and higher. If it were possible to
efficiently photogenerate high-energy excitons in SWNTs that could then decay into
multiple lower-energy excitons, it would be possible to both cover a large portion of the
solar spectrum and to harvest more of the absorbed energy, making this a very promising
candidate component for an optically-active hybrid nanomaterial.
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1.4 Coupling Between Nanomaterials
The main interest of this thesis is in interactions between nanomaterials, and so a
brief overview of the types of coupling that can occur in these systems is in order. The
first and most obvious is electrical conduction. Many experiments have been done on the
charge-transport properties of nanoparticle films55, and in general have shown that the
organic ligand shell around the individual NPs drastically reduces the conductivity of
such films for both signs of charge carrier. Some improvement in this respect has been
made recently with the advent of metal chalcogenide ligands (see for example, Refs. 18, 56)
which greatly increase the conductance of nanoparticle films. As of yet, though, no very
significant properties have been found that rely purely on the electrical conductance of
nanoparticle films.
By analogy to atomic crystals, in which overlapping electron wavefunctions give
rise to band structure, a crystal or dense film of quantum dot nanoparticles, provided the
electronic wavefunctions overlap sufficiently, should also exhibit band-like behavior,
although so far this has only been observed in the plasmon resonances of noble-metal
nanoparticles57. In order for coupled-quantum-dot bands to be formed, the degree of
quantum confinement must strike a balance between too little, in which the material
reverts to bulk-like properties, and too much, in which particles behave as isolated
quantum wells. This regime, where carriers are relatively free to move between
nanoparticles, is known as the strong coupling regime; strongly-coupled hybrid
nanomaterials are those where the component wavefunctions overlap sufficiently to
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Figure 0-8: A schematic of the three regimes of electronic coupling between
nanomaterials. (a) Resonant energy transfer, also known as excitation transfer, Forster
resonance energy transfer, etc., in which the two component nanomaterials interact via
dipole-dipole coupling. (b) Charge transfer, in which charges travel from one component
nanomaterial to the other, either by ohmic conduction or by tunneling. (c) Strongcoupling, in which wavefunction-overlap causes the two components to behave as one
contiguous electronic structure.
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create a new set of bands that define the collective behavior of the material (as in, for
example, Fig. 1-8c).
A second type of inter-nanomaterial electronic coupling is charge transfer. We
recognize two versions: ohmic conduction, and charge transfer between nanostructures
that are not in ohmic contact. Transfer of either electrons or holes in these latter systems
occurs via tunneling, with a probability that is exponentially related to the distance
between the donor and acceptor. This is illustrated in Fig. 1-8b. Charge transfer is the
most commonly-considered form of coupling for applications involving photovoltaic
power generation. In these applications, photogenerated excitons are separated at an
interface between n- and p-type materials, with charge being transferred across the
interface by either of the above mechanisms. This type of coupling is one of the
parameters that require significant optimization in nanostructure photovoltaics (which are,
by their very nature and requirement for an n-p interface, hybrid nanomaterials). There
are a number of different hybrid nanostructures that exploit this form of coupling, many
of which are very promising for solar cell applications58, 59.
There exists another category of electronic coupling between nanoscale objects,
however, which relies on neither wavefunction overlap nor on transfer of charges
between the nanomaterials. Excitons, coupled electron-hole pairs formed in CdSe
quantum dots by absorption of light, are electronic dipoles, and as such can couple with
nearby materials via dipole-dipole (and higher order) interaction. In molecular
fluorophores this phenomenon is known as Forster Resonant Energy Transfer (FRET)
(see Fig. 1-8a); it is discussed in more detail in Chapter 3. In brief, the excitation energy
bound up in the exciton in the donor material induces the formation of another exciton (of
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equal energy) in a nearby acceptor material by dipole-dipole coupling, thereby
transferring the excitation energy from donor to acceptor without the emission of a
photon and without the transfer of any charges. This is distinct from luminescence by one
material, followed by reabsorption in the second material, and it happens on a much
faster timescale than photoluminescence in most systems. For FRET to occur efficiently,
the acceptor must have an electronic state very close in energy to that of the donor.
Other forms of coupling beyond the electronic have been considered as possible
candidates for useful collective properties in nanomaterials. Charge or exciton transfer is
one example; thermal conductance of nanoparticle films is another. Since nanoparticle
films contain many “gaps” between NPs, the scattering length of phonons in these films
is significantly shorter than in bulk materials. As a result, for NP films with metal
chalcogenide ligands (and thus with sufficiently high electrical conductance) interesting
thermoelectric properties are possible (and being investigated). This particular aspect of
inter-NP interaction represents a new and interesting direction for research in this field,
one in which the difference between ordered and disordered NP films may lead to
significantly different properties. Magnetic and mechanical properties have also been
investigated, (Refs. 27, 60).
The inter-nanomaterial coupling described above is applicable to both types of
hybrid nanomaterials discussed in this thesis. It is especially critical to an understanding
of the optical behavior reported in Chapter 3.
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1.5 Colloidal Nanoparticle Superlattices
Colloidal nanoparticle superlattices, also known simply as NP superlattices or
(when 3-D) supercrystals, are an analog of atomic crystals with colloidal NPs in place of
atoms. Atomic crystals consist of repeating, periodic arrays of atoms with a wide variety
of lattice symmetries, held together by atomic bonding. The interactions between NPs are
complex and vary dramatically with both species and composition (of both NPs and their
surface ligands), but none of them are precisely analogous to interatomic bonding;
nonetheless, it has been shown that the forces that are present in these systems are
sufficient to drive the formation of periodic arrays repeated over many thousands of
periods. These arrays represent a new and different form of hybrid nanomaterial, a
structure that might have different properties from those of its components in the same
way that the properties of bulk materials differ from the properties of atoms.
The first reported nanoparticle superlattices were two-dimensional arrays of a
single size and species of nanoparticle, and were formed during drying of NP solutions
on TEM grids61-63. Whenever monodisperse nanoparticle solutions (the criterion for
monodispersity is usually that 95% of NPs are within 5% of the mean radius) are allowed
to dry, small areas form with a few NPs packed closely together in a regular array,
presumably due to the increased packing efficiency of this arrangement during drying.
Efforts have been made to control this process and increase the area of superlattices,
which have resulted in monocomponent (i.e. containing only one size and species of NP)
superlattices with lateral dimensions of hundreds of microns61. All of the observed
superlattices were hexagonal-packed films, and were characterized by TEM; some areas
that may have contained more than one layer of NPs were noted, but with TEM as the
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only characterization tool it was not possible to be certain. Work continued, however,
into improving the size and variety of monocomponent superlattices, with many different
NP species used, including CdSe, Au, Ag, PbS, etc.62. It was found that by mixing two
different sizes or species of NP, symmetries other than hexagonal packing were possible
(Fig. 1-9), and a large number of different combinations and symmetries were rapidly
discovered64, 65. These are called binary nanoparticle or bimodal superlattices. However,
although many different NP combinations were able to produce 2-D lattices, forming 3-D
supercrystals proved more difficult, and it was impossible to accurately predict what
symmetry would be produced by a given NP pair. Even three-component superlattices
were eventually made66 and superlattices composed of non-spherical elements67, but the
formation mechanism was not well-understood.
In Chapter 4, colloidal NP supercrystals of one type of NP are shown to form in
confined capillary channels. In Chapter 5, large-area, thick NP supercrystals of one and
two types of NPs are formed, and their formation mechanism probed in situ.
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Figure 0-9: TEM images of the characteristic projections of a variety of binary
superlattices, self-assembled from different nanoparticles, and modeled unit cells of the
corresponding three-dimensional structures. The superlattices are assembled from (a)
13.4 nm Fe2O3 and 5.0 nm Au; (b) 7.6 nm PbSe and 5.0 nm Au; (c) 6.2 nm PbSe and 3.0
nm Pd; (d) 6.7 nm PbS and 3.0 nm Pd; (e) 6.2 nm PbSe and 3.0 nm Pd; (f) 5.8 nm PbSe
and 3.0 nm Pd; (g) 7.2 nm PbSe and 4.2 nm Ag; (h) 6.2 nm PbSe and 3.0 nm Pd; (i) 7.2
nm PbSe and 5.0 nm Au; (j) 5.8 nm PbSe and 3.0 nm Pd; (k) 7.2 nm PbSe and 4.2 nm
Ag; and (l) 6.2 nm PbSe and 3.0 nm Pd nanoparticles. Scale bars: a–c, e, f, i–l, 20 nm; d,
g, h, 10 nm. The lattice projection is labeled in each panel above the scale bar. NP sizes
are given in diameter. Reproduced from Ref. 64.
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1.5.1 Nanoparticle Superlattice Formation
Considerable work has been devoted to extending these 2-D arrays to 3-D crystals.
The formation methodology for 2-D superlattices is simple, and consists of using
nanoparticles dispersed in a solvent, dried slowly on a substrate. The longer the drying
time, in general, the larger the final superlattice, culminating in the before-mentioned
hundred-micron scale superlattices which required several weeks to form. Other
formation techniques include the use of interfaces between solvents and air or between
two immiscible solvents, which cause nanoparticles to collect or precipitate at the
interface to form 2-D lattice layers68. All of these techniques are limited in application,
however, due to the complete reliance on TEM as a measurement tool, which requires
electron-transparent substrates, as well as making it impossible to image superlattices
thicker than one or two layers.
Three-dimensional monocomponent superlattices can be formed via several
different techniques. One method uses NPs with oppositely-charged surfaces 69, similar in
concept to components of a classical ionic crystal, which attract each other and form an
array that satisfies charge neutrality. Another method expands on the liquid-liquid
interface method used for growing 2-D lattices 70. By using two liquids, a solventnonsolvent pair for the nanoparticles, which tend to diffuse into each other slowly across
an interface, the NPs in one liquid slowly and progressively precipitate out at the
interface to form pieces of supercrystal. These crystals can then be collected on a
substrate and characterized via SEM and small-angle x-ray scattering (SAXS).
Additional formation strategies include use of DNA as a ligand, with complementary
strands causing NPs to pack together71, 72, and the use of pressure to force NPs into close-
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packed geometries73. However, none of these strategies is highly controllable, depending
on interactions that occur over large and changing surface areas, in the case of the
interface method, or on extremely short timescales, in the case of the ionic and DNAmethods. Control of the local area of supercrystal formation on timescales between
fractions of a second and weeks has thus far proven elusive.
For 2-D lattices the requirements are less strict; NPs are only required to pack in a
plane, and they have very little freedom to phase separate during the final, compressive
stage of drying. Even in this case, phase separation is common, with most of the reported
2-D binary superlattice symmetries being found only in a small fraction of the total NP
film. The model commonly referenced in 2-D superlattice formation is the “coffee-ring”
drying model, in which NPs near the edges of a droplet of solvent are left behind by the
drying front as the solvent evaporates, forming a thick ring of NP film with a sparse
interior68. During the last instants of solvent evaporation, NPs and solvent are confined to
a very thin layer on the surface of the substrate. This rapid reduction in volume forces the
NPs to pack close together, leading to the observed symmetries.
Great difficulty has been encountered in the formation of binary NP supercrystals.
While monocomponent crystals are relatively easy to form, requiring only a force to pack
the NPs together and enough time for that force to act during solvent drying, binary
crystals require control over both packing forces and solubility of the NPs during solvent
removal. Although the surface chemistry of even identical-composition NPs of different
sizes is, in principle, constant, simply changing the diameter of an NP is enough to
dramatically alter the concentration at which it precipitates from solvent. Formation of
binary supercrystals requires both component NP species to remain dissolved and mobile
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during packing, and then both must simultaneously lose mobility and precipitate at the
same time. If one component precipitates before the other, phase separation occurs, and
the result is, at best, a pair of monocomponent phases. This problem becomes even
greater when NPs of different composition, or with different surface ligands, are used.
Some 3-D binary supercrystals have been fabricated, but they form within large
volumes of solvent, in regions near interfaces with other solvents. In these regions the
exact proportions of the NP species, the two or more solvent types, and dissolved ligands
in the solvent are unknown. This in turn means that the actual formation conditions are
unknown as well, as are the actual timescales on which formation occurs. Without a firm
grasp of these variables, efforts to controllably grow and exploit these materials are
doomed to failure. Efforts are therefore underway to understand both the forces driving
superlattice/supercrystal formation, and the experimental parameters needed to control
those forces74.
The driving forces behind supercrystal formation differ significantly from those
responsible for atomic crystals. Nanoparticles, with the exception of the deliberately
charged NPs mentioned before, do not undergo ionic or even strong covalent chemical
bonding with one another; as long as their surfaces are passivated by ligands such
bonding is prevented. Most NP species have no surface charge on their ligand shells, and
the ligands themselves generally do not bond to one another (although, once again, there
are some strategies that attempt to exploit ligand-ligand linkages75). Estimates have been
made of the relative strengths of the Van der Waals force, ligand-ligand attraction, and
the energy-entropy balance of the various possible symmetries of supercrystals76, 77.
However, these estimates may not capture the true behavior of these materials during
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crystallization, and the relative strengths and importance of different ordering
mechanisms remains unclear.
For monocomponent supercrystals, it has been predicted that the most stable
configuration is a face-centered cubic (fcc) Bravais lattice, with hexagonal-close-packed
(hcp) being the second most stable (with less than 4% difference in energy between these
two structures)76. Most of the supercrystals that have been reported so far have been one
of these two lattice types, although there have been reports of modifications to
superlattices resulting in tetragonal and orthorhombic symmetries 78. Binary superlattices
(2-D) form a large variety of different symmetries; it is reasonable to assume that 3-D
binary supercrystals should do the same. It is, however, almost impossible to predict
which symmetries any given NP pair will form, and will remain thus until the forces
involved in crystallization can be measured and understood.
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1.5.2 Superlattice Properties
One main motivation for studying superlattices and supercrystals is the
expectation that periodicity will result in new and interesting materials properties.
Atomic crystals gain their properties from the interplay between neighboring atoms as
well as the interactions in the lattice as a whole; interactions between ligand-capped
nanoparticles are weaker. Since the individual nanoparticles in these supercrystals can be
tuned and controlled to a much finer degree than atoms, and since the spacing between
them can in theory be adjusted (by control of ligand type and length) in a way that atomic
bonds cannot, it is possible that NP supercrystals could be a bulk material with properties
that can be finely controlled in a way no atomic lattice can. These properties, and
combinations of these such as thermoelectric properties, can be separated into a few
categories: electronic, optical, magnetic, thermal, chemical, and mechanical79.
The properties of NP superlattices that have received the most study thus far are
the electronic ones. Colloidal crystalline NPs can be thought of as larger “artificial
atoms”, with electronic states dependent on their size; if the wavefunctions of the charge
carriers in these states overlap, then interactions similar to those seen in atomic crystals
could develop. It might be possible to open up new electronic bandgaps or conduction
bands, which would depend sensitively on the size of the NPs, their surface ligands, and
the symmetry of the supercrystal. Binary supercrystals in particular, with their potential
for many different symmetries rather than just the two low-energy fcc and hcp
configurations, could have any number of interesting long-range electronic properties.
The key in measuring such properties lies in distinguishing between those caused by the
proximity of NPs, arising from the dense packing of the NPs in the crystal, from those
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caused by the periodicity of the lattice. The former would be seen in amorphous NP films
as well, and would simply be heightened by the slight increase in packing density that
ordering produces. The latter would be true supercrystal properties. At present, despite a
great deal of work on the subject, no such periodicity-dependent electronic properties
have been found. The closest at present is a set of work on using superlattices as
memristors80; the superlattice used in that work, however, had small crystalline grains of
only a few tens of nanometers, making it ambiguous whether the lattice periodicity was
truly responsible for the observed effect. A large part of this uncertainty and lack of
success in electronic properties measurements arises from the resistivity of the ligands.
Since superlattice/supercrystal formation is so highly dependent on solubility and surface
chemistry of the NPs, the NPs must be thoroughly covered with ligands, but the ligands
used tend to be long-chain hydrocarbons, which are highly insulating and quite long
(usually at least 1 nm in length). This means that individual NPs are both spaced apart by
more than a nanometer, greatly reducing the potential for wavefunction overlap, and are
largely unable to participate in ohmic conduction with one another. New work involving
the use of metal chalcogenide ligands such as SnS2 shows some promise in alleviating
these issues, but as of yet superlattice formation with those ligands has not been
demonstrated18. Other NP types, such as Au or transition-metal oxides, may possess
interesting electronic properties in superlattice/supercrystal structures; some studies into
collective plasmonic effects have produced encouraging results57. Thermoelectric and
thermal effects have been investigated81, but again, it is not obvious that the periodicity of
the superlattice truly changes these properties more than by simply increasing NP density
in a film.
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Optical properties of NP superlattices have also received some attention. CdSe
NPs, when ordered in a binary superlattice with Au NPs, show strong quenching of their
photoluminescence82; this is almost certainly an interaction between individual CdSe and
Au NPs, not an ensemble effect from the superlattice. Ensembles of different-sized
quantum-dots show strong Forster transfer from the larger-bandgap NPs to the smaller
bandgap ones; this as well is a common phenomenon in dense amorphous NP films83. It
is possible that supercrystals formed out of NPs with other optical responses, such as the
plasmonic response observed in Au and Ag NPs, might show more interesting optical
behavior; still, visible light is unlikely to be modified greatly by periodic arrays on these
scales. Perhaps soft x-rays with wavelengths in the 5-50 nm range might show more
interesting optical interactions with these materials, because their wavelengths match the
NP separation distance.
Far less research has been devoted to magnetic, mechanical, and chemical
properties; of what there is, most of it has focused on the mechanical response of the
superlattices. Work involving nanoindentation84 of 3-D supercrystals, formed by the
liquid-liquid interface method, has shown that the mechanical properties of these
structures differ somewhat from those of the ligands and are quite different from the bulk
material of which the NP cores are composed. The difference in mechanical properties
between amorphous and ordered films is attributed to the higher density and shorter
interparticle spacing arising from order; symmetry-dependent effects have not been
observed. In particular, these crystals do not seem to crack differently than their
amorphous counterparts, which is odd considering that crystalline materials tend to
fracture neatly along crystal planes. While some tendency for crack lines to follow the
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lattice is observed, no tendency to “flake” and no obvious increase in crack length or
width has been seen. Work on indentation of 2-D superlattice films of NPs, suspended
over holes in a substrate, had similar results. At present it appears that the degree of order
in these 2-D films does not affect their mechanical properties appreciably85.
Magnetic properties of the superlattices have received some experimental
examination. There exists work on certain types of magnetic NP superlattice 86, which
suggests that there may be memory storage applications for the material, but the
extremely small samples of magnetic-NP supercrystal that can be made at the moment
generate too little signal for these properties to be measured. If larger pieces of magneticNP supercrystals could be formed, and especially if they could be formed on substrates at
specific places and with specific geometries to enable their use with on-chip magnetic
measurement devices, then progress might be made in this direction.
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CdSe Nanoparticle/SWNT and C60 Hybrids
2.1 CdSe NP/SWNT Hybrid Synthesis
Hybrid CdSe nanoparticle/single-walled carbon nanotube hybrids were prepared
following a technique published by our group and another1, 2. The CdSe nanoparticles
were synthesized by dissolving 0.051 g cadmium oxide in 0.455 g stearic acid in 15 mL
octadecene, and then adding 2 g trioctylphosphine oxide and 2 g hexadecylamine. The
solution was heated to 300°C, and 2 mL of 1 M trioctylphosphine selenide in
trioctylphosphine was injected. The temperature was maintained at 280°C for 30 min for
nanoparticle growth. The product was washed three times using ethanol/toluene as the
nonsolvent/solvent pair. The nanoparticles were then precipitated by ethanol to obtain a
slurry. To form CdSe/ZnS core shell nanoparticles, these CdSe nanoparticles were
dispersed in molten hexadecylamine and degassed at 100°C for 30 min. Then at 200°C, 1
mL 0.04 M zinc oleate in octadecene solution was injected followed by 1 mL of 0.04 M
sulfur in octadecene solution 5 min later. The mixture was kept at 200°C for 30 min, and
this procedure was repeated, followed by 30 min at 240°C, and then extraction and
purification as above 3. CdSe nanorods, which were also used in the hybrid experiments,
were synthesized by heating 0.205 g CdO, 1.6 g diethyl 1-tetradecylphosphonate, and 2.4
g TOPO to 340°C under nitrogen flow until all the CdO reacted to give a transparent
solution. In a nitrogen glovebox, 0.8 mmol Se-tributylphosphine was mixed with 1.447 g
of TOP and 0.3 g of toluene to obtain the injection solution, which was then injected into
the Cd precursor solution at 340°C. The nanorods were allowed to grow for 8 min at
300°C. Chloroform (5 mL) was added at ~50°C, and the solution was transferred to a 50
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mL centrifuge tube, to which 10-15 mL methanol was added to induce precipitation. The
precipitated nanorods were separated by centrifugation and decanting, and then
redissolved in chloroform. All chemicals were purchased from Aldrich and were used as
is.
Once precipitated the nanoparticles begin to oxidize rapidly (observable as
a gradual darkening of the precipitated powder), and so they must be re-suspended
as quickly as possible. It is also important that the nanoparticles be thoroughly
washed before beginning, to remove as many ligands as possible. The precipitated
nanoparticles are re-suspended in clean, dry pyridine by sonication, transferred into
a glass vial with a Teflon-lined cap, and sonicated for at least 2 hours and as much
as 4 hours. During this time the nanoparticle suspension, which starts out cloudy
and opaque, should gradually become transparent, indicating that the nanoparticles
are well suspended. As a diagnostic, a low-power (>5 mW) visible laser, with a
wavelength longer than the absorption edge of the nanoparticles to prevent
fluorescence, can be passed through the solution; if the beam is visible it indicates
the presence of particulates on the order of the laser wavelength in diameter. Once
the nanoparticle solution is fully transparent it is transferred back into a centrifuge
tube, and then precipitated with octadecene and centrifugation (the octadecene, as a
strongly non-polar solvent, destabilizes the weakly-bound pyridine shell attached
to the charged CdSe nanoparticle surface). The precipitate is re-dissolved in
pyridine, sonicated briefly (approx. 10 minutes), and re-precipitated using hexane.
This process is repeated once more to produce a final solution of nanoparticles
passivated by pyridine alone. It is normal for the final solution of pyridine-capped
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nanoparticles to be less concentrated than the starting solution; each
precipitation/centrifugation step will commonly lead to the loss of about 10% of
the nanoparticles being processed.
Purified SWNT (either HiPCO following acid and thermal treatment to
remove remaining catalyst particles or arc-discharge purchased already-purified
from NanoIntegris) were added to the nanoparticle solution, and sonicated together
for 1 h. The HiPCO nanotubes, in their raw form, are a light, fluffy black powder,
and are very prone to floating up out of the container and distributing themselves
across any static-charged surfaces in the vicinity. The HiPCO growth process
leaves the nanotubes with siginifcant contamination, including damaged nanotubes,
graphitic carbon, carbon fiber, and the iron-based catalyst particles. (These last are
often strongly bound to the surfaces of the nanotubes and can be confused for the
CdSe nanoparticles if not fully removed before hybrid fabrication.) To purify
these nanotubes, they are first heated to approximately 350ºC in air overnight; this
causes much of the carbon contaminants to burn off, leaving the more robust
nanotubes behind. The powder is then covered with concentrated (5 M) HCl and
allowed to sit for a further 5-6 hours, dissolving away most of the iron particles.
Finally, the acid suspension of nanotubes is vacuum filtered and rinsed repeatedly
with de-ionized water to remove any remaining contaminants. The purified carbon
nanotube mat, often called “bucky-paper,” can be peeled off of the filter with
tweezers and sonicated in pyridine to loosen and partially debundle the nanotubes.
By contrast, the arc-discharge nanotubes purchased from NanoIntegris are purified
before purchasing by the method of producing aqueous suspensions of the
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nanotubes (as described in Ref. 4 ) This purification does a good job of removing
catalyst particles and non-nanotube carbon, but does reduce the average length of
the nanotubes due to the harsh sonication applied. The chirality-separated arcdischarged nanotubes will, due to the nature of the density-gradient separation
process, be considerably shorter (usually on the order of 1 µm in length) than the
unseparated material. SWNTs grown by CVD on wafers (obtained from Professor
Jie Liu of Duke University) were immersed in pyridine for at least 30 minutes
before use; although CVD carbon nanotube growth processes leave behind large
amounts of catalyst particle material, it is concentrated at the ends of the nanotubes,
and thus should not interfere with attachment of CdSe NPs to the sidewalls. In
addition, these growth processes tend to be much cleaner and produce nanotubes
with fewer defects and contaminants than the HiPCO, laser-ablation, and arcdischarge methods.
Once the nanotubes are purified, they can be added to the pyridine-capped
CdSe nanoparticles. Generally, approximately 1 mg of purified nanotubes are
added to 20 ml of pyridine and sonicated to produce a starting suspension. 1 ml of
nanotube suspension is then moved to a small plastic “eppendorf” tube, and 50 µL
of pyridine-capped CdSe nanoparticle solution is added. Due to uncertainties in the
concentration of CdSe nanoparticles and carbon nanotubes, there is little point in
being extremely precise in the quantities of the two components used. In any case,
a comparatively small amount of nanoparticle solution, as long as it has visible
color to it, contains enough nanoparticles to heavily load all of the nanotubes in the
average carbon nanotube suspension. The mixture is then sonicated for 10 minutes

56

in a glass vial (to avoid possible contamination from interaction of pyridine and
plastics), and centrifuged to remove unbound CdSe nanoparticles. The resulting
hybrids are then re-suspended in and “washed” with pyridine by
sonication/centrifugation three more times to remove unbound particles.
Nanoparticle sizes ranged from 1.4 nm radius to 3.4 nm radius, and included both
CdSe nanoparticles and nanorods and CdSe/ZnS core-shell nanoparticles.
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2.2 Characterization of Hybrids
Nanoparticles, nanotubes and hybrids were characterized by high resolution
transmission electron microscopy (HRTEM), high-resolution scanning electron
microscopy (HRSEM), thermal gravimetric analysis (TGA), and visible absorption and
photoluminescence (PL) spectroscopies. The hybrids were analyzed by both a lowresolution tungsten filament TEM (JEOL CX100) at Columbia University and by an
ultrahigh resolution TEM/STEM (JEOL 2200MCO) at Brookhaven National Laboratory,
in collaboration with Dr. Yimei Zhu and Dr. Lijun Wu. The latter instrument, equipped
with two aberration correctors and an in-column Omega filter, is usually operated at 200
kV, but optimized at 80 kV for imaging light elements, such as carbon. The visible
absorption spectra were acquired for solutions of hybrids in pyridine using a UV-Vis
spectrometer. Steady-state photoluminescence measurements were performed using a cw
argon-ion laser, interfaced with a confocal microscope (3 µm spot size), spectrometer,
and CCD array detector. PL from samples either suspended in pyridine or drycast on
cleaned silicon wafers was measured with excitation at 514.5 nm or 488.0 nm (1 mW).
Figure 2-1 shows high-resolution TEM micrographs of the hybrids made
with these HiPCO SWNTs. Monodisperse colloidal CdSe nanoparticles were
directly attached to the nanotubes, which were usually in bundles. NPs are seen to
attach only to the bundles of SWNTs, although they are sometimes clustered next
to each other on the nanotubes. Figure 2-2 shows further lower-resolution TEM
and SEM images of 1.7 nm radius CdSe nanoparticles decorating what appears to
be bundles of SWNTs. The loading of nanoparticles on SWNTs is comparable to
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Figure 0-1: (a) TEM and (b) SEM images of HiPCO SWNTs decorated by 1.8 nm radius
CdSe nanoparticles.
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Figure 0-2: HRTEM micrograph showing CdSe NP/HiPCO SWNT hybrids. The CdSe
NPs have an average radius of 2.5 nm. The image was taken at 80 kV accelerating
voltage using the aberration corrected JEOL2200MCO TEM. No preferential alignment
of the nanoparticle lattice relative to the SWNT is observed.
that obtained by in-situ growth of CdSe nanoparticles on SWNTs5. Sidewall
coverage is clear, but no particles at the ends of the tips are apparent. Energy
dispersive x-ray spectroscopy shows the presence of C, Cd, and Se (Figure 2-3).
The UV-Vis absorption spectra in Figure 2-4 of hybrid materials made from
nanoparticles of different radii (1.8 nm and 2.2 nm), after washing in pyridine four times
to be absolutely sure of removing unbound NPs, show peaks that appear to be a linear
combination of the individual contributions of the nanoparticles and SWNTs and that the
hybrids are not in the strong-coupling regime depicted in Fig. 1-8c. This suggests that
there is still quantum confinement in the CdSe nanoparticle cores after attachment to the
SWNTs. The first exciton absorption peaks of the two CdSe nanoparticles add to (the
different) overlapping SWNT peaks to produce broadened peaks with maxima at
wavelengths different than those of the components. Extremely fast electronic or dipole-
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Figure 0-3: Energy dispersive X-ray spectroscopy of CdSe NP-SWNT hybrid material
(2.1 nm radius NPs). The x-axis is the X-ray photon energy in units of keV, and the peak
height gives the photon counts. The observed carbon is from the SWNTs; cadmium and
selenium are from the CdSe nanoparticle cores; silicon is from the Si wafer, upon which
the test material was placed; phosphorus is from the residual TOPO ligands on the CdSe
nanoparticles. (TOPO was not removed completely by the pyridine wash.) The observed
chlorine is from the hydrochloric acid wash during HiPCO SWNT purification; iron is
from the residual iron particles of the raw HiPCO SWNTs, which are not removed
completely by purification.

Figure 0-4: (a) Visible absorption of HiPCO SWNTs, 1.8 nm radius CdSe nanoparticles,
and the corresponding hybrid material. Peak (1) is the SWNT transition peak at 562 nm.
Peak (2) is the first exciton peak of CdSe nanoparticles at 571 nm. These peaks
contribute to the absorption maximum at 568 nm [peak (3)] for the hybrid material; (b)
Visible absorption of HiPCO SWNTs, 2.2 nm radius CdSe nanoparticles, and the
corresponding hybrid material, with the peaks at 598 nm, 607 nm, 600 nm, respectively.
The vertical scales differ for each curve. All samples are measured in pyridine.
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dipole coupling, which would reduce the effect of quantum confinement, and polarization
effects, resulting in an increase in the dielectric constant around the NP, would cause a
red-shift in the position of the first exciton peak. These effects are not observed in our
samples.
We believe the nanoparticles are immobilized on the surface of SWNTs by a
strong interaction between nanoparticles and nanotubes, which prevents nanoparticles
from migrating and aggregating. The origin of this interaction is assumed to be one of the
following two mechanisms: 1) the binding of SWNT surface carboxylic groups on defect
sites with the CdSe surface; 2) the π-π stacking interaction between SWNT sidewalls and
the pyridine bound to the particle surface as a ligand. Van der Waals forces are certainly
present, but they are unlikely to be of sufficient magnitude to produce the observed
robustness of the hybrids under sonication. The nature of the major NP-SWNT
attachment interaction is still not understood and a detailed investigation of the origin of
this interaction is underway by our group (with work involving pyridine-mediated
attachment of CdSe nanoparticles to various sorts of carbon nanostructures, including C60
as is discussed below). Nevertheless, pyridine-protected CdSe nanoparticles showed great
affinity towards the SWNT surface and could not be washed off even after washing seven
times with fresh pyridine. TEM showed no noticeable change after heating the structures
in N2 at 300°C for 30 min, suggesting strong bonding and thermal stability even after
pyridine evaporation (Fig 2-5). In addition, these structures have been sonicated by a 100
W horn-sonicator for 1 hour, which is sufficient to de-bundle the SWNTs and reduce
their average length to ~300 nm. The shortened SWNT pieces were still observed to have
nanoparticles bound to them.
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Figures 2-6 and 2-7 further show the versatility of this decoration strategy. Figure
2-6 shows SEM and AFM images of SWNTs, grown by CVD on a SiO2/Si substrate,
decorated by 1.8 nm radius CdSe nanoparticles. Particles of different sizes can be used,
as is seen from Figs. 2-1 and 2-2 and in Fig. 2-7(a), which shows that CdSe nanoparticles
much larger than those used in Figures 2-1 and 2-2 (here 3.3 nm in radius) can decorate
HiPCO SWNTs. Over many samples measured there is no observed preferential
attachment of one size of nanoparticle versus another. It is possible that much larger
nanoparticles would be found to load the nanotube even more highly (as in 5), but at the
cost of loss of quantum confinement in the nanoparticles and, thus, loss of properties. In
Figure 2-7(b), CdSe/ZnS core-shell quantum dots were used to decorate HiPCO SWNTs.
The core-shell nanoparticle-SWNT hybrid materials may help in understanding energy
transfer between quantum dots and SWNTs, because the ZnS shell eliminates the
pathway that allows an exciton to decay through surface traps of the nanoparticles (in
addition to other effects to be discussed in Chapter 3). The band alignments of the ZnS
shell and CdSe core are shown in Fig. 2-8. The loading of core-shell nanoparticles on
SWNTs is similar to that of CdSe (core-only) nanoparticles, suggesting similar
interaction strength. CdSe nanorods can also be attached to HiPCO SWNTs as is shown
in Figure 2-7(c). Each type of prefabricated CdSe nanoparticle can be attached on
SWNTs with high loading.
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Figure 0-5: CdSe NP/SWNT hybrid material (1.7 nm radius NPs); (left) before and (right)
after annealing at 300°C in N2 for 30 minutes. No noticeable change was observed after
the thermal treatment.

Figure 0-6: SEM image of SWNTs, grown on a SiO2/Si substrate by CVD, decorated by
1.8 nm radius CdSe nanoparticles, with AFM inset. The scale bar in the inset is 100 nm.
These SWNTs were provided by Professor Jie Liu of Duke University.
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Figure 0-7: TEM images of HiPCO SWNTs decorated by different CdSe nanoparticles:
(a) 3.3 nm radius CdSe particles, (b) 1.5 nm thick ZnS shell, 1.8 nm radius CdSe core
nanoparticles, (c) CdSe nanorods, 2.3 nm in radius by 16 nm in length.

Figure 0-8: Schematic of the Type-I band offsets in a CdSe/ZnS core-shell quantum dot.
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2.3 Investigation of CdSe NP/Carbon Attachment and CdSe
NP/C60 Hybrids
The exact nature of the attachment mechanism that binds the nanoparticles to the
nanotubes is unknown, and may be of great interest. Certain aspects of the attachment can
be investigated relatively easily, and may lead to the creation of other interesting and
useful hybrid nanomaterials. One series of experiments in this regard has been performed,
in parallel to the work described in the next chapter, and the results are discussed below.
The attachment of CdSe NPs to SWNTs in pyridine suspension has been observed to
withstand both very high temperatures (300ºC, Fig. 2-5) and harsh sonication (sufficient
to overcome adhesion forces between tubes and debundle the SWNTs), as well as
remaining stable over periods of months (although the nanoparticles oxidize within 24
hours or so after attachment, due to the lack of passivating surface ligands). It has shown
itself to be robust, with multiple NP sizes, core-shell NPs, and even nanorods all
attaching to SWNTs with equal ease. In principle then, this attachment process must be a
fundamental property of the two surfaces involved, and extends to similar surfaces of
different chemical composition (for example, the ZnS surface of the core-shell NPs). It is
surprising, given the extremely stable and inert nature of SWNT sidewalls, that any stable
bond can exist between them and other materials. It has been suggested that the effect
may stem from NP-associated pyridine π-π stacking with the SWNT surface; however,
heating to temperatures above the boiling point of pyridine (115ºC) does not remove the
particles, casting doubt on this hypothesis. Equally, it is unlikely that the attachment
depends on defects in the SWNT surface, as the nanoparticles have been observed to
attach to CVD-grown SWNTs, which are known to be relatively defect-free 6, at a density
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of one NP every 10 nm (see Fig. 2-6). Were there a defect every 10 nm along the
nanotube, its electronic structure would be measurably changed, and it would probably be
highly contorted 7; this is not the case in these hybrids. A detailed study may unearth new
and interesting facts about SWNT surface chemistry and behavior.
An attempt to discern the limits of the attachment phenomenon has already lead
the creation of an additional hybrid nanomaterial. C60 and similar structures, small
carbon-based molecules with a surface analogous to that of a carbon nanotube, are wellknown and extensively studied materials, with applications to photovoltaic devices as
both a part of the active light-absorbing layer (usually in the form of poly-3hexathiophene and phenyl-C61-butyric acid methyl ester bulk heterojunctions) and as an
electron-blocking layer. Bulk heterojunctions are an interesting alternative to standard
solar cell devices, as they attempt to maximize the interfacial area between donor and
acceptor components of the light-absorbing layer; the greater the interface area, the
higher the efficiency. It was interesting, then, to determine if unmodified C60 could take
the place of ligands on the nanoparticle surface directly, without chemical modification
or linker molecules, thus creating a material with a CdSe NP core and a C60 shell. If used
in a nanoparticle bulk heterojunction, such a material would maximize the interfacial area
between C60 and nanoparticle components, and might show higher light-harvesting
efficiency than similar devices composed of flat films 8.
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Figure 0-9: HRTEM micrograph of CdSe NPs decorated with C60. (a) Showing several
NPs in a dense aggregate with C60 molecules on the edge. (b) showing an individual NP
near the edge of the aggregate, with several individual C60 molecules on or near its
surface.
In this exploratory study, CdSe nanoparticles were stripped of their ligands by
pyridine following the method described in Section 2.1. At the same time, C60 was
dispersed in mesitylene, a solvent with a strong ability to dissolve C60, but one which
does not dissolve ligand-free CdSe NPs. The pyridine-stabilized NPs were then added to
the C60-mesitylene solution, and sonicated for an hour, and then centrifuged. The
supernatant was retained, and the precipitate discarded, since the supernatant should
consist of C60 in solution and those NPs whose surfaces were protected from the solvent
by C60 and had become soluble in the mesitylene. After some trial and error it was
possible to produce a solution with a dark reddish-orange color, indicating the presence
of large numbers of nanoparticles in suspension, which was stable for several days
(excepting of course the usual oxidative changes in the NPs as are observed in pyridine
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suspensions). This solution was characterized by HRTEM (Fig. 2-9). C60 is seen to be
present on and around the nanoparticles, indicating that the attachment has been a success.
Two different carbon sp2 hybridized surfaces have now been found to attach,
without chemical modification and under only simple sonication, to CdSe nanoparticles
once their ligands are removed. This suggests either a strong affinity between the
nanoparticle surface and the sp2-hybridized carbon, or that Van der Waals forces between
the nanoparticles and the carbon materials are much stronger than between carbon
nanotubes (since the nanotubes debundled under sonication but the NPs were not
dislodged). In either case, it would be interesting to study this effect further using
different carbon molecules with slightly different surface characteristics, as well as to
extend it to graphene, another remarkable sp2-hybridized carbon surface. It also opens up
new possibilities for incorporating NPs into active materials, since C60 chemistry is well
studied and the inclusion of C60 into polymers and photoactive molecules has been
demonstrated8.
A few trial experiments were performed with this material. It was deposited by
electrophoretic methods to form thick films on conductive substrates (Fig. 2-10), and
simple photovoltaic devices were constructed based on these films (this was done in
collaboration with Theodore Kramer in the Herman group and with Professor Ioannis
Kymissis at Columbia University). These ~5 µm thick films fracture because of the
evaporation of residual solvent in the drying electrophoretically-deposited films. These
devices have shown no great increase in photocurrent over flat interfacial films of the two
components, but that is unsurprising given that such films would contain isolated CdSe
NPs in a matrix of C60, and would thus have poor carrier transport characteristics. After
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photogenerated excitons are split at the interface in a photodiode, they have to migrate to
the electrodes to be detected. Although C60 is a good electron-conductor, it is a poor hole
conductor 9, which would tend to limit such a matrix-type heterojunction to low
efficiencies. If a means of extracting the electrons from the NPs were incorporated as
well, higher efficiencies might be achieved. This might be possible by crystallizing the
C60-covered NPs with a third material, such as hexabenzocoronene, which is known to
co-crystallize with C60 and has a desirable band offset with C60 for photovoltaic
applications10. Further study of this and similar materials is warranted.

Figure 0-10: SEM micrographs of electrophoretically-deposited films of CdSe NPs of 2.5
nm radius decorated with C60. (a) Low magnification, showing the cracked nature of the
~5 µm thick film. (b) High magnification, showing an individual island of CdSe NPs.
The surface is rough and porous, possibly contributing to its utility as part of a bulk
heterojunction device.
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2.4 Conclusions
Hybrids of CdSe nanoparticles (of a variety of shapes) can be formed with
SWNTs or C60 molecules using a robust solution-phase method, which can also be
adapted to SWNTs immobilized on a substrate. The resulting hybrids are stable both after
drying from solution and after heating to 300˚C, as well as resistant to nanoparticle
detachment through sonication. The NP-SWNT hybrids are heavily decorated both when
made using single SWNTs and bundles, on surfaces and in solution, at densities too high
to arise from attachment of NPs to SWNTs at defect sites on the nanotube sidewalls.
UV-Vis absorption shows that the quantum-confinement effect in the nanoparticles is not
modified by the attachment to SWNTs. The photoluminescence behavior of these hybrids
is discussed in Chapter 3. Further measurements of the NP-C60 hybrids remain to be
made, but may show any number of interesting behaviors similar to those seen in the next
chapter.
Efforts are also underway by collaborators to extend the hybrid fabrication
method to drastically different nanoparticle types, such as transition-metal nanoparticles.
Gold and silver nanorods are being tested as SWNT-hybrid components, and may lead to
materials with interesting optical or photonic properties. C60-based hybrids with these NP
types may also be investigated in the future. Other elements of interest would be
magnetic nanoparticles, such as iron oxide and cobalt which could affect transport in the
SWNTs, and nanoparticles made of materials known to be chemically sensitive such as
palladium and platinum, to try to enhance the chemical sensitivity and specificity of
SWNT-based chemical sensors. This field is ripe for additional exploration. Many new
and exciting hybrid nanomaterials may be waiting to be discovered, and with the simple
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and robust fabrication method described in above, exploring the space of possible NPSWNT combinations should be straightforward and rewarding.

The work presented in this chapter regarding CdSe NP/SWNT hybrids has been
published as C. G. Lu, A. Akey, W. Wang, and I. P. Herman, “Versatile Formation of
CdSe Nanoparticle-Single Walled Carbon Nanotube Hybrid Structures,” J. Am. Chem.
Soc. 131, 3446 (2009).
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Optical Properties of CdSe Nanoparticle/SingleWalled Carbon Nanotube Hybrids
Nanotechnology has seen rapid progress in the development of nanoparticles1-4
and carbon nanotubes (CNTs)5-10, both of which have unique, structurally defined optical
and electronic properties. Much effort has also been devoted to developing hybrid
materials of nanoparticles and carbon nanotubes, with the hope of discovering new
properties and applications11-13. Efforts in making such hybrid materials have been
focused mostly on two strategies. One is to attach certain bifunctional organic linkers to
pre-synthesized nanoparticles and then to link the nanoparticles to the CNTs12-14. The
other is to grow nanoparticles directly on the CNTs by using established colloidal
nanoparticle synthesis methods11, 15-17. The former strategy takes advantage of the
maturity of many nanoparticle synthesis methods, for which the shape and
monodispersity of nanoparticles can be controlled well. However, the complicated
chemistry involved in treating the surfaces of nanoparticles and nanotubes to enable
linkage limits the productivity and the nanoparticle loading efficiency in this strategy.
The oxidation of carbon nanotubes, which is required in this approach, also greatly
lowers the conductance of the hybrids and limits their use in electronic applications. The
latter strategy, that of in-situ growth, solves the problem of low loading of particles on
the CNTs; however, the presence of CNTs in the nanoparticle synthesis solution severely
changes the nanoparticle growth dynamics; the good control of particle shape and
dispersity seen in CNT-free nanoparticle synthesis is not retained. In this chapter, singlewalled carbon nanotubes (SWNTs) are used as ligands to stabilize and immobilize CdSe
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nanoparticles18, as described in the previous chapter, and are studied by
photoluminescence spectroscopy.
These hybrid nanomaterials composed of CdSe quantum dot colloidal
nanoparticles (NPs) and single-walled carbon nanotubes (SWNTs) are attracting
great interest for their potential light-harvesting properties15, 19-24. Unusual
nanoparticle photoluminescence in these hybrids is reported in this chapter that is
believed to arise from excitation transfer within the hybrid, and this could be of
importance in photovoltaic applications. We have measured this phenomenon in a
variety of ways, and include a simple theoretical model to account for the behavior
of the photoluminescence Stokes shift in these materials.
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3.1 Steady-State Photoluminescence and Stokes Shifts
In Fig. 3-1, PL spectra from the hybrids formed using HiPCO SWNTs are
compared to the PL spectra from the unbound nanoparticles, which had been
capped with pyridine, and to NP absorption (for an NP solution). The magnitudes
of the Stokes shifts from the first exciton features in the absorption spectra to the
PL peaks of the unbound NPs are consistent with those previously reported25-27 and
these shifts generally increase with smaller NP radius28, 29 (Fig. 3-2). The PL
spectra peak energies are seen to be the same for solutions and powders of the
unbound NPs and also the same for solutions and powders of the hybrids. The
intensity of the hybrid PL signal in the NP emission region is comparable to the
resonant Raman peaks30 from the carbon nanotubes, and is much smaller than that
observed from the unbound nanoparticles. The linewidths of the hybrid PL peaks
are comparable to those from unbound nanoparticles. The PL spectra are the same
for excitation at 514.5 nm (Fig. 3-1) and 488 nm. These results were highly
repeatable, across all measured nanoparticle types and sizes; variations in nanotube
attachment between individual SWNTs were averaged out by the size of the laser
spot, and by measurements in solution phase. Measurements of the SWNTs alone
resulted in only the expected SWNT Raman spectra, both in dry samples and
pyridine suspension.
Figure 3-2 shows that the Stokes shift (the difference between the energy of
the first exciton peak in absorption of the unbound nanoparticles and energy of the
PL peak of the unbound nanoparticles and hybrids) is smaller for the bound hybrid
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Figure 0-1: Photoluminescence of 1.7 nm radius CdSe NP/SWNT (HiPCO) hybrids
excited with two different laser wavelengths. The center peak of the NP luminescence
does not shift with excitation energy, but, as expected, the SWNT resonant Raman peaks
(the sharp peaks) do.

Figure 0-2: (a) Photoluminescence from 1.4 nm radius CdSe NPs and HiPCO-SWNT
hybrids, and absorbance of NPs. The Stokes shift of the unbound NPs is 158 meV, while
that of the hybrids is 8 meV. (b) Photoluminescence from 3.4 nm radius CdSe NPs and
HiPCO-SWNT hybrids, and absorbance of NPs. The Stokes shift of the unbound NPs is
60 meV, while that of the hybrids is 50 meV. In both parts, the hybrid PL also shows
resonant SWNT Raman scattering peaks30, indicated by *.
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nanoparticles than for the unbound ones. This difference (i.e., the decrease in the
Stokes shift) increases with smaller NP radius (Figs. 3-3 and 3-9, below).
Moreover, the Stokes shift decreases in the hybrids with smaller nanoparticle
radius, whereas it generally increases in unbound NPs (Fig. 3-3). For example, for
3.4 nm radius nanoparticles the Stokes shift is 60 meV for unbound NPs and 50
meV for the hybrids, so the hybrid Stokes shift is smaller by 10 meV (Fig. 3-2b).
In contrast, for 1.4 nm radius nanoparticles the Stokes shift is 158 meV for
unbound NPs and 8 meV for the hybrids, so the hybrid Stokes shift is smaller by
150 meV (Fig. 3-2a). Figure 3-4 shows that CdSe/ZnS core shell NPs (1.6 nm core
radius) and hybrids composed of them and HiPCO SWNTs show a corresponding
reduction in the Stokes shift for the hybrid, similar to that of the core-only NPs.
To further investigate the behavior of the steady-state photoluminescence
Stokes shifts in these hybrids, temperature-controlled measurements were
performed. The above data were for hybrids at room temperature and in air; more
PL measurements were performed in the range from -120ºC to 300ºC under dry N2
flow (to prevent water condensation at low temperatures and oxidation at high
temperatures). In Fig. 3-5, the photoluminescence of NPs and hybrids can be seen
to blue-shift with decreasing temperature. In NPs this is a well-known, wellcharacterized effect 31, although of course in the hybrids it is novel. Interestingly,
the magnitude of the difference in the center of the PL peaks between NPs and
hybrids appears to remain roughly constant across the range of temperatures
measured. This suggests
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Figure 0-3: (a) Stokes shift of CdSe NPs versus NP radius. (b) Stokes shift of HiPCOSWNT hybrid material versus NP radius. The solid line represents the results of the
phonon model with fast energy relaxation (increased by a factor of 4 above the absorption
edge); the dotted line represents model results without fast energy relaxation (i.e., with
energy relaxation rate equal for all states). Here f = 0.5 and ∆ = 1 meV (see the modeling
in Section 3.4).

Figure 0-4: Photoluminescence from CdSe/ZnS core-shell NPs and HiPCO-SWNT
hybrids, and absorbance of NPs. The core CdSe NPs are 1.8 nm in radius; the ZnS
shell is 1.5 nm thick. The Stokes shift of core-shell NPs is 36 meV; for hybrids it
is 13 meV. Excitation is at 514.5 nm. * indicates SWNT resonant Raman
scattering peaks.
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that the mechanism causing the Stokes-shift reduction is not temperature dependent;
however, in the absence of temperature-controlled absorption measurements this
cannot be confirmed. Although other published data suggests 31 that the center of
the first exciton peak in absorption should also blue-shift with decreasing
temperature, it cannot be directly compared to our data due to the difference in
nanoparticle growth conditions and the effects (if any) of handling on these
materials.

Figure 0-5: Temperature dependent photoluminescence peak energy of 1.7 nm radius
CdSe NPs and NP/SWNT hybrids composed of the same NPs.
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3.2 Ultrafast Photoluminescence Measurements
Single-wavelength ultrafast PL measurements of unbound CdSe NPs and
NP/HiPCO SWNT hybrids suspended in pyridine were made at the Center for
Functional Nanomaterials at Brookhaven National Laboratory, using Ti:Sapphire
laser excitation (455 nm, 200 fs pulse width, power 1 mW) and detection with a
Picoharp 300 system (4 psec time resolution, after an initial delay of 45 ps after
excitation). The time dependence of PL at 577 nm in Fig. 3-6 shows that
NP/SWNT coupling is much faster than radiative and nonradiative decay in the
unbound NPs, and shorter than the instrument 45 ps initial delay time in data
acquisition. No evidence of unbound NPs in the hybrid sample is seen.
Spectrally-resolved ultrafast photoluminescence was also performed, on the
same instrument, as seen in Fig. 3-7. Due to the 45-ps delay at the start of
acquisition, the Stokes-shift itself is not observed, pointing to the need for a faster
system. However, a few things can be seen from the existing data. First, the Stokes
shift has completely occurred by the end of the 45-ps delay time; no further Stokes
shift of the peak is observed after that, giving an upper limit on the time constant of
this process. Second, the hybrid PL data shows that, at the end of the 45-ps delay
time (i.e. the beginning of data collection) the emission spectrum is nearly flat, in
contrast to the steady-state hybrid PL which has a definite spectral shape (as in Fig.
3-2). This tells us that the majority of the steady-state PL signal comes from a
process that occurs within the first 45 ps after excitation, a process which has
largely finished by the end of that 45 ps delay. Without better time-resolution we
cannot draw any direct conclusions about the relative speed of the emission process

81

and the Stokes shift from this measurement; we can, however, again note the
absence of unbound nanoparticles in the hybrid sample.

Figure 0-6: Ultrafast photoluminescence from 1.7 nm radius CdSe NPs and
HiPCO-SWNT hybrids. Excitation is at 455 nm and collection is at 577 nm (the
peak of the NP PL signal in cw measurement). * denotes a data artifact arising
from the instrument at 17 ns, in both NP and hybrid signals. Measurements were
made at Brookhaven National Laboratory, at the Center for Functional
Nanomaterials.
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Figure 0-7: Spectrally-resolved ultrafast photoluminescence of 2.25 nm radius CdSe NPs
and NP/SWNT (HiPCO) hybrids. On the left is the NP PL; on the right, hybrid PL. The
two features visible at 30 and 40 ns are instrument artifacts similar to that seen in Fig. 3-6.
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3.3 Chirality-Separated SWNT Hybrids
Since the hybrids are composed of bundles of SWNTs with nanoparticles
attached to the outside, it is necessary to consider whether the anomalous Stokes
shift behavior we have observed stems from the semiconducting/metallic nature of
the constituent nanotubes, or from the chemistry of the surface of the nanoparticles
and the nature of their binding to the tubes. HiPCO nanotubes used to form the
hybrids consist of approximately 1/3 metallic and 2/3 semiconducting SWNTs,
which are 0.9-1.2 nm in diameter, so most if not all of the bundles of nanotubes in
the hybrids are expected to contain both semiconducting and metallic SWNTs. In
order to distinguish the behavior of the different nanotube types, hybrids were also
formed in the same manner using arc discharge nanotubes separated by density
gradient ultracentrifugation32 to isolate semiconducting or metallic SWNTs (both
of >99% purity and bundled) (NanoIntegris).
TEM (Fig. 3-8) shows that NP attachment to both types of SWNTs looks
similar to that for the HiPCO nanotubes, so NP decoration appears to be the same
for semiconducting and metallic nanotubes, as well as being the same for the
smaller-diameter HiPCO nanotubes (0.9-1.2 nm) and larger-diameter arc discharge
nanotubes (1.2-1.5 nm). The semiconducting-nanotube hybrids have essentially
the same PL spectra as the HiPCO hybrids, with the same Stokes shifts, absorption
peaks and linewidths (Fig. 3-9), although their Raman spectra are slightly different
due to their different chirality and diameter distribution30. The metallic-nanotube
hybrids, however, have PL spectral features that peak at an energy just below or (in
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Figure 0-8: TEM micrographs (100 keV) of (a) hybrid of 2.0 nm radius CdSe NPs and
enriched semiconducting arc-discharge SWNTs and (b) hybrid of 1.8 nm radius CdSe
NPs and enriched metallic arc-discharge SWNTs. Nanoparticles are seen to decorate
both materials with similar density and without measurable size-selective attachment.

Figure 0-9: Photoluminescence from 2.2 nm radius CdSe NPs and of hybrids made
with enriched semiconducting or metallic arc-discharge SWNTs, and NP
absorbance. The Stokes shift of the unbound NPs is 46 meV and that of the
semiconducting SWNT-hybrid is 22 meV. The Stokes shift of the metallic SWNThybrids is 7 meV. * indicates SWNT resonant Raman scattering peaks. The
semiconducting and metallic hybrids are scaled to different arbitrary units in this
figure.
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some cases) slightly higher than that of the NP first exciton absorption peak, and
they are much weaker than the PL of semiconductor-nanotube hybrids (Fig. 3-9).
From these experiments some conclusions can be drawn. First, the majority
of the observed steady-state ensemble PL derives from the semiconducting SWNTs
in the bundles. Although the instrument used for measurement of PL in these
experiments is not capable of performing a quantitative comparison of intensities,
we can still deduce that the intensity, for comparable NP loading, of hybrid
photoluminescence in metallic-SWNT hybrids must be much lower than that of
semiconducting-SWNT hybrids. This in turn suggests a degree of quenching of
photoluminescence by the metallic SWNTs. In addition, the fact that arc-discharge
SWNT-based hybrids reproduce (as ensembles) the behavior of HiPCO SWNTbased hybrids indicates that neither the growth method nor the precise diameter
distribution of the nanotubes greatly influences the observed Stokes shift reduction.
Finally, the fact that ensembles and semiconducting SWNTs have nearly the same
behavior indicates that interactions between semiconducting and metallic SWNTs
have a negligible effect on the observed behavior.
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3.4 Theoretical Modeling of the Stokes Shift Reduction
To understand the mechanism behind these observations, it is necessary to
consider the mechanism of the Stokes shift in CdSe nanoparticles; the ultrafast
spectroscopic data show that the Stokes shift and any other interactions leading to
its observed difference in these materials occurs on very short timescales, so it is
the temporal aspect of the process that we will need to consider. After carrier
excitation (after pulsed or during steady-state illumination), carrier equilibration
occurs very quickly (< 200 fs)33 in the NPs, and is followed by NP carrier energy
relaxation34-36, NP radiative decay28, 37-40, and NP nonradiative decay37; in the
hybrids, there is also coupling from the NP to SWNT (discussed below). The
Stokes shift in CdSe NP PL is thought to arise from radiative decay from either
dark to bright exciton states during and after electronic level relaxation or from
lower energy levels after interactions with phonons, or from both31, 41, 42. Coupling
from a bound NP (acting as donor) to the SWNT (as acceptor) could be due to the
dipole-dipole coupling of Forster resonance energy transfer (FRET) (Fig. 1-8a)
and/or charge transfer, including exciton transfer, or transfer of electrons and/or
holes (Fig. 1-8b)43-46. When this coupling is comparable or fast compared to NP
relaxation, radiative, and (intra-nanoparticle) nonradiative decay, weaker overall
NP PL emission is expected and the PL spectrum is expected to be blue shifted
relative to that from unbound NPs; this represents a “snapshot” of PL at the early
stages of emission from unbound NPs, or “hot luminescence.” Coupling between
adjacent NPs on a given SWNT (as in Fig. 2-1) would instead lead a red shift in PL
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due to FRET between the NPs or the loss of quantum confinement, and
consequently is not considered significant here47.
The explicit dependence of the Stokes shift with NP radius in the hybrid
could be affected by the distance between the centers of the bound NP and SWNT
for FRET; changes in band alignments due to changes in the NP conduction and
valence band levels, energy barriers in hybrid binding, and surface contact areas
for charge transfer; and the explicit dependence of relaxation rates on NP radius.
For the hybrid point dipole-linear dipole geometry, the rate of FRET
depends as 1/r5, where r is the separation of the centers of the bound NP and
SWNT. (The actual FRET rate would not scale exactly as 1/r5 at these small
separations because the dipole-dipole coupling approximation breaks down43.
Since the excitons may be localized near the surface, the exact definition of r may
need to be modified.) Potential charge transfer would be sensitive to the precise
structure of the NP/SWNT binding. The NP and SWNT band alignment22, 48
suggests that electron transfer would be possible, and likely hole (and exciton)
transfer would not be possible. There could be a barrier to charge transfer, perhaps
due to the presence of pyridine on the nanoparticle surface (if in fact it remains
bound to the nanoparticle).
Hybrids formed using CdSe/ZnS core-shells nanoparticles (~3 ZnS layers,
by the modified SILAR method49 described in Section 1.2.4) in the HiPCO SWNT
hybrids have similar decreased Stokes shifts in the hybrid relative to the unbound
NPs (Fig. 3-3). Because the ZnS layer would serve as a barrier for electron and
hole transfer, this suggests that charge transfer is not the major NP-SWNT
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coupling mechanism here. The absorption data in Fig. 2-4 suggests that there is no
strong coupling in the hybrid (Fig. 1-8c).
The plausibility of a mechanism based on FRET from the NPs to the
SWNTs for a decreased Stokes shift in the hybrids is examined in two alternative
simple energy-level models that mimic the two potential modes of relaxation
leading to NP PL. In both models, there is one ground state (level 0 with energy E
= 0, with population density n0) and then a series of equally-spaced excited levels
(i = 1, 2, 3, …, with respective densities ni), with spacing ∆ (Fig. 3-10). The
lowest excited energy level is E1 (which is usually near the PL energy, aside from
the spectral broadening and phonon Stokes shift considerations described below).
Because of the Stokes shift, the first exciton peak in absorption corresponds to a
state with iabs (>1), which is at energy Eabs. Level imax is directly excited by the cw
laser, by photons with energy Eexc. The relaxation rates used in the model come
from published experimental studies, and are known to vary with NP radius34, 37.
Rates are assumed to be independent of level (except as described below). The PL
spectrum comes from radiative decay from each excited state to the ground state,
each a Gaussian spectrum with width set to reproduce NP PL spectral profile.
Model Stokes shifts in unbound NPs are compared to the measurements (which are
consistent with published results), and then NP-SWNT coupling is added. (There
is no back-coupling from the SWNT to NP in the model.)
The PL spectrum comes from radiative decay in the NP (of radius r, in nm)
from each excited state i [γrad,i(r)] to the ground state, with each a Gaussian profile
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Figure 0-10: Schematic of the model, with relaxation routes explicitly depicted for i = 3.
This is explicitly for the phonon model; the schematic for the electronic state model is
similar.
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centered about Ei, with width ε. The PL emission rate at energy E (photons per
unit time and volume) is:

max
 () = ∑=1
γ

, ()

 ( ) ( − ′ , ε)

(3.1)

Although an explicit dependence of radiative decay on level i is indicated here, it is
assumed to be independent of i (except as noted below). S is a normalized
Gaussian centered about the emitting level i, with emission at Eʹi [which equals Ei
in the electronic state model, and is corrected, as described below, for the phonon
model, with Eʹi = Ei + (1 – 1/f)∆(iabs – i)] with full width at the 1/e points of ε. (f is
defined below.) ε reflects the inhomogeneity of nanoparticle sizes and is chosen to
reproduce the observed NP PL spectral profiles. Model Stokes shifts in NP PL are
compared to the experimental measurements for unbound NPs and then with NPSWNT coupling included in modeling the hybrids.

Relaxation Modes and Rates
Equilibration of excited electronic states is very rapid33, within 200 fs (and
this is specifically important in the electronic state model described below). Stateto-state relaxation in the excited state ladder occurs at a rate γrelax, corresponding to
the energy relaxation rate in Ref. 34 divided by the energy separation of the states ∆:

γ

  ()

= (2.6316/)$.% / Δ

(3.2)
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All rates are in ps-1 and energies, such as ∆, in meV. The nonradiative and
radiative relaxation rates are37:

γ'('

γ

() = e*+.,-./0 1 $2.34

() = γ

( = 1 nm)  *4

(3.3)

(3.4)

where Eabs is the energy of the first exciton peak in the absorption spectrum of the
nanoparticle, which depends on r, and γrad(r = 1 nm) = 5 × 10-5 ps-1. In most cases,
it is assumed that these rates are independent of i (≥1). Coupling from the NP to
the SWNT in the hybrid by Förster resonant energy transfer (FRET) occurs at a
rate43, 44

γ6(78'9 (, ρ, ;) = γ

()[;2 /( + ρ + ;)],

(3.5)

where ρ is the radius of the nanotube, R is the distance between the closest NP and
SWNT surfaces, and R0 represents the distance between the centers of the NP and
SWNT at which Förster transfer has an efficiency of 50%. This expression is
appropriate for transfer between a point “dipole” and an infinitely long linear
“dipole” in the dipole-dipole coupling limit (R >> r + ρ) and is used here even for
R < r + ρ; this assumption is re-examined below31, 43, 44. This rate is also assumed
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to be independent of i (≥1). The details of the spectral overlap between the donor
NP and acceptor SWNT are ignored, since even the purified nanotube samples
contain a large range of different nanotube chiralities with different absorption
spectra.

The Phonon Model
In this model the excited states describe different levels of vibrational
excitation (in an excited electronic state), and the energy difference between iabs
and any emitting level i is assumed to account for a given fraction f of the entire
Stokes shift in the unbound NPs; it is common31 to assume f ≈ 0.5. [This is
included in Eq. 3.1 by having emission from level i occur at down-shifted energy
E’i = Ei + (1 – 1/f)∆(iabs – i).] The population of excited states is determined by a
series of rate equations that give the steady-state populations balancing excitation
from level 0 to a resonant excited state and subsequent relaxation, using γrelax,
γnonrad, γrad, and, for the hybrid only, γcoupling. (Carrier equilibration is not explicit in
this model.) The population densities of the levels are given by:

?@A = (B ⁄6 )(1/ΓE.F )

(3.6)

 = (γ

(3.7)

 ,1+ /Γ )

1+

where imax is the level excited by absorption, with absorption coefficient α, laser
intensity I, at photon excitation energy Eexc, and

93

G = γ

 , ()

+ γ'('

, ()

+γ

, ()

+ γ6(78'9, ()

(3.8)

where γcoupling is zero for unbound NPs and γrelax is zero for i = 1 (the lowest excited
level). PL emission is described using Eq. 3.1.
Figures 3-3 and 3-11 plot the phonon model predictions for the Stokes
shifts of unbound NPs and hybrids, and their differences, as a function of particle
radius, using f = 0.5 (and other conditions described below); this demonstrates the
plausibility of this model in simulating Stokes shifts in the unbound NPs and
hybrids. Figure 3-12 shows that the agreement improves with smaller f (0.25), but
we use f = 0.5 as the standard case because roughly half of this Stokes shift is
usually in the vibrational manifold of the excited electronic state31 and the fits for
the NP and hybrids Stokes shifts are actually best for f = 0.5 (Fig. 3-13). To
reproduce the slight increase in Stokes shift with radius (> ~2.5 nm) and also
(independent of this) to model the shift in the hybrids and the relative shift between
unbound and hybrids NPs, the energy relaxation rates need to be increased above
the value from Ref. 34. In the standard model, called “fast energy relaxation” in
the figures, the energy relaxation rates for the levels at and above band-edge (≥ imax)
need to be at least four times the rate from Ref. 34. In addition to this step-function
increase in relaxation rate above the absorption edge, linear and exponential
increases in the rate with energy were also tested; the model results were found to
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Figure 0-11: Difference in Stokes shifts between unbound CdSe NPs and HiPCO-SWNT
hybrids versus NP radius. The experimental data points are shown, along with phonon
model results (with f = 0.5, ∆ = 1 meV, and enhanced energy relaxation at higher levels).
Some data points overlap due to scale (for example, at 3.5 nm radius there are six
separate data points clustered together).
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be largely insensitive to such changes in functional form. The linear functional
form is consistent with the Bose-statistics relaxation rates for a harmonic oscillator.
Such fast energy relaxation is also needed to obtain the same (unbound) NP Stokes
shift with 488 and 514.5 nm excitation.
A Gaussian width ε in Eq. 3.1 of 122 meV reproduces observations well.
The results are largely insensitive to the level spacing ∆ over the range tested from
1 meV to 100 meV. The model results are given in Figs. 3-8 and 3-10 for a
spacing of 1 meV. The only differences seen in the Stokes shifts and the decreases
in the Stokes shift in the hybrids vs. NP radius for different ∆ are attributable to the
discrete nature of the resulting excited levels, which results in variations about the
envelope obtained for small ∆; this seen when using the 25.4 meV CdSe LO
phonon energy in Fig. 3-14. This model is insensitive to laser intensity (for typical
experimental conditions, ~1 mW laser power in a microprobe apparatus), as is
observed in experiment.
This model, evaluated with R0 = 37.5 nm in dipole-dipole FRET coupling
gives the best fit for the decreased Stokes shifts in the hybrids seen in Fig 3-3, with
good qualitative matching to experiment, and the difference in Stokes shifts as seen
in Fig. 3-11; this explicit dependence on NP radius r is needed to see this. The
results of Ref. 44 suggest that at these very small separations, the dependence could
be different due to the importance of quadrupole terms. Using Fig. 6 in Ref. 44, we
also include FRET by using:
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Figure 0-12: Difference in Stokes shift of NPs and hybrids versus NP radius.
Experimental data points are shown, along with solid lines which represent the results of
the phonon model for different values of f (and with ∆ = 1 meV and fast energy
relaxation, as described above).

Figure 0-13: Stokes shift of (a) NPs and (b) hybrids versus NP radius. Experimental data
points are shown, along with solid lines which represent the results of the phonon model
for different values of f (and with ∆ = 1 meV and fast energy relaxation, as described
above).
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γ6(78'9 (, ρ, ;) = γ

()[;′2 /( + ρ + ;)],.%

(3.9)

The model predictions are essentially the same (Fig. 3-15) with Rʹ0 = 32.1 nm.

The Electronic State Model
In this model all levels (i ≥1) are excited electronic states that are equally
spaced (by ∆). Because of very fast coupling between these states, the levels are in
electronic state equilibration at temperature Te:

 = *+ e*H/IJK

(3.10)

The steady-state number of NPs in the excited electronic state is given by:

?@A
(αI/6 )2 = ∑M+
 Γ′ 

(3.11)

where

Γ′  = γ'('

, ()

+γ

, ()

+ γ6(78'9, (, ρ, ;)

(3.12)

The steady state in energy balance is given by:

E.F
E.F
(α)2 = ∑M+
 Γ N   + ∑M$
 γO

(3.13)
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Figure 0-14: Stokes shift of NPs versus NP radius. Experimental data points are
shown, along with solid lines which represent the results of the phonon model for
∆ = 1 meV and 25.4 meV (with f = 0.5 and fast energy relaxation, as described
above).
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Although energy relaxation does not determine the population distribution in this
model, it still is an important route of energy loss.
The last two equations are solved to give Te and n1. (Since Te usually
exceeds room temperature, adding thermal interactions with a bath at ambient
temperature is not needed.) The PL spectra are then determined using Eqs. 3.1 and
3.11. This electronic state model does not reproduce the observed NP or hybrid
Stokes shifts, independent of level spacing, and it is sensitive to laser wavelength
and intensity. This is true whether all emitting states are considered to be bright or
i = 1 is considered to be dark and all other states bright. As no sensitivity to laser
intensity or wavelength has been observed (Fig. 3-1) this model is unlikely to be
valid.

Figure 0-15: Model predictions of the Stokes shift of the hybrids, including the deviations
from dipole-dipole energy transfer, as in Eq. 3.9.
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Model Conclusions
The phonon model reproduces the radius-dependent Stokes shifts in
unbound NPs well [assuming the energy separation of levels 1 and iabs accounts for
about half of the Stokes shift (Fig. 3-12) as is typical31] and the decrease in the
Stokes shift in the hybrids with smaller NP radius in the hybrids fairly well, along
with the increase in the Stokes shift difference with smaller NP radius. As detailed
above, this model uses published decay rates, however with energy relaxation rates
that are enhanced for higher levels, and FRET from the NP to SWNT in the
hybrids. The dipole-limit 1/r5 dependence for FRET is used; model predictions do
not change when the effect of quadrupolar terms is included (Fig. 3-15). The
model results are insensitive to the energy level spacing (which is not surprising
since an energy relaxation rate is used), aside from the grainy structure in the
variation with particle size that occurs for larger level spacings (Fig. 3-14)
(because all levels are assumed to be separated by the same energy) and that is
reinforced by ignoring size and structural inhomogeneity. The observed
insensitivity to laser intensity is consistent with model results. The electronic state
model does not reproduce the Stokes shift observations, independent of level
spacing, and is also sensitive to laser intensity and wavelength. Under common
experimental conditions, in this specific model PL from level 1 is not very
important even when all excited states have the same radiative decay rate (and are
“bright” states), and so explicitly making it a dark state, with a long radiative
lifetime, would not substantially change the predicted PL.
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The phonon model does demonstrate the plausibility of the hot
luminescence explanation of the decreased Stokes shifts in the hybrids. The key
feature of this model is that it is a non-equilibrium, steady-state treatment that is
strongly affected by the relaxation rates, including that of FRET from the NP to the
SWNT. (This conclusion does not negate the potential importance of the
bright/dark electronic state model of PL from unbound NPs.)
The small or “negative” Stokes shift and very weak PL characteristic of the
metallic-nanotube hybrids may be due to FRET and charge coupling from the
attached nanoparticles that are much faster than to the semiconductor nanotubes.
NP PL would then occur only from levels near to or above the absorption edge (iabs)
or from the smaller NPs in the hybrids. In the hybrids formed with the HiPCO
SWNT mixtures, the observed PL is likely from hybrids with the nanoparticles
attached to a semiconducting SWNT; the PL is expected to be very weak in those
hybrids with nanoparticles attached to a metallic SWNT and in those with NPs
bound to a semiconductor SWNT in a bundle containing many metallic tubes.
Previously, very small decreases in the PL Stokes shifts in hybrids of
nanoparticles attached to the walls of SWNTs or nanowires relative to those for
unbound nanoparticles were reported22. These shifts have usually been attributed
to charge transfer, but in some cases to FRET. The much larger shifts seen here
may be due to more rapid coupling. A recent study of coupling from a single CdSe
NP to the end of a single SWNT suggested coupling by FRET (with a 1/r6
dependence for that geometry) and no charge transfer (implied by the lack of
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change in PL blinking when the NP and SWNT are brought in contact, as is
expected for CdSe/ZnS NPs)46.
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3.5 Conclusions
In conclusion, hybrid materials of CdSe nanoparticles and SWNTs are
found to photoluminesce with an anomalous, decreased Stokes shift. We propose
that Förster resonant energy transfer from the nanoparticles to semiconductor
SWNTs leads to this early-stage snapshot of CdSe nanoparticle PL. The
dependence of the effect on the type of SWNT indicates a highly sensitive
optoelectronic coupling between CdSe nanoparticles and SWNTs, which is of great
importance to future study and applications of these materials. Further
investigation is indicated, using ultrafast optical spectroscopy with better time
resolution than that used here and well-characterized SWNTs in device geometries.
If Förster transfer dominates NP relaxation, it may be possible to separate the
induced excitons in the SWNT (as well as observe their recombination via
enhanced SWNT fluorescence). The observation of this hot luminescence suggests
that intra-hybrid coupling may efficiently transfer photo-excited carriers before
significant energy relaxation, which would be beneficial for efficient photovoltaics.

This work has been published as C. G. Lu, A. Akey, W. Wang, and I. P.
Herman, “Versatile Formation of CdSe Nanoparticle-Single Walled Carbon
Nanotube Hybrid Structures,” J. Am. Chem. Soc. 131, 3446 (2009), and as A.J.
Akey, C. G. Lu, L. Wu, Y. Zhu, and I. P. Herman, “Anomalous Photoluminescence
Stokes Shift in CdSe Nanoparticle/Carbon Nanotube Hybrids,” Phy. Rev. B 85,
045404 (2012).
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Nanoparticle Superlattices in Lithographically
Defined Geometries
Superlattices of colloidal nanoparticles hold the promise of new materials with
tunable properties that differ from those of disordered assemblies1-7. They represent a
different approach to hybrid nanomaterials from that discussed in the last two chapters;
rather than mixing two different nanostructures, a single class of nanostructure is
arranged in a periodic lattice. These structures are known to self-assemble from solution
phase during drying, but their positioning and size are poorly controlled, making studies
of their properties difficult. Most efforts up until now have focused on trying to
maximize the size of the supercrystals, and rely on drying of solvents over macroscopic
areas such as TEM grids followed by intensive searching to locate areas of superlattice.
Three dimensional supercrystals have been fabricated in a variety of methods, but most of
those methods are either dependent on interfaces between immiscible solvents or on
using oppositely-charged nanoparticles to make analogues of ionic crystals. Both
techniques form supercrystals at uncontrolled positions free-floating inside solvent; while
adequate for basic examination of these structures, the lack of control over position, size,
and shape of the supercrystals limits the application of the resulting products.
Although the formation of varied types of ordered films of nanoparticles (NPs)
has been demonstrated, the careful measurement of their properties, including potential
collective properties8-10, and analysis of potential applications11, 12 has been limited by the
difficulty in fabricating thick superlattices with controllable dimensions and placement.
Controlled drying of solutions of monodisperse nanoparticles has produced single- or
several-layer superlattices, with lateral dimensions up to the mm range13-19. Many-
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micrometer-dimension, 3D supercrystals of monodisperse nanoparticles have been
reported, formed by extended drying of nanoparticle solutions in beakers (and sometimes
collected on substrates)20-22. As mentioned above, however, this drying is poorly
controlled, leading to superlattice crystals of varying sizes and shapes, lacks
positionability, causing the supercrystals to be collected at random locations on substrates,
and requires extended drying times, ranging from 1 week to several months.
In this chapter, we have achieved the fabrication of thick, three-dimensional
superlattices with controlled lateral placement on a substrate. This novel fabrication
technique generates long-range order over the micron scale and controlled placement by
employing lithographic patterning and microfluidic flow. Nanoparticles dispersed in a
two-solvent solution flow into and concentrate in a capillary channel patterned on a
silicon substrate, to produce supercrystals after drying. A drop of a solution containing
either CdSe or Fe2O3 nanoparticles dispersed in a high-boiling-point/low-boiling-point
two-solvent system13 is placed into a central reservoir well and entrained into a series of
long, narrow channels by the capillary effect as the solvents evaporate; this motion into
the channels also concentrates the nanoparticles. The presence of a high-boiling-point
(b.p.) solvent extends the period of drying sufficiently to allow crystallization. Ordered
growth of supercrystals occurs during high boiling point solvent evaporation assisted by
vacuum pumping over several hours. The ability to fabricate ~100 layer superlattices
with ~1 µm lateral dimensions opens up opportunities for diverse optical, electronic,
magnetic, and mechanical investigations of their emergent collective properties and
potential applications.
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4.1 Nanoparticle Synthesis and Preparation
A typical synthesis of CdSe nanoparticles is as follows: 102.8 mg of CdO, 910 mg
of stearic acid and 32 mL of octadecene was mixed in a 120 mL three-necked flask. The
mixture was heated at 250˚C for 10 min to allow the formation of cadmium stearate.
Then 4 g of trioctylphosphine oxide and 4 g of octadecylamine was added followed by
degassing. The mixture was then heated to 300˚C, and a 4 mL solution of 1.0 M
trioctylphosphine selenide in trioctylphosphine was injected quickly. The growth was
carried out at 280˚C. γ-Fe2O3 nanoparticles were synthesized as follows: A mixture of 10
mL octyl ether and 2.14 mL oleic acid was degassed at 100 ˚C for 1 hr, followed by
injection of 0.2 mL iron pentacarbonyl. The mixture was heated to 280˚C and held at that
temperature for 1 hr. Both products were purified with ethanol/toluene as a
nonsolvent/solvent pair. Core diameters were determined by TEM, and for CdSe
nanoparticles also by photoluminescence. All particles were monodisperse (5% variation
in core diameter) and crystalline, as determined by x-ray and electron diffraction (Fig 41). All chemicals were purchased from Aldrich. CdSe nanorods were produced by a
related synthesis23 and used without further purification.
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Figure 0-1: TEM Diffraction pattern from 8.0 nm diameter Fe2O3 nanoparticles. Pattern
indexes to maghemite structure.
After repeated trials, it was determined that the ligand coverage of the
nanoparticles plays a critical role in determining the quality of the final supercrystal.
Nanoparticles that were not washed sufficiently of excess ligands tended to form
amorphous structures, and nanoparticles that had been washed too many times also did
the same. There are no satisfactory techniques for directly measuring surface-coverage
of the ligands on a nanoparticle, or indeed even determining the precise ligand species
attached; therefore, we needed to examine a large area of parameter space to determine
the optimal degree of purification for good superlattice formation. This generally
requires multiple attempts at superlattice formation with fractions of a given nanoparticle
batch. Certain consistent aspects of the process have been noted, however. First and most
importantly, water contamination must be rigorously avoided throughout the growth and
purification process. While the exact effect of water on the nanoparticles and their ligands
is unknown, it was observed repeatedly that the use of solvents and reagents that have
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been stored in an uncontrolled environments results in highly unrepeatable outcomes
during superlattice formation. For this reason, it was best to use fresh solvents, stored in
glass or other containers impermeable to water, during the entire process. Use of
molecular sieve pellets helped reduce water contamination of solvents, but only partly.
For best results, every step following the initial nanoparticle growth needed to be
performed under an inert atmosphere in a glovebox, using solvents stored inside it. In
addition, prepared samples of nanoparticles, dissolved in the two-solvent system to be
used, needed to be used within ~24 hours of removal from the inert environment; after
that, it appears that sufficient water infiltrates the sample to cause unrepeatable results.
Secondary to water contamination is the issue of impurities in reagent batches.
Despite their best efforts, the reagents produced by chemical supply companies (such as
those used here from Aldrich) are subject to substantial batch-to-batch variation in
composition. The most troublesome of these variations occurs in the TOPO ligand used
on the CdSe NPs. It was observed that a batch of nanoparticles produced from one lot of
TOPO formed good supercrystals, while a batch grown under seemingly identical
conditions from a second lot of TOPO did not. Once again, trial and error was found
necessary to determine whether one batch is better than another for this purpose. Fe2O3
nanoparticles, by contrast, were found to be less sensitive to batch-to-batch variation in
reagents, and were therefore the preferred nanoparticles for supercrystal studies in this
and the following chapter.
Finally, determination of the concentration of a given NP solution is both difficult
and critical. As will be shown, differences in concentration of the starting material led to
different outcomes after supercrystal formation. It was necessary to standardize the
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concentrations used. To this end, each nanoparticle growth needed to be characterized
using UV-Vis absorption and known extinction coefficients as well as by thermogravimetric analysis to determine its concentration before use. Once determined, this
concentration needed to be adjusted during the purification and transfer into the final
two-solvent system in order for experiments using different NP sizes and batches to be
comparable.
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4.2 Substrate Preparation
Silicon substrates were prepared via lithographic methods to form a large
reservoir (~500 µm diameter) connected to several capillary channels of the same depth
(1-8 µm wide, 10-100 µm long, 1-3 µm deep) radially extending from the reservoir
perimeter (Fig. 4-2a), all confined by a 15 µm wide wall. Si <100> wafers were patterned
with chrome etch masks by conventional electron-beam lithography techniques (PMMA
resist deposition, followed by exposure to the electron beam, development in methyl
isobutyl ketone, thermally-evaporated chrome deposition, and resist liftoff). The wafers
were then etched in two steps using an inductively-coupled plasma (Oxford Plasmalab 80
Plus ICP) system, following a technique generally known as an Advanced Silicon Etch.
First, the wafers were etched with a mixture of C4F8 and O2 for 30 sec, to remove any
native oxides formed during exposure to air. Next, a two-step anisotropic silicon etch was
performed. In the first step, a low-power (50 W) plasma of C4F8 was applied for 5 sec,
producing a passivation layer on the surface of the silicon substrate. Then, a 30 sec, highpower (300 W) plasma of SF6 was applied to rapidly etch away silicon around the
chrome mask pattern. The resulting sample substrate consisted of a 1.2 µm high wall of
silicon in the shape of the chrome etch mask. The sample surface was found to be
hydrophobic following the etch process; the as-fabricated samples were stored in a dry
box to prevent contamination.
Some efforts were made to determine the influence, if any, of substrate surface
polarity on supercrystal formation. First, as-prepared substrates were washed with
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Figure 0-2 (a) SEM micrograph of a typical reservoir/channel pattern, consisting of a
~500 µm central reservoir with several capillary channels (typically 4-8) extending
radially from the perimeter, with the channel magnified in the inset (scale bar of 10 µm).
(b) SEM of alternative geometry used from small angle x-ray scattering measurements
which places large numbers of channels in parallel to improve signal-to-noise, with an
inset showing the region typically analyzed by x-ray scattering (schematic, not drawn to
scale).
acetone and isopropanol to remove any organic contaminants. Next, one set of substrates
was exposed to HF in the form of buffered oxide etch (BOE) solution to remove any
silicon oxides that were formed during or after the plasma etch process. These substrates
were then used immediately (within ~10 minutes) for supercrystal formation. No major
change in supercrystal formation was observed with these samples relative to the samples
used directly, as-prepared from the plasma process. A second batch of substrates were
exposed to an oxygen plasma for half an hour, to ensure that all exposed silicon surfaces
were converted into silicon oxide. These samples were observed to exhibit different
wetting behavior from the usual ones, with the nanoparticles-in-solvent solution unable to
be drawn into the capillary channels and forming high, domed droplets on the surface.
This behavior is expected, as SiO2 is a polar surface and would not be wetted by the nonpolar solvents used with NPs. Of interest, then, is how the samples produced by plasma
etching alone, whose surfaces must develop at least a thin oxide layer during storage in
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air, can behave in the same way as those cleaned of oxide by HF. One possibility is that
the HF treated samples completely re-oxidized in the minutes between preparation and
use; however, were this the case they should have been indistinguishable in behavior
from the oxygen-plasma-treated substrates. It seems likely, then, that the as-prepared
substrates following plasma etching must have some areas of their surface protected from
oxidation by non-polar material, possibly products of the etching process. It is unknown
to what degree this surface passivation affects the repeatability of the supercrystal growth
experiments.
Before use, some substrates had the remaining chrome etch mask (on the tops of
the reservoir and channel walls) removed using a standard chrome etchant (an aqueous
solution of ceric ammonium nitrate). This had no measurable effect on either the filling
of the reservoir or the resulting supercrystal. However, it was noted that with the chrome
removed, it was easier to over-fill the reservoir, which resulted in nanoparticle solution
spilling outside onto the substrate and rapidly drying. For the results reported here, the
chrome etch mask was left in place.
The walls of the reservoir resulting from the plasma etch were observed not to be
perfectly smooth (Fig. 4-2a). Some roughness often stems from a non-optimized
lithographic process, but it was believed that this was not likely to affect supercrystal
formation, since the bulk of the nanoparticle solution/supercrystal would not be in contact
with the etched surfaces. To check this, a set of substrates were produced which were
treated with KOH after plasma etching, producing extensive pitting over their etched
surfaces. These samples behaved qualitatively the same as the un-treated samples.
Samples were also created with angles other than 90 degrees between sidewall and
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capillary bottom, again using KOH etching of the silicon. These samples behaved in a
qualitatively different fashion; significantly less solution was drawn into the capillaries,
and the solution was observed to evaporate more quickly. Such supercrystal as was
formed on these samples was highly polycrystalline consisting of very small supercrystal
domains interspersed with amorphous-packed nanoparticles.
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4.3 Nanoparticle Deposition and Drying
Under ambient conditions, 5.5 nm diameter CdSe or 8.0 nm diameter Fe2O3
nanoparticles (core diameters given), dispersed in a 3% decanol in xylene solution (~1015
NPs/mL), were injected to fill the reservoir. The solution was injected into the reservoir
using a microinjector (Narishige IM-300) until the reservoir was filled. This required
care to avoid overflow and without contaminating the injection pipette. First, a pipette
was formed from a 0.5-mm inner-diameter glass capillary tube by heated drawing of the
glass. The drawing speed was kept constant across all experiments to achieve identical
pipette tip angle (approximately 20º between the large pipette bore wall and the drawn
pipette shoulder) and diameter (15 µm at the opening); however, injection could be
accomplished and supercrystals formed using a range of pipette sizes and angles (with
some adjustment of injection rates and pressures). The pipette was then attached to the
microinjector manipulator assembly and pressure supply, and flushed first with dry
nitrogen and then with clean xylene, to minimize contamination. A droplet of
nanoparticle solution was placed on a clean glass slide, and the pipette tip inserted.
Suction was applied to draw nanoparticle solution into the pipette. A sample substrate
was then placed under a microscope, and the pipette tip inserted into the reservoir using
the manipulator assembly. Nanoparticle solution was dispensed (~ 0.5 nL) until the liquid
level reached the top of the reservoir, which could be seen by observing the edges of the
reservoir. When the liquid reached the top a thin film of solvent covered the top of the
reservoir wall, providing an easy visual indicator of reservoir filling (Fig. 4-3).
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Figure 0-3: Schematic of nanoparticle solution injection, showing filling of reservoir and
liquid on top of reservoir walls. Inset shows direction of solution flow, from pipette to
reservoir to channels.
The pipette was then withdrawn, and the sample transferred into a vacuum
chamber for vacuum-assisted drying. Care was taken during transfer to minimize
agitation of the sample and avoid spillage of the nanoparticle solution. After ~20 min the
low boiling point solvent xylene (b.p. 140°C) evaporated and the wafer was pumped for
an additional ~12 h in the vacuum chamber, with base pressure typically below 100
mTorr (specifically for the channel configuration in Fig. 4-2b), to assist and control
removal of the decanol (b.p. 230°C). In later experiments it was found that this pumping
time could be reduced to as little as 30 minutes, for samples with smaller reservoirs and
capillaries; sample geometry strongly determines the solvent evaporation rate and
therefore the pumping time required for complete solvent removal.
The use of a two-solvent system was motivated by the desire to combine high
initial mobility of the nanoparticles, for flow from the reservoir to the channels, with low
mobility during the extended last phase of drying and crystallization. With the majority
of the solution composed of a low-b.p. carrier solvent such as xylene or toluene, the
solution quickly spread and wetted the entire reservoir and entered the channels; these
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solvents were chosen for the high solubility of NPs in them, as well as their low viscosity
at room temperature (higher-viscosity solvents proved difficult to dispense with the
microinjector). However, when only this solvent were used, drying proceeded too rapidly,
leading to a sudden loss of NP mobility before the NPs had had time to arrange into a
minimum-energy configuration and crystallize. To prolong drying, then, a high-b.p.
solvent was added at low concentrations. This had the additional effect of concentrating
the NPs very strongly in the channels; once the low-b.p. carrier solvent was gone, the
NPs were left suspended in only the remaining high-b.p. solvent in and around the
channels. This concentrating effect increased the frequency of interactions between NPs
during drying, and reduced the time needed to reach a situation where each NP began to
“feel” its neighbors and settle into a periodic structure. After some experimenting, xylene
was chosen as a carrier solvent, although other solvents worked as well, mostly for its
lower volatility (if too much carrier solvent evaporated at the entrance to the micropipette,
the pipette would become clogged and injection would fail). Decanol was chosen as a
well-known high-b.p. solvent for superlattice applications, and was found to work well in
most cases.
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4.4 Supercrystal Characterization
Very thick nanoparticle films of ~100
layers were observed in the 1200 nm deep and
3 µm wide channels (Fig. 4-4) and 1-3 layers
were seen in the central reservoir, along with
multi-layer lips about the reservoir periphery.
Atomic force microscopy (AFM) (DI
Instrument) showed the 5.5 nm diameter
CdSe nanoparticle films in Fig. 4-4c were
~790 nm thick and the 8.0 nm diameter Fe2O3
nanoparticle films in Fig. 4-4d were ~950 nm
thick. Due to this thickness, it was impossible
to use TEM for analysis as has been done in
previous investigators of NP superlattices that

Figure 0-4: (a) SEM micrograph of the
top surface of a thick nanoparticle
were only 1-3 layers thick. Instead, methods
superlattice, composed of 5.5 nm
diameter CdSe nanoparticles. Hexagonal
that examined the exposed surface of the
ordering of the top surface is evident. (b)
SEM micrograph of the top surface of a
supercrystal were combined with methods that
superlattice composed of 8.0 nm diameter
Fe2O3 nanoparticles. Hexagonal order is
probed the long-range structure of the material
observed again, along with a number of
point defects. (c), (d) Low magnification
as a whole.
SEM micrographs of (c) CdSe and (d)
Fe2O3 nanoparticle superlattices, showing
fracture near the walls in the former and
micron-dimension regions in the latter.
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The film in the channels was found to be
a highly-ordered, multilayer, nanoparticle
superlattice, by using scanning electron
microscopy (SEM) (Hitachi 4700). The high
degree of order in the top layer is seen across the
entire film, as in Figs. 4-4a and 4-5a. Figure 45b shows a terrace structure with ordered layers
and apparent single nanoparticle high steps
every ~8 nanoparticles. The superlattices extend
to the boundaries of the channel, often with local
cracking running parallel to the channel walls
(Figs. 4-4c and d) and sometimes as contiguous
domains of slightly different heights (Fig. 4-4b),
leading to grains of highly ordered nanoparticles
Figure 0-5: SEM micrographs of top
surfaces of 8.0 nm diameter Fe2O3
nanoparticle superlattices. (a)
Showing a screw dislocation as well
as several point defects. (b) Showing a
terraced structure. Each step
corresponds to one layer of
nanoparticles. Order is maintained
through several visible layers. (c)
Showing a section exposing what
appears to be a hexagonal ABstacking <110> facet.

with lateral dimensions typically ~1 µm.
The channels contain a much thicker film
of nanoparticles than would have been formed in
the reservoir in the absence of channels, which
suggests that many nanoparticles were entrained
into the channels from the reservoir and the lip
about it by the capillary effect (Fig. 4-6); this

occurs during evaporation of the solvents in air and under vacuum. Such flow
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Figure 0-6: Optical micrographs of post-drying reservoir structure. (a) Low magnification,
showing thin film in center of reservoir. (b) Showing a filled channel, along with lip
around reservoir perimeter.

Figure 0-7: SEM micrographs of top surface of superlattice composed of 8.0 nm diameter
Fe2O3 nanoparticles. (a) Showing herringbone-pattern believed to arise from surface
reconstruction. (b) Showing twinning along a nearly-horizontal line in the center of the
image; exposed crystal facet shows hexagonal ordering.
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continues as the drying proceeds because only a
~25 nm thick film would form with no flow for a
channel filled to the top with the initial
concentration of nanoparticles in decanol (with
xylene evaporated) of ~1015 NPs/mL. Flow into the
channels is self-limited to a fraction of the channel
height due to the lessening exposed wall, and this
avoids overfilling of the channels.
SEM of the top surface of the superlattice
suggests hexagonal packing of nanoparticles. Some
defects and dislocations are observed on the top
surface, including point defects (Fig. 4-4b), edge
dislocations, and screw dislocations (Fig. 4-5a),
which should affect “bulk” collective optical,
electronic, and magnetic properties little, but could
affect mechanical properties. Several samples had
Figure 0-8: (a)-(c) SEM micrographs of
sides of cleaved superlattice films
composed of 8.0 nm diameter Fe2O3
nanoparticles. All three were cleaved
perpendicular to the channel walls; three
different sets of crystal facets were
exposed by the cleaving. Some disorder
is visible at the bottom of the film in (a)
and (c), either from drying or from the
cleaving process. In (a) the top surface
appears to have flaked off; in (b) and (c)
it appears undisturbed.

small fractional areas with what appears to be hcp
<110> planes on the top surface (<5%) (Fig. 4-5c)
or a herring-bone type reconstruction (<1%)24 (Fig.
4-7a). There were even areas with visible “twinning”
of crystal grains, as in Fig. 4-7b. The presence of
defects reminiscent of those seen in atomic crystals
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Figure 0-9: SEM micrograph of a channel containing a superlattice composed of 8.0 nm
diameter Fe2O3 nanoparticles with a trench excavated in the center by FIB. The inset
shows the edge of the superlattice film after FIB exposure; no nanoparticles are visible,
and the surface does not show any evidence of ordering.
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suggests that some of the same mechanical behaviors observed in bulk crystals may apply
to these supercrystals. Despite the absence of chemical bonds in these structures, the
exposed facets of the supercrystal evidently have a surface energy analogous to that
generated by dangling bonds in atomic crystals, leading to preferential exposure of
certain facets, and strong enough to cause surface reconstructions. At the same time,
point defects and dislocations are clearly visible, and the surrounding planes and
nanoparticles have their positions shifted in a way analogous to that observed in bulk
crystals; for example, in Fig. 4-5a a screw dislocation is observed in an Fe2O3 NP
superlattice. These observations suggest that the forces pulling the nanoparticles into
periodic alignment may be analytically treatable in the same way as bonding in atomic
crystals, and that the supercrystals may therefore be used as a model system for behavior
such as cracking and jamming.
Examination of the terraces on the Fe2O3 nanoparticle superlattice surface, across
as many as 20 layers, suggests hexagonal AB-stacking ordering with a <001> top surface.
Longer range order below the surface of the Fe2O3 superlattices was also assessed by
cleaving, in which the channels were scribed across with a diamond wafer scribe (Fig. 48). A very high degree of order through the film thickness is seen to within 1-2 layers of
the bottom of the nanoparticle film (where disorder was due either to film growth or the
cleaving procedure). The cleaving process was observed to have damaged the sample; it
can be seen from the SEM images that the top surface is no longer smooth, but has
probably had several layers of supercrystal flaked away. Multiple cleaving attempts
resulted in many different degrees of damage, as well as exposing many different facets
of the supercrystal. No preferential cleaving along any one plane was noted, although it is
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possible that detailed analysis of the local
exposed facets might indicate preferred
cleaving directions. An attempt to expose
the supercrystal interior structure without
the mechanical disruption of cleaving was
made using Focused Ion Beam (FIB)
cutting of the samples (Fig. 4-9). A beam of
gallium ions, accelerated to an energy of 30

Figure 0-10: SAXS data with crystal
planes corresponding to hexagonal ABstacking structure with a = b = 9.7 nm and
c = 14.0 nm lattice constants overlayed.
The presence of rings indicates long-range
order, while the presence of spots shows
preferential orientation of individual
crystal grains (in this case, ordering so that
the <001> planes are parallel to the
substrate).

keV, was focused on the sample and used
to remove material through local sputtering.
Material was removed using a variety of
different beam currents and dwell times, to
test the effect of beam exposure on the
sample. However, all tests had the same

result: the FIB-excavated areas developed a smooth, melted appearance, and no
nanoparticles could be resolved by SEM on either the sides of the excavated area or the
local top surface around the excavation. It is believed that this is the result of local
heating from the FIB; the ligands in the supercrystal are believed to have melted, flowed,
and quickly re-solidified around the excavated area, producing the observed smoothed
surface. This occurred for both CdSe-NP-based supercrystals and Fe2O3-NP-based ones;
as these two NP types use different ligands, it seems likely that this result will hold true
for most or all types of colloidal nanoparticle that might be used. To the best of our
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knowledge this is the first attempt to use FIB as a metrology tool on crystalline colloidal
nanoparticles; results suggest that it is not likely to be a very useful method.
The superlattices of Fe2O3 nanoparticles were characterized by small angle x-ray
scattering (SAXS) in reflection mode using 14.5 keV photons (X9 Beamline at the
National Synchrotron Light Source) (Fig. 4-10). Measurements were performed in
reflection mode at an incident angle of 0.35˚; this angle was chosen to be larger than the
assumed critical angles of the nanoparticle supercrystal and the silicon substrate. As the
exact critical angle for total reflection of x-rays in a nanoparticle superlattice is not
known, it was estimated to be around 0.1˚, approximately the same as that of bulk
samples of CdSe and FeO. If an incident angle of less than the critical angle were used,
the experiment would become grazing incidence SAXS (GISAXS), in which the x-ray
beam is totally reflected from the top surface of the sample. In GISAXS, structural
information about the sample is probed only by the evanescent field of the x-ray photons,
which penetrates only very shallowly, on the effective order of tens of nanometers. Since
information about the periodicity within the entire supercrystal was desired, rather than
just the outermost few layers, it was important to avoid GISAXS. To obtain an adequate
signal-to-noise ratio, samples with many (~160) parallel channels (Fig. 4-2b) filled with
supercrystals were probed by the ~0.2 mm × 0.3 mm beam.
The thick superlattice is highly ordered, and has hexagonal AB-stacking structure
(space group P63/mmc) with a = b = 9.7±0.1 nm and c = 14.0±0.1 nm lattice constants.
(The a=b value is consistent with the SEM measurements of the top surface of the
supercrystal.) This is similar to hcp but with uniaxial lattice compression (11%) in the caxis; the deviation from hcp may be due to volume loss during solvent evaporation. In
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addition to rings expected from a sample of randomly-oriented crystal grains, peaks were
observed indicating preferential alignment of the supercrystals with their <001> planes
parallel to the substrate.
Transmission scattering confirmed the high degree of transverse hexagonal
ordering (Fig. 4-11). In particular, the transmission mode signal shows that, although
good long-range ordering is maintained, the supercrystal grains do not share a common
orientation within the x-y plane, despite having a strong preferential orientation relative
to the substrate. Though the hcp structure is energetically less favored than fcc for hard
sphere packing25, hcp-type AB stacking has been observed in other studies of
nanoparticle superlattice formation, likely because of interactions between the
nanoparticle cores, including dipole-dipole interactions26, 27.
Uniaxial compression has also been observed in binary nanoparticle
superlattices28 previous to this work. The uniaxial compression is presumed to be the
result of the anisotropic drying of the crystal; solvent can only leave the system through
the top surface of the supercrystal and exit through the open top of the capillary, which
would lead to an imbalance in solvent concentration throughout the drying nanoparticle
film along the z-axis. It is unknown, however, which part of the supercrystal forms first
and which part dries last; it is equally possible that the top of the nanoparticle film is the
last to crystallize as it is that the bottom does. The presence of surface reconstruction in
several samples tends to suggest that the mobility of the outermost surface of the
supercrystal was high enough for NPs to rearrange in response to pressure from the NPs
below them. Since reconstruction into a regular pattern requires periodic structure below
the surface, it seems reasonable, but is not proven, that the exposed top surface of the
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supercrystal is the last part to dry and solidify, suggesting that the bottom or the center
crystallizes first.

Figure 0-11: Data from small angle x-ray scattering (SAXS) measurements of
superlattices of 8.0 nm diameter Fe2O3 nanoparticles, taken in transmission mode. (a)
Data, showing rings typical of powder-type diffraction. (b) Graph of a one-dimensional
trace across the transmission data. The first peak corresponds to the (100) plane with a
lattice parameter of a = 9.7 nm.
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4.5 Controlling Order by Design of Channels and Nanoparticle
Solution
Control of the design of the channels, drying rate, and nanoparticle concentration
in the solution provides an opportunity to control fluid flow into the capillary channels
and the growth kinetics that determine the degree of order. Further exploration of the
parameter space within which good superlattice formation occurs was conducted, using
SEM as the primary diagnostic method due to time constraints on the SAXS equipment.
For Fe2O3 nanoparticle structures, with nanoparticle solution parameters held
constant and with a channel height of 1.2 µm and channel length of 100 µm, increasing
the channel width beyond ~4 µm led to very small polycrystalline grains, while
increasing it beyond ~8 µm led to little fluid entrainment into the channels. Decreasing
channel width below ~300 nm led to little entrainment of fluid in the channels,
presumably because the channel opening was too narrow to allow the surface of the
nanoparticle solution to wet the inner walls. Between 300 nm and ~4 µm width, no
observable variation in superlattice formation was noted.
As for length, the channels were fabricated with lengths ranging from 5 µm to 200
µm (for fixed width). In channels longer than ~20 µm, a difference in film thickness was
noted between the reservoir-end of the channel and the other end wall, with the reservoirend containing a much thicker film. As the length of the channels was increased, this
effect was emphasized, although the qualitative gradient of film thickness over the length
of the channel appeared to be constant. Once the channels were longer than ~150 µm, the
film was observed to terminate in a monolayer of amorphous-packed nanoparticles,
leaving a section of empty channel between the end of the film and the channel end wall.
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This suggests that, while superlattice formation is independent of channel length in this
geometry, only a certain amount of superlattice film can be formed for a given quantity of
nanoparticle solution, in turn indicating that nearly all of the nanoparticles in the initial
droplet either remain in the reservoir or become part of the superlattice.
Finally, the depth of the capillary channels was varied, between ~1.2 µm and ~12
µm for fixed width and length. The observed superlattice formation was essentially
unchanged, with thick films of supercrystal formed in the channels reaching most of the
way (usually between 60-70%) up the walls of the channel. Since channels filled up to
60-70% of the channel height, the volume fraction of the NPs in the high-b.p. solvent
after concentration in the channels is also 60-70%. The number of cracks visible on the
surface of the film was observed to increase with increasing channel depth; this is
ascribed to the increase in strain within the thicker film during drying. It is not clear
whether or not the film consisted of single grains top-to-bottom, possibly with various
orientations; without SAXS it was not possible to tell. Given that the average grain size in
the plane of the surface was ~1 µm, it seems likely that a 6 µm-thick film contains
several grains on top of each other, rather than one columnar grain. Channels shallower
than 1.2 µm were not fabricated due to difficulties in controlling the plasma etching
process for shorter structures.
When the NP fluid wets the Si well, the surface energy per unit volume of the NP
fluid is larger in the channel (surface + two walls) than at the reservoir lip (surface + one
wall), which is greater than that in the reservoir (surface only). Within the channel, the
surface energy per unit length is S = γ (w + 2h), where w is the channel width, h the
channel height, and γ the difference in surface-tension between the fluid in contact with
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air and in contact with silicon. For a given cross-sectional area A = wh, S = γ (w + 2A/w)
= γ (A/h + 2h), which is maximized when w = 2h = (2A)1/2. This is consistent with the
above observations.
The composition of the nanoparticle solution was also varied to explore the range
in which superlattice formation was possible. With the standard being 3% decanol in
xylene, the concentration of decanol was decreased as low as 0.5%, and increased all the
way to pure decanol with no xylene at all. Pressure and drying time were, however, kept
constant. For concentrations of decanol lower than 1%, only very small polycrystalline or
even amorphous packing were observed, although the other characteristics of the film
(film thickness, the width of the lip around the reservoir) were retained. For
concentrations of decanol above 10%, drying was not completed within 12 hours at base
pressure of 100 mTorr, leading to no observed order once the film was withdrawn. It is
likely that, due to the much lower pressure in the SEM sample chamber during imaging,
the remaining decanol evaporated inside the SEM at a quick rate, leading to poor
ordering. In addition, for this sample series, no lip was observed when imaged,
suggesting that not only had drying not completed, but fluid entrainment in the channels
had not occurred either, possibly due to either the slowness of drying or the wetting
properties of decanol on Si differing from those of xylene. 3% decanol in xylene, then, is
not necessarily the optimal concentration for all channel geometries, but is close to
optimum for this particular one. We also tried using different carrier solvents besides
xylene, with varying success. Chloroform, chlorobenzene, hexane, and toluene all
produced good superlattices, but were difficult to handle due to their rapid evaporation at
room temperature, making the injection step considerably harder to control.
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Additional high-b.p. solvents
were tested in the channels. Tetradecene
at 3% concentration in xylene behaved
similarly to decanol, forming good
superlattices. Dodecane, however, did not,
possibly due to different solubility of the
Figure 0-12: SEM micrograph of 7.0 nm
diameter Fe2O3 nanoparticle film in a
channel. The film was formed using NPs in
3% octadecene in xylene. Coverage of NPs
both in the channel and in the reservoir is
sparse, with little or no lip observed around
the reservoir perimeter.

nanoparticles in this solvent. Octadecene
was also tested, with limited success,
leading to small areas of nanoparticle
film surrounded by bare silicon (Fig. 412). This last is believed to have been

caused by the low octadecene melting point of 14ºC; during evaporation of the liquid, it
is likely that the temperature of the solvent dropped below 14ºC in areas, causing the
octadecene to solidify locally. Further experiments using a heated substrate during drying
to both increase NP solubility and keep longer-chain hydrocarbons in liquid phase would
be interesting to pursue.
The geometry of the channels and reservoir were also changed more dramatically
to create a system that would provide sufficient signal in the SAXS measurements (as in
Fig. 4-2b). However, it was found that using the same conditions as in the smaller
geometries led to amorphous packing in these samples, believed to result from the larger
number of channels in close proximity, which would reduce the amount of nanoparticle
solution available to each channel at each moment, lengthening the entrainment and
concentration phase of drying. It is also possible that the lip around the perimeter of the
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Figure 0-13: SEM micrographs of top surface of thick 8.0 nm diameter Fe2O3
superlattices formed under different drying conditions. (a) Lower base pressure during
drying (100 mTorr), 1015 NPs/mL, which leads to polycrystalline/amorphous order, (b)
higher base pressure during drying, (25 Torr air), 1015 NPs/mL, which leads to large
supercrystal grains.

Figure 0-14: SEM micrographs of top surface of 8.0 nm diameter Fe2O3 nanoparticle
films formed with different starting concentrations of nanoparticles in solution. (a) Initial
nanoparticle concentration ~1014 NPs/mL (approximately 10x lower than the ~1015
NPs/mL standard), which leads to polycrystalline order. (b) Initial nanoparticle
concentration, ~1016 NPs/mL (approximately 10x higher than the ~1015 NPs/mL
standard), which leads to columnar grains that are highly ordered.

134

Figure 0-15: SEM micrographs of the top surface of films composed of Fe2O3 NPs of (a)
7.0 nm diameter and (b) 14.0 nm diameter. Both samples were dried in channels from 3%
decanol in xylene.
reservoir played an important role in these results; this lip, the result of solvent collecting
at the corner of two Si surfaces to reduce its surface area, contains polycrystalline
superlattice areas in most samples. It is believed that this lip of nanoparticles may act as a
reservoir of high-b.p. solvent during drying, gradually feeding it into the channels (where
the solvent would be in contact with Si on three sides instead of two as in the lip area),
thus lengthening the time spent in the critical last phase of drying. Slowing the rate of
decanol evaporation by increasing the pressure in the chamber improved the degree of
order, for the channel configuration in Fig. 4-2b, from amorphous assembly (Fig. 4-13a)
at lower pressures (~100 mTorr) to ordered assembly (Fig. 4-13b) at higher pressures
(~25 Torr). Later experiments however, as discussed in the next chapter, suggest that
order does not increase monotonically with drying time.
Increasing the nanoparticle concentration in the solution changed the film
structure, for the channel configuration in Fig. 4-2a, from one with no long range order
[disordered (amorphous) or locally ordered (polycrystalline) regions] (Fig. 4-14a) for
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~1014 NPs/mL (in the 3% decanol/xylene solution), to one with a very high degree of
hexagonal AB-stacking order for ~1015 NPs/mL (Figs. 4-4 and 4-5), and then to one with
columnar structures of locally hexagonal AB-stacking ordered regions (Fig. 4-14b) for
~1016 NPs/mL. The columnar structure is interesting, suggesting as it does that the
growth of the supercrystal may proceed from the bottom of the film to the top in the form
of plateaus of superlattice, which grow sideways until they meet another grain. Films
formed using ~1014 Fe2O3 NPs/mL (Fig. 4-14a) were almost as thick (790 nm), though
less densely packed, as those formed with ~1015 NPs/mL (and the lip of nanoparticles
was significantly narrower), which is further evidence for self-limiting flow during
drying.
The last remaining explored parameter is that of the nanoparticles themselves.
First, in addition to forming superlattices of both CdSe and Fe2O3 NPs, different sizes of
Fe2O3 NP were used. Sizes ranging from 7.0 nm diameter (Fig. 4-15a) to 14.0 nm
diameter (Fig. 4-15b) were tested, using similar concentrations of nanoparticles
throughout, and observed to form superlattices in all cases except for the largest 14.0 nm
diameter NPs. Later work by Dr. Chenguang Lu suggests that these larger NPs, being less
soluble in decanol and xylene than the smaller ones, require a different solvent solution;
as discussed in Chapter 5, it is possible to form well-ordered supercrystals from these
materials, but we were not able to do so in the channels. In any event, all superlattices
that did form in the channels from the size series of Fe2O3 appeared to share the same
crystalline geometry, at least from inspection of the top surface; however, since both hcp
and fcc crystal structures have a hexagonal-packed facet, it is impossible to distinguish
between them by SEM alone. Indeed, the lower limit of NP diameters tested, 3.5 nm
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CdSe, was imposed by the need to use SEM as a diagnostic tool. NPs smaller than 3.5 nm
diameter, while theoretically within the resolution limit of SEM, proved extremely
challenging to repeatably image due to the layer of organic ligand coating their surfaces;
no NPs of smaller diameter were tried as a result.
Additionally, the geometry of the NPs themselves were altered. CdSe nanorods,
of approximately 5.0 nm diameter and 40 nm length, were added to the 3% decanol in
xylene system and injected into the reservoir. The resulting film (Fig. 4-16) was quite
different from those formed by spherical particles; only a very thin (1-3 layers) film was
found in the channel, while the lip around the reservoir was unusually thick, reaching all
the way to the top of the reservoir walls (1.2 µm). On closer observation, no long-range
ordering of the nanorods was observed. It is believed that the nanorods aggregated during
solvent evaporation, and formed clumps that were unable to easily enter the channels,
leading to the observed thick amorphous lip. This might be avoided by careful attention
to the surface ligands of the nanoparticles, and by varying the solvents used to increase
solubility and avoid aggregation.
Finally, and returning to spherical NPs, a binary NP system was tested in the
standard substrates. Fe2O3 NPs (11.0 nm diameter) and Au NPs (5.0 nm diameter), a pair
of NPs known to produce good monolayer superlattices, were mixed with a 1:1
concentration ratio. Initial tests using the 3% decanol in xylene system failed to produce
good binary superlattice; on closer examination, it was seen that almost all of NPs visible
in the channels were the larger Fe2O3, with few or no Au NPs seen. This was taken to
mean that the Au NPs were falling out of solution too early in the drying process, at the
beginning of the fluid-entrainment part of drying, and not entering the channels at all. A
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series of different solvent combinations were then tried, with the most successful results
coming from the use of 3% octadecene in xylene. As discussed above, octadecene may
solidify during drying at room temperature; however, as seen in Fig 4-17 some small
areas of supercrystal still formed. These areas appear to contain a few Au
NPs, but it is unclear from these results whether a new symmetry indicative of a binary
supercrystal was formed. The formation parameters for binary supercrystals proved to be
much more strict than those for monocomponent supercrystals, and as of yet no binary
supercrystals have been formed in the channels. Au NPs alone were also tried using both
decanol/xylene and octadecene/xylene, without any crystalline areas observed. The
solubility of Au NPs at room temperature in these solvents may be too poor to allow
superlattice formation in the channels.
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Figure 0-16: SEM micrographs of films of CdSe nanorods (nanorods average 5.0 nm
diameter by 40 nm length). (a) In the channel only a sub-monolayer film of nanorods
with no visible ordering is found. (b) Near the entrance to the channel a thick lip forms,
containing some local ordering but no long-range order.

Figure 0-17: SEM micrograph of nanoparticle film composed of of Fe2O3 nanoparticles
(11.0 nm diameter) and Au nanoparticles (5.0 nm diameter). No long range order is
visible. The micrograph was taken using a Hitachi 5000 in-lens SEM operating at 30 kV.
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4.6 Conclusions
In previous studies, the formation of superlattices of colloidal nanoparticles has been
found to be sensitive to many parameters13, 14, 16, including temperature, pressure, addition of
extra polar molecules/ligands, nanoparticle concentration, etc. This has resulted in poor
repeatability and has made control of formation difficult, due to the complexity and
sensitivity of superlattice formation to the local environment. Our versatile microfluidics
technique provides the direct control of the immediate environment necessary to probe the
superlattice formation mechanism and improve repeatability; it localizes supercrystal
formation in a lithographically defined structure whose design parameters determine
nanoparticle concentration as well as solvent flow and evaporation conditions. In addition,
the two-solvent system partially separates the nanoparticle concentration step from the
crystallization step, permitting some control over both. In Figs 4-13 and 4-14, we
demonstrate our ability to adjust and analyze the impact of two key formation parameters: the
solvent evaporation rate and the starting nanoparticle concentration. These results are highly
repeatable, making systematic optimization and investigation of the formation mechanism
possibilities for future research. If further research were able to gain full control over
supercrystal formation, producing nanoparticle superlattices of any NP component in the size,
shape, and location desired, it would be possible to incorporate these materials into
functional devices.
The interest in doing this hinges on intriguing properties for ordered arrays of NPs.
Ordered arrays offer the promise of stronger inter-NP coupling (due to decreased average NP
separation distance and more uniform separation) as well as possible new behaviors arriving
from the symmetry of the periodic arrays. Ligand control to improve NP coupling is needed
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to advance these goals, as current arrays of NPs have low conductivity due to insulating
ligands. The possibility of intriguing properties has been shown for binary NP superlattices,
but more advanced understanding of formation mechanisms is necessary to exploit them.

Much of the work in this chapter was published as A. Akey, C. G. Lu, L. Yang, and I.
P. Herman, “Formation of Thick, Large-area Nanoparticle Superlattices in Lithographically
Defined Geometries” Nano Lett. 10, 1517 (2010)
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Nanoparticle Superlattice Formation Probed In Situ
The nanoparticle superlattices discussed in the last chapter are remarkable examples
of a self-assembled ordered material, potentially possessing a number of remarkable and
exciting properties. But while the local control of the area of superlattice formation
represents a significant advance in fabrication methodology, there remains a lack of
mechanistic understanding of the self-assembly process. One of the most useful realizations
stemming from the work in Chapter 4 was that the rate and order of solvent evaporation,
combined with the local concentration of nanoparticles and the concentration at which they
precipitate, are critical parameters in the formation process. Careful tuning of these
parameters makes it possible to more thoroughly explore the nature and progression of
superlattice formation, by making formation both slow enough to be probed by methods like
SAXS1 and repeatable and large-scale enough for meaningful understanding to be achieved.
While the reservoir-capillary system used in Chapter 4 made supercrystal formation
repeatable by tightly controlling the size of the crystals, the local concentration of
nanoparticles at the crystal formation site, and the speed of solvent removal (all controlled by
using capillary forces and self-limiting flow), the need for a microinjection system and a
vacuum chamber makes it impractical to integrate with most in situ measurement apparatus.
In particular, since the only viable means of characterization of the structure of supercrystals
are SEM and SAXS, it would be necessary to incorporate a microfluidics system into an
SEM, or a microfluidics system and vacuum chamber into the SAXS beamline, neither of
which is practical. It is necessary, then, to remove the difficult microfluidics aspect of the
system. While this does mean abandoning the degree of local control offered by the
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lithographically-defined channel geometries, the newfound insight into the role of solvent
removal and NP concentration makes it possible to achieve similar reproducibility on a larger
scale without the need for patterned substrates (although at the cost of losing control of the
shape and location of the resulting supercrystals). Consequently, work on this continued by
creating a supercrystal-formation system requiring only a vacuum chamber to assist with
solvent evaporation, and one which formed large enough supercrystals to give a useful
signal-to-noise ratio when measured with in situ SAXS, without the benefit of the guaranteed
sample alignment afforded by the patterned channels.
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5.1 Sample Requirements for In Situ Characterization of
Supercrystal Formation
The two requirements for in situ characterization of supercrystal formation were large
areas of thick supercrystals and slow, repeatable crystallization. The first requirement had
been met in Chapter 4 by designing larger reservoir/channel systems and placing several sets
of channels in parallel. However, without precise control of the location of supercrystal
formation on the in situ samples, it was necessary to produce enough supercrystal to ensure
good SAXS signal-to-noise at every point on the sample substrate, or in other words, to
produce a nearly-continuous thick film of supercrystal across an entire substrate. While
previous work2, 3 has achieved this using other formation methods, it had always required
timescales on the order of days or weeks to grow such large, thick films, and a continuous
film over an entire arbitrary-sized substrate had not been demonstrated. Due to time
constraints at any SAXS beamline, it is necessary to produce these large supercrystal films
within an hour or so of pumping, comparable to the times seen in the patterned reservoir
work. Using the new knowledge gained from that work, we determined that forming large,
thick supercrystals over such an area would require starting with a very large amount of
nanoparticle fluid and concentrating it down onto the substrate surface before crystallization
begins. This can be accomplished in the lab by placing the substrate (usually a small, bare
silicon wafer) at the bottom of a narrow test-tube and then adding anywhere from 100 µL to
10 mL of nanoparticle-containing solvents to the test tube. With smaller solvent volumes,
between 100-500 µL, it was possible to deposit the solvent as a single droplet on top of the
silicon.
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Figure 0-1: SEM micrographs of monocomponent NP supercrystal films composed of 14.0
nm diameter Fe2O3 nanoparticles. Grains of supercrystal are observed to extend over
lateral dimensions of >10 µm; the films are estimated to be between 1 and 20 µm thick, and
extend over the entire substrate. The top and side surfaces of the grains are observed to
display what appears to be face-centered-cubic symmetry. A number of non-spherical NPs
are also noted on the surfaces of the supercrystal, both top and sides.
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After vacuum-assisted evaporation, the substrate was found to be covered with a thick
nanoparticle film whose thickness (as measured by contact profilometry) was linearly
dependent on the amount of NP-solution used. (However, for solvent quantities too large to
sit on the substrate surface a substantial film formed at the bottom of the test tube as well.)
These films were characterized by SEM (Fig. 5-1) and appear to be composed of large grains
of supercrystal (>10 µm lateral dimension). It is interesting to note that the surfaces of the
supercrystals appear to have a large number of non-spherical or atypical-diameter NPs; we
hypothesize that these NPs have been driven to the surface by the process of supercrystal
ordering, “ejected” in the same way that atomic defects are ejected during atomic crystal
growth. Even more interestingly, these non-spherical NPs are seen on the sides of
supercrystal grains in cracks in the film; these cracks are believed to form at the last stage of
solvent drying, which would then suggest that the “ejection” of these defect NPs occurs at a
very late stage of drying. For this to happen, the NPs in the supercrystal would have to retain
a high degree of mobility even at the moment of final solvent extraction. The kinetics and
thermodynamics of this process are intriguing, and deserve further investigation.
The second of the requirements was initially addressed by changing the solvents in
the two-solvent (or three-, four-, etc. solvent) system before evaporation. Toluene (b.p.
110.6 °C) was used as the carrier solvent (to improve NP solubility and ease of handling).
Use of secondary solvents with higher boiling points slowed down evaporation, and
consequently supercrystal formation, in a controllable and predictable way. Using solvent
such as tetradecene (b.p. 253ºC) and octadecene (b.p. 315ºC) made it possible to form
superlattices during vacuum pumping over a period of one to several hours (for large samples,
as discussed above). However, the high octadecene melting point of 14ºC made it necessary
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to heat the vacuum chamber to prevent evaporative cooling of the substrate from causing the
octadecene to freeze. The small, cylindrical steel vacuum chamber used in the lab was
therefore immersed in a 60ºC oil bath whenever octadecene was used as one of the solvents.
Changing the solvent systems went part way to extending the drying time of the
samples, but achieving large, high-quality pieces of superlattice needed for a SAXS study
necessitated adjusting the ambient pressure of the chamber during evaporation as well. The
confined liquid in the channels in Chapter 4 dried more slowly than the unconfined liquid in
the reservoir at the same ambient pressure; the new samples, consisting as they did of
unconfined droplets of liquid, needed to be dried at a slower rate to achieve good results.
Consequently it was necessary to construct a vacuum system that allowed fine, repeatable
control of the pressure in the range of 100 mTorr-100 Torr. This was achieved by combining
a vacuum pump (with a needle valve to control pumping rate) with an influx of purified N2
gas (also with a needle valve) and using a sealed-bellows pressure gauge along with a
thermionic gauge to precisely set the pressure. During these experiments, it was noted that in
addition to the pressure of the chamber, the flow rate of the nitrogen affected the outcome.
Higher flow rates of N2, combined with higher pumping speeds, leading to the same pressure,
produced smaller superlattice grains in the final film (as measured by SEM). This indicates
faster drying, showing that evaporation was at least partially controlled by the rate of flow of
the atmosphere in the chamber (by entrainment of the solvent vapor). Eventually a series of
different pressures and flow conditions (needle-valve settings) were determined that would
repeatably give large, high-quality superlattice grains throughout the entire NP film within a
short period of time. These optimization experiments were performed for a number of
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different types of nanoparticles, including Fe2O3, PbS, CdSe, and Au, and for various sizes of
each.
During the sample-characterization process, some important aspects of sample
preparation were noted. First, it became evident that contamination of NPs or solvents by
water resulted in highly irreproducible results. To avoid this, all NPs were transferred into a
water- and oxygen-free glovebox immediately after synthesis, and all processing steps up to
the moment of insertion into the vacuum chamber for drying were performed there as well.
During transportation of samples to the National Synchrotron Light Source at Brookhaven
National Laboratory for in situ measurement, the NP solutions were packed under water- and
oxygen- free conditions and kept sealed until just before being introduced into the vacuum
chamber for drying. Second, it was observed that the degree and quality of ligand coverage
on the NP surface, as determined from performing titrations of NP solutions with nonsolvents,
strongly affected both the ability of NPs to form supercrystals and the size of the resulting
supercrystal grains. In order to normalize ligand coverage, as-synthesized NPs were washed
(as described in Chapters 1 and 2) with solvent/nonsolvent pairs to remove synthesis reagents
and contaminants. The “clean” NPs were then refluxed in molten ligand molecules, to
achieve complete and uniform coverage of their surfaces. These well-passivated, wellcontrolled NPs were found to form supercrystals more reproducibly and under a wider range
of conditions.
The dependence of supercrystal formation on ligand coverage raises two important
points about the mechanism of formation. First, and more obviously, it is critical that all NPs
in a given solution should remain dissolved at the same solvent concentration. If some NPs
lose solvation earlier than others, and precipitate out, then the best result will be phase-
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segregation of the crystal; more likely, and more in line with observations, the result is
amorphous or very-small-grained polycrystalline films after drying. Maximizing and then
standardizing ligand coverage removes this variable from consideration. Second, and more
subtle, is the fact that greater and more uniform ligand coverage leads to both a more
condition-independent formation process and larger supercrystal grains. The former simply
indicates that small differences in the rate and timing of solvent removal, which would
otherwise result in uneven precipitation of NPs, have been smoothed out by uniform ligand
coverage. The latter, however, indicates that greater and more uniform ligand distribution
increases the rate of supercrystal growth, i.e., that for the same drying conditions, NPs with
more uniform capping ligands experience stronger forces driving them to self-assemble into
ordered arrays. This is means that either the additional ligands added during NP processing
lead to a larger concentration of nonvolatile, high-b.p. ligand molecules in the final solution
and thus slow down NP drying, or the ligands on the NP surfaces are actually supplying a
major driving force for crystallization. The first explanation can be discounted easily, as no
systematic variation in supercrystal size has been observed in NP solutions following
different degrees of washing (which leads to different absolute quantities of ligands in the
final solution system). Clearly, the understanding the interactions between NP surface
ligands and the solvents, and interactions between the ligands of neighboring NPs, are critical
to understanding the formation mechanism for NP supercrystals.
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5.2 Experimental Requirements for In Situ Characterization of
Supercrystal Formation
Once a slow, controllable, repeatable, large-area thick NP superlattice film could be
reliably grown in a small vacuum chamber in the lab, it was necessary to construct a set-up
that would allow this growth to be repeated in the SAXS beamline. The requirements for this
were: the chamber must hold vacuum, must hold the sample firmly in the path of the beam,
and must have two x-ray transparent windows to allow the beam to pass through. The
chamber must also be attached to the vacuum system constructed as mentioned in Section 5.1,
and must interface with existing beamline positioning and control equipment.
To this end, a custom vacuum chamber was machined from aluminum (see blueprints
and image at end of this chapter, Fig. 5-12). The interior volume of the chamber was
designed to be as close as possible to that of the chamber used in lab tests described in
Section 5.1. The chamber used polymer o-rings to seal the lid and the two x-ray windows,
and had inlet and outlet ports for N2 gas and pumping. The x-ray windows were made of
Kapton polymer film, 100 µm thick, which is known to be transparent to x-rays in the energy
range used (10-20 keV). The chamber was machined to attach to the existing translation and
tilt stage at the beamline, but the internal atmosphere of the chamber was kept separate from
the beamline vacuum to prevent cross-contamination and used a separate rotary pump.
Ideally, the chamber environment should be able to regulate the temperature of the
sample (both to ensure stable temperature and to allow for heating/cooling, to use highmelting-point solvents or to pause crystallization at specific stages for analysis), and it should
be set up to measure the efflux of solvent. However, these two features were not incorporated.
Temperature control would be relatively easy, requiring only an electrical heater and a
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thermocouple. Solvent efflux measurement, however, would be quite challenging. The
quantity of solvent used in each individual experiment is no more than 100 µL, and it
evaporates over a period of some 10-60 minutes, giving a maximum solvent flow of ~166 nL
per second, which is within measurement range. However, given that the actual
crystallization of the supercrystals occurs over a short period of a minute or two (as described
later in this chapter), and that crystallization is highly sensitive to evaporation rate during this
period, it is likely that a measurement resolution of less than 1 nL per second would be
necessary, which is beyond the capability of all but the most complex systems. This in turn
means that we could not know the actual rate of solvent removal from the NP film, and the
concentration of NPs at the beginning of crystallization.
Finally, the vacuum system outside of the chamber has a few important requirements.
First, water and other contaminants must be excluded as completely as possible. This
includes contaminants such as vacuum pump oil, necessitating either an oil-lubricated pump
with a foreline trap or a graphite-lubricated rotary pump. Second, the pump rate and gas flow
must be repeatable, requiring either mass-flow controllers or the simpler mechanical needle
valves. Pressure must be measured accurately and repeatably, a difficult feat given the
pressures used in these experiments. While many types of gauges exist capable of measuring
pressure from 1 mTorr down to 10-13 Torr and lower, there are surprisingly few that can
accurately measure pressures across the entire 100 mTorr – 100 Torr range, outside of large
and unwieldy systems such as mercury-filled differential pressure columns. A combination of
two different gauge types (sealed bellows gauge for 10-760 Torr, thermionic gauge for 0.0110 Torr) allows a degree of repeatability. Significant hysteresis has been noted when
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increasing and decreasing pressure with this arrangement. Better pressure measurement
remains a goal for future experiments.
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5.3 Small-Angle X-ray Scattering Measurement of Supercrystal
Formation In Situ.
Samples of NP solutions whose supercrystal formation parameters had been
characterized in the lab were taken to the Brookhaven National Laboratory NSLS Beamline
X9 and allowed to crystallize in the vacuum chamber described earlier in this chapter. The
chamber was inserted into the beamline and the SAXS setup was characterized using a silver
behenate (AgBH) standard inside the chamber. Nanoparticle solutions were then deposited,
in 100 µL droplets, on cleaned Si chips (approximately 1 cm square), the chamber sealed,
and vacuum pumping and gas flow started. X-ray measurements (with 14.5 keV x-rays) were
taken starting approximately 30 seconds after the beginning of vacuum pumping; the delay
was caused by the time needed to activate all interlocks in the experiment hutch and turn on
the x-ray beam. (In the future, a remote means of starting vacuum pumping could be used to
reduce this delay.) N2 flow rate was kept constant from experiment to experiment for all
measurements made this way. A series of measurements were taken, initially consisting of a
series of back-to-back 20 second exposures continuing for 15 minutes, which were then
modified as described later. A number of samples that were formed at Columbia were also
measured, to provide a reference for the final outcome of crystallization. Scattering patterns
were recorded by a CCD detector placed downstream from the sample, and analyzed using a
software tool written by Dr. Lin Yang, the administrator of Beamline X9.
Initial measurements provided several interesting insights. First, it was found that the
degree of crystallization, as indicated by the presence or absence of narrow, well-defined
powder-diffraction rings in the scattering signal, proceeds in four distinct stages (see Fig. 52). First, when the NPs are still in solution (in Stage 1) there is no evidence of ordering, as
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seen by the appearance of only diffuse structure-factor rings (i.e., rings arising from the
average spacing between neighboring NPs in solution, which reaches a minimum at direct
NP-to-NP contact, and leads to a series of equally-spaced, diffuse diffraction rings, as seen in
Fig. 5-2a). Then, ordering is seen to commence and complete within a very short timeframe,
on the order of ten minutes or less (Fig. 5-2b,c,d). During this period (in Stage 2, Fig 5-2b),
narrow vertical streaks are sometimes noted in the scattering signal; these are believed to
arise from areas of NP film possessing a high degree of ordering in the xy-plane (defined as
the surface plane of the substrate), but little or no order in the z direction (normal to the
substrate). This film may form at the interface between the liquid droplet and the chamber
ambient; it is not clear how, if at all, it is related to the formation of the bulk of the
supercrystal. (Supercrystal growth may proceed from the substrate and not from this layer;
given the surface-reconstruction results seen in Fig. 4-7, this is very likely). In the third stage
(Fig. 5-2c), narrow rings form, indicating the presence of periodic structure in the sample,
and brighten and appear to sharpen progressively over the next several minutes of drying.
This is likely representative of the growth of supercrystal grains over time1, although trying
to determine absolute grain size from these signals is challenging. Finally, in the fourth and
last phase of drying (Fig. 5-2d), the rings are seen to expand slightly (usually increasing the
radial q value of the center of the ring by ~5%), which indicates that the supercrystals have
shrunk slightly, likely due to the final removal of solvent.
These initial SAXS experiments, which were conducted in a manner similar to those
described in Chapter 4, provided some insight into the progress of crystallization, but
suffered from several significant flaws. First, the collected signal actually arose from
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Figure 0-2: Reflection-mode SAXS data from in situ measurement of 14.0 nm diameter
Fe2O3 NP supercrystal formation. (a) Data at the beginning of vacuum pumping, showing
only structure-factor rings indicative of amorphous structure or no order. (b) At 256 seconds
after the beginning of pumping, showing vertical streaks and the rings indicating
polycrystalline ordering. (c) At 512 seconds, multiple spots and rings have become visible,
indicating that relatively large supercrystals have formed. (d) At 912 seconds, the diffraction
rings have expanded out from the center, indicating that the lattice has contracted slightly,
and signaling the end of drying and the stabilization of the supercrystal. Incident angle for
these measurements was 0.3º.
two distinct but related sources, as seen in Fig. 5-3. The rings seen centered on the
transmitted beam spot come from diffraction about that transmitted beam, some of which is
blocked by the silicon substrate. The reflected beam spot, and the pattern of rings and spots
centered on it, come from diffraction from the x-rays reflecting off of the substrate and
passing through the NP film on their way to the detector. The two zero-order beam spots,
transmitted (dark circle) and reflected (light circle), are separated on the CCD by a distance
that depends on the incident angle of the beam on the substrate. This means that two separate
signals from the same supercrystal are overlaid in Fig. 5-3; it is very difficult to separate the
two signals sufficiently to fully extract all possible data from them, especially since both
transmitted and reflected signals have a series of spots included, arising from highly-oriented
crystalline grains, as well as a remainder of the vertical streaks noted in the second stage of
crystal growth. It can be seen in Fig. 5-3 that these vertical streaks do not precisely overlap
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Figure 0-3: Combined transmission/reflection mode SAXS data from in situ measurement of
a supercrystal composed of 7.0 nm diameter Fe2O3 NPs. The substrate was a 500 µm-thick Si
wafer. The dark circle denotes the transmitted x-ray beam that has passed through the
substrate; the white circle denotes the reflected x-ray beam, separated by a distance that
depends on the incident angle of the beam on the substrate (here, 0.2º). Both rings and spots
are visible, evidence of long-range ordering, but it is impossible to determine whether
individual regions of signal arise from the reflected or the transmitted beam. Also noted are
vertical streaks, which do not precisely match the radial q-value of the rings on the x-axis,
indicating that these streaks arise from periodic structures with a different lattice parameter
from those generating the rings.
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with the transmission-mode rings, meaning that whatever periodic structure gives rise to the
streaks does not have the same lattice parameter as the bulk of the supercrystal.
A second, and more important flaw, was noted on the samples themselves after
drying was completed and they were removed from the vacuum chamber. As can be seen in
Fig. 5-4, a dark streak or spot is visible on many of the sample when examined with the
naked eye. SEM and AFM, however, do not show any apparent difference in periodicity,
number of defects, or thickness of the film in these regions. The darkened areas are of the
same width as the incident x-ray beam, suggesting that they arise from an interaction
between the beam and the sample; the exact nature of the local difference in the film is,
however, unclear. Inspection by optical microscopy shows that the surface is not visibly
thicker, nor is the NP film depressed within the discolored area.
The presence of this discoloration raised serious concerns about the validity and
utility of the data collected from these samples. The discolored region may have arisen from
a number of different interactions. First, the x-ray beam may have caused local heating of the
NPs in the beam spot, leading to a different internal structure of the supercrystal or to
changes in the surface ligands. Alternatively, the x-rays may have heated the substrate, with
similar effects. It is also possible that the x-rays, or their interactions with the nanoparticles,
may have lead to chemical changes in the solvents used, or damaged the internal structure of
the NPs themselves.
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Figure 0-4: Optical micrograph of Si substrate with NP supercrystal film formed by drying in
the vacuum chamber during in situ measurements. A streak is visible on the film, which is
observed to form at the location of x-ray beam incidence. The streak is approximately 1.5
mm wide.

Figure 0-5: Schematic of sample geometry for Kapton-film substrates. The strip of film is
suspended to allow transmitted beam to pass through the chamber and reach the detector; the
incident angle of 5º causes the minimized reflected signal to miss the CCD entirely,
simplifying analysis.
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Regardless of the mechanism of this change in the sample, the experiments had to be
restructured to prevent, or at least minimize, any effect it might have on the data.
To solve this problem and at the same time to remove the confusion caused by the
double signal in the earlier experiments, a new series of modified experiments were
performed. First, the reflective Si substrate was removed, and replaced with a thin strip of
the same Kapton film used for the x-ray windows, which is known to be highly resistant to
the solvents involved in this work. It was necessary to slightly crease the film to prevent
small distortions in its shape from making the NP solution pool unevenly. This film was then
suspended between two posts inside the vacuum chamber, and the NP solution deposited and
the chamber sealed. The chamber was inclined to an angle of 5º from horizontal, and the xray beam aligned to pass through the center of the substrate and the NP solution droplet (see
Fig. 5-5). This ensured that the CCD array would see only the transmitted signal.
Measurements were taken, lasting 20 seconds each, at 1 minute intervals, with each
measurement made on a new section of the substrate. This ensured that the area being
measured had, up until the moment of measurement, undergone only the normal processes of
supercrystal formation, with no interference from the x-ray beam. In principle, each
measurement represents a snapshot of the condition of the supercrystal at that moment, and
even if the measurement modifies the supercrystal locally, the next measurement would be of
a pristine area. On a typical sample of this sort, three or four discolored spots were visible,
out of twelve (on average) total spots (see Fig. 5-6a). Those discolored spots corresponded to
the measurement that revealed the very beginnings of supercrystal formation, what has been
termed above as Stages 2 and 3. Spots that yielded data representing the amorphous and
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post-crystallization phases do not appear discolored on the samples, nor do already-dried
samples that have been

Figure 0-6: Optical micrograph of Kapton-film substrate with NP supercrystal film formed
by vacuum-assisted drying during in situ measurements. (a) Indicated are the locations of the
12 measured spots on this sample; note that spots 6, 7, and 8, which corresponded to the
timepoints (see Fig. 5-7) where crystallization was first visible, display similar darkening to
that seen in Fig. 5-4. The space between dashed lines corresponds to 2 mm. (b) Highmagnification micrograph of Kapton-film substrate showing the discolored region (on the left)
and unexposed region (on the right). The image area is 1 mm along the bottom side. Average
grain size on the left is ~8 µm; on the right,~30 µm.
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exposed to the beam for extended periods ever develop discoloration. This implies that the
sample is most sensitive to the beam during supercrystal formation, and that the discoloration
stems from some change in the supercrystal itself. In Fig. 5-6b, a higher resolution image of
the discolored region can be seen; it is noted that the film in the discolored region possesses a
much finer, rougher structure than that in the unexposed region. However, the x-ray signal
from the exposed and unexposed regions is seen to be the same; no difference in peak
position or width is noted. This indicates that whatever the difference in macroscopic film
granularity, both the supercrystal ordering and the grain size for the purposes of x-ray
scattering are unchanged in these altered regions.
In addition, for this series of experiments it was finally possible to attempt in situ
measurements of the formation of a binary nanoparticle superlattice. After much effort,
collaborator Dr. Chenguang Lu was able to achieve reliable, repeatable, large-scale
crystallization of binary NP superlattices using the same solvent system as the previouslymeasured monocomponent ones, and to adapt this process for use in our vacuum chamber at
the beamline. The two NP types used were both Fe2O3, of 7.0 and 14.0 nm diameter, with
oleic acid surface ligands, and they were suspended in a mixture of toluene and tetradecene at
a concentration ratio of 95%:5%.
The results were significantly easier to interpret and analyze than in previous trials,
largely due to the absence of reflected signal from the substrate. Tilting the film to 5º from
normal ensured than any reflected signal that might have been generated would not be
incident on the CCD detector at the end of the beam path, although it also led to some loss of
orientation information (since any significant global orientation of the
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Figure 0-7: SAXS data from in situ measurement of 14.0 nm diameter Fe2O3 NPs. Raw data
is on the left, line profiles along the x-axis are on the right, taken at different time points. At
early times, only broad, diffuse peaks are visible; at later times, a set of narrow peaks rise,
indicating the presence of long-range order. At later times, the center-position of the peaks
shifts to higher q-values.
supercrystal grains is expected to be in the plane of the substrate). Samples of several
different nanoparticles were measured: PbS NPs of 14.0 nm diameter, Fe2O3 NPs of 7.0, 14.0,
and 16.0 nm diameter, and the binary combination of Fe2O3 NPs of 7.0 and 14.0 nm diameter.
All samples were dispersed in the same mixture of toluene and tetradecene described earlier,
and were dried at a pressure of approximately 100 Torr. The flow rate of the N2 and the
pumping rate of the vacuum pump were kept constant, but unfortunately the absolute values
were not measured due to time and equipment constraints. All NP solutions had similar
concentrations, as measured by TGA (~1015 NP/ml).
The monocomponent samples displayed similar behavior to those seen in earlier runs,
with each sample passing through the same stages as seen before (which indicates that this
pattern of progression is typical of supercrystal formation and not the result of x-ray beam
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interaction with the sample). After a period of amorphous signal (approximately the first 8
minutes of drying) narrow, fragmented rings appeared, which increased in intensity and
narrowed until finally, towards the end of measurement, expanding outwards and stabilizing
(see Fig. 5-7). Most of the NP solutions used resulted in a variant on face-centered cubic-like
structure, with between 9-11% compression in the z-axis (see Fig. 5-8). However, the 7.0 nm
diameter Fe2O3 NPs formed a hexagonal-close-packed-like structure, with lattice parameters
a = b = 7.3 nm and c = 11.9 nm, equivalent to hcp with 10.5% contraction in the z-axis from
hcp (Fig. 5-9). The prevalence of fcc-like structure in the larger NP systems is as predicted in
the literature; the hcp-structure observed in the 7.0 nm diameter NPs is similar to what we
have reported in Chapter 4 and Ref. 4, although it is not clear why hcp-like structure is
preferential for this size of NPs.
The binary NP supercrystal structure is more challenging to understand. From the
scattering data in Fig. 5-10, the structure has been most closely matched to NaCl or rocksalt
structure, with the two separate NP sizes positioned on the sodium and chlorine sites,
respectively and with lattice parameter a = 20.9 nm. There is, once again, a degree of z-axis
compression, in this case ~9%. This rocksalt structure is essentially identical to that of the
14.0 nm diameter NP monocomponent supercrystal (as seen in Fig. 5-7), with the 7.0 nm
NPs sitting on the tetrahedral interstices of the 14.0 nm diameter NP face-centered cube.
SEM of the top surface of the binary superlattice (Fig. 5-11), however, shows what appear to
be two distinct crystal structures: areas with various facets of the rocksalt structure (Fig. 511a) and areas with what appears to be a layered AB-stacked hexagonal structure (Fig 5-11b).
While estimating relative quantities from SEM is imprecise at best, the majority (~90%) of
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Figure 0-8: Comparison of line-plots along x and z axes at three different times for a binary
NP supercrystal composed of 7.0 and 14.0 nm diameter Fe2O3 NPs. A 9% difference in
lattice parameter can be extracted from the difference in peak positions, even at early times
before the diffraction pattern has stabilized.

166

Figure 0-9: SAXS data from in situ measurement of NP supercrystal film composed of 7.0
nm diameter Fe2O3 nanoparticles. On the right, raw scattering data; on the left, a line-plot
along the x-axis.

Figure 0-10: SAXS data from in situ measurement of binary NP supercrystal film composed
of 7.0 nm and 14.0 nm diameter Fe2O3 nanoparticles. On the left, raw scattering data; on the
right, line-plot along the x-axis.
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Figure 0-11: SEM micrographs of the top surface of a binary NP supercrystal film composed
of 7.0 nm and 14.0 nm diameter Fe2O3 nanoparticles. (a) Showing rocksalt structure, as is
typical for most of the film. Inset in the upper right is a 3D model of the rocksalt structure. (b)
Showing layers of hexagonal-packed NPs, each layer composed of only one size of NPs.
Both crystal types were found on the same sample.
the surface area appears to be rocksalt structure. Further analysis is under way to determine if
any scattering signal from the hexagonal-packed regions is present in the data. Separating the
signals of these two crystal structures requires simulating the scattering intensities expected
from them. This represents the first example of 3D binary supercrystals being examined in
situ during formation.
Two other points of interest are noted from the in situ experiments. First, it can be
seen from the early-time-point data for both binary and monocomponent supercrystals (Fig.
5-8) that the compression in z-axis data appears to be present (with the same % of
compression) even at the very earliest stages of crystallization. This is surprising, as earlier
results suggested that this contraction occurred at the end of drying and was due to
anisotropic relief of strain in the supercrystal caused by removal of solvent volume. It is also
clear from the time-resolved data that the evolution of the monocomponent supercrystals is
relatively simple, while the binary supercrystal has new peaks appear and existing peaks split
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(possibly due to the formation of a second crystal phase or due to symmetry-breaking in an
existing crystal phase) at times after the initial observation of crystalline order.

169

5.4 Conclusions
These results show the viability of this technique for studying the progress of
supercrystal formation, and the importance of the types and degree of control offered by our
supercrystal formation method. Issues regarding x-ray-induced modification ofo the sample
and the effect this may have on the data need to be addressed, but it is safe to say that the
duration of supercrystal formation has been measured, and the likely stages within
crystallization identified. While it is still too early to draw definitive conclusions, especially
regarding the symmetries of the binary NP supercrystals, it seem likely that the in-situ
method presented in this chapter will provide even greater insight into superlattice formation,
and on the relationship between the formation process and the symmetry of the resulting
ordered NP arrays. Further investigation of these phenomena will be the subject of future
studies.

This work will be submitted for publication as C.G. Lu, A.J. Akey, C. Dahlman, D. Zhang,
and I.P. Herman, “Resolving the Growth of Colloidal Nanoparticle Superlattices by In-situ
X-ray Scattering.”
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Figure 0-12: Blueprints for custom vacuum cell.
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Concluding Remarks
This thesis concludes with a summary of results and suggestions for future work.

6.1 Summary
In conclusion, two different classes of hybrid nanomaterial have been synthesized and
investigated in this thesis. Hybrid nanomaterials composed of cadmium selenide
nanoparticles and single-walled carbon nanotubes (SWNTs) have been studied; a novel
synthetic method for these hybrids has been presented, and an anomalous photoluminescence
behavior examined. SWNTs can be decorated with CdSe nanoparticles at high loading
densities, following the removal of the nanoparticle surface ligands and replacement with
pyridine. The resulting hybrids are thermally stable up to 350ºC and mechanically stable
against sonication. Several different types of nanoparticles can be used to decorate the
SWNT. The photoluminescence Stokes shift in the bound nanoparticles is shown to be
reduced relative to that of unbound nanoparticles. This difference is attributed to Forster
resonance energy transfer from the nanoparticles to the nanotube, leading to hot
luminescence in the nanoparticles. This hot luminescence assignment has been shown
plausible using a simple steady-state rate-equation model, and may be a useful phenomenon
for photovoltaic applications. Additionally, the potential for other forms of
nanoparticles/nanostructured-carbon hybrids has been demonstrated, opening up a plethora of
possible novel materials to be explored.
Supercrystals of colloidal nanoparticles have been formed using lithographicallypatterned reservoirs and capillary channels, giving unprecedented control over both
supercrystal dimensions and placement; these supercrystals form within a few hours. These
results have been extended to the formation of large-area (> 10 µm lateral dimension) thick (>
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1 µm) supercrystals on substrates, and the formation mechanism probed by in situ smallangle x-ray scattering. Both monocomponent and binary supercrystals have been studied.
The outcomes of this work should stimulate continued research into understanding the
formation mechanism and the emergent properties of these systems.
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6.2 Future Work
6.2.1 Nanoparticle-SWNT Hybrids
While many interesting things have been learned in this thesis from the materials
introduced in Chapter 2, there remain a number of questions to be answered. The
combination of a semiconducting quantum dot, with its high internal quantum efficiency and
tunable bandgap, and a single-walled nanotube, with its high carrier mobility and aspect ratio,
is an obvious candidate for photovoltaic devices; the ability to convert light into excitons
efficiently in one material, and then carry charges to terminals efficiently in a nearby material,
neatly addresses two of the fundamental problems in photovoltaic design. However, there
remains the issue of charge separation, which cannot be approached without truly
understanding how the transfer of energy or charges from one material to the other is
accomplished. To this end, the nature of the coupling between them should be probed further,
using a variety of techniques as described below.
In addition to probing the coupling mechanism, it would be worthwhile to begin
serious investigation into exploiting this phenomenon. While Forster transfer is not generally
considered a desirable mechanism in photovoltaic systems, the unique geometry and
electronic properties of carbon nanotubes may make a Forster-transfer-based photovoltaic
device possible in this case. A series of experiments is suggested to test this, and to exploit
recent discoveries regarding multiple exciton generation in SWNTs.
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6.2.1.1

Steady-State Photoluminescence Measurements

First and foremost, there are a number of relatively easy photoluminescence
experiments which, if carried out, would enhance understanding of the hybrid CdSe
NP/SWNT system. At present, only the visible-spectrum photoluminescence of these
materials has been probed; however, semiconducting SWNTs also photoluminesce, albeit
weakly, in the near-infrared, with a PL spectrum determined by their bandgaps, and thus in
turn by their chiralities. With a chirality-separated sample, such as the ones based on the
NanoIntegris density-gradient-ultracentrifugation-separated nanotubes reported in Chapter 3,
it would be possible to characterize any differences in PL caused both by the fabrication of
the hybrid and by energy or charge transfer between the two materials.
As discussed in the introduction, semiconducting SWNTs have bandgaps typically in
the near-IR. It has been observed that the SWNT absorption spectra in the visible do not
change with the addition of CdSe NPs to the SWNT sidewalls; it is unknown at present
whether the SWNT PL spectrum is affected. Therefore the first experiment that should be
done is clear: a suspension of semiconducting SWNTs should have their near-IR PL signal
measured both with and without CdSe NPs attached. The excitation energy used to excite
SWNT PL must be well below the first-exciton absorption energy in the CdSe NPs, to avoid
forming excitons in the NPs and thus negate any energy or charge transfer processes. In
addition, the distribution of SWNTs before and after attachment of NPs must remain the
same. At the moment it is believed that the attachment process does not preferentially select
one size of CdSe NP over another; it is unknown, however, whether the same holds true for
the SWNTs. It will be necessary, then, to use a sample of SWNTs that have undergone
identical processing to the hybrids as a reference sample.
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Even this may not be sufficient, however; it has been observed during hybrid
fabrication that a certain amount of SWNT material remains suspended in pyridine after
centrifugation, and is therefore discarded during the washing cycle. It is unknown whether
this SWNT material consists of small or large SWNTs, or whether during attachment some
SWNTs become so totally covered in NPs as to become soluble in pyridine, and then get
discarded with the similar-solubility unbound NPs. (These “encapsulated” SWNTs deserve
greater study as well, if a method for extracting and purifying them can be devised.) It may
thus be necessary to eventually move away from using suspensions of SWNTs for this
experiment and to instead use a more stable sample of SWNTs immobilized on a substrate.
We have shown that, at least at low densities, such a sample of SWNTs can have NPs
attached to it; it should be possible to scale the number of SWNTs on the surface up until
they are sufficiently dense to provide a usable PL signal. Thorough removal of unbound NPs
may be somewhat harder on a substrate than in solution.
Since Forster transfer is responsible for the observed decrease in PL Stokes shift in
the NPs, there should be a corresponding change in the near-IR PL of the SWNTs. Therefore,
once the PL of the hybrids has been measured, as above, it should then be probed using an
excitation energy above that of the NP first-exciton absorption peak. This will create excitons
in the NPs and will therefore create excitons in the SWNTs by FRET. The effect this will
have on the SWNT near-IR PL is uncertain; we believe it likely that these excitons will
rapidly relax to the SWNT band-edge, and then recombine, resulting in an intensification of
the PL signal from the SWNTs. However, this change in intensity will not be uniform for all
SWNT chiralities. Due to the resonance-dependence of FRET, some SWNTs may experience
FRET and the resulting PL intensity change more strongly than others, leading to non-

177

uniform changes in the SWNT PL spectrum. Whatever the result, the behavior should be
interesting and should lead to more insights into the properties of the hybrids.
Should FRET ultimately not prove to be the major mechanism for the observed PL
behavior in the hybrids, differences in the PL from the SWNTs should become apparent. If,
for example, charge transfer is a major mechanism (which is currently not expected), instead
of increased PL from the SWNTs there should be PL quenching (as excitons in the SWNT
are quenched by the transferred charges) as well as some possible weak doping effects on the
band structure of the SWNTs leading to PL peak shifts. If instead a strong-coupling effect
which changes the inherent band structure of both materials is responsible (which, again, is
currently not expected), the PL of the hybrids produced with an excitation energy below the
CdSe NP first exciton absorption peak should be substantially different from that of the
SWNTs alone.
As an additional avenue of investigation, hybrids can be formed using a different
species of NP, ideally one with a bandgap in the near-IR close to the bandgaps of the
nanotubes in the samples. Lead sulfide and lead selenide nanoparticles can be fabricated with
highly-controlled diameter distributions in much the same way as CdSe, and should be able
to attach to the nanotubes in a similar fashion, but possess bandgaps ranging from 0.35 eV1.6 eV depending on diameter. With careful control of diameter and good monodispersity, it
should be possible to tune the bandgap-distribution of the nanoparticles to match the
bandgaps of different SWNTs in a semiconducting-SWNT sample, and thus to observe
different changes in the SWNT PL spectrum. If the resonance dependence of FRET between
NP and SWNT in the hybrids can be measured directly in this way, it would improve
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modeling of the phenomenon greatly. It may also be possible, by exploiting this resonant
effect, to enhance the efficiency of excitation transfer between NPs and SWNTs.
One more simple set of experiments should be performed. Up until now, it has proven
very difficult to fabricate a series of Type-I core-shell NPs based on the same batch of NP
cores, but with different and controlled shell thicknesses. With sufficient effort the chemical
synthesis aspect of this problem should be solvable, allowing for precise, near-atomicmonolayer control over shell thickness. By attaching NPs consisting of identical CdSe cores
with varying thicknesses of shell material (ZnS) to SWNTs, the effect of distance between
the CdSe core and SWNT on the observed phenomenon can be measured, using PL in both
the visible and the near-IR. Some attempts at this were made already in this thesis, but ran
into problems with controlled growth of arbitrary-thickness shells on the core; in particular,
attempts to make shells of more than 7 atomic layers tended to result in non-spherical NP
geometries (generally tetrahedral). Further work on the synthesis side will enable this
otherwise simple and informative series of experiments to be performed.
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6.2.1.2

Single-Chirality SWNT and Isolated SWNT Measurements

As a follow-up to the above steady-state PL measurements, it would be advantageous
to repeat the same measurements with well-characterized samples of nanotubes of only one
chirality, as well as with samples containing only one SWNT. Single-chirality SWNT
samples can in principle be produced by density-gradient ultracentrifugation, although at the
time of writing no commercial source exists. Use of a single, well-charaterized SWNT
chirality would allow more detailed and in-depth studies of the resonance dependence of
FRET in this system, as well as simplifying electronic measurements of the materials.
However, if such a sample cannot be acquired, a second route is open: study of individual
SWNTs on substrates.
Several methods exist to determine the chirality of an individual SWNT on a
substrate, including both Raman and Rayleigh spectroscopy. Rayleigh spectroscopy is
slightly simpler once an appropriate sample has been fabricated, but the fabrication process
generally involves growing by CVD nanotubes on a silicon substrate that has a large (>1 mm
wide) slit etched through it by chemical etching. Raman methods are simpler, being
applicable to SWNTs in contact with substrates, which can be measured in reflection mode.
However, as detailed in Chapter 1, chirality-assignment by Raman spectroscopy requires
multiple excitation sources and multiple measurements. Chirality can also be determined by
PL, but performing single-nanotube PL is extremely challenging due to the resulting low
signal intensity.
Once a SWNT has been immobilized on a susbtrate, and its chirality determined, NPs
can then be attached via the normal hybrid fabrication process. The resulting hybrid is still
difficult to analyze by PL and similar optical methods (although Rayleigh spectra of a
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suspended hybrid would be interesting, giving insights into the electronic structure of the
hybrid), but it presents the possibility of making electronic measurements of the hybrids
using a suitable device geometry. A single-chirality nanotube sample in solution, by contrast,
can be easily tested as a hybrid component with multiple different sizes of CdSe NPs, as well
as with PbS, PbSe, and even larger-bandgap quantum dot nanoparticles such as those made
of zinc sulfide and zinc selenide. Using different NP sizes with different quantum-confined
bandgaps should allow the resonance effect of FRET (once again, assuming FRET to be the
dominant mechanism) to be observed, both in terms of PL Stokes shift changes in the NP PL
and in changes in the near-IR SWNT PL. These samples should also have their absorption
spectra measured to determine if hybrids with different sets of bandgaps exhibit any evidence
of strong-coupling effects (although none is expected). The same measurements should also
be performed with the core-shell NP series as described previously for ensembles.
If more time and equipment were available, much of interest might be learned using
isolated single-chirality SWNT-based hybrids on substrates via two more specialized
techniques. Scanning tunneling microscopy and scanning tunneling spectroscopy (STM and
STS, respectively) can in principle be used both to image the hybrids at high resolution and
to probe the local electronic structure the NP and SWNT individually. It may also be possible
using STS to probe the nature of the bonding between the NP and the SWNT.
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6.2.1.3

Ultrafast Optical Measurements

While the previous experiments have focused on steady-state photoluminescence and
absorption, the most direct method of elucidating the mechanism behind the observed
behavior is to observe it on the timescale in which it happens, using ultrafast optical
techniques. Work has been done and reported above using single-wavelength ultrafast
photoluminescence, and has provided some insight into the behavior of the hybrids, but more
remains to be done. Use of single-wavelength ultrafast PL to probe the luminescence of the
SWNTs would be of great value. If FRET generates excitons in semiconducting SWNTs, and
the PL of those SWNTs consequently increases in intensity, then it may be possible to see a
decay in that PL intensity which differs between SWNTs and hybrid NP/SWNTs. This
difference would depend on the difference in FRET rates from NP to SWNT and radiative
decay rates in the SWNTs, and would provide more evidence of FRET in this system.
However, this is still an indirect measurement of the phenomenon. To truly measure
the Stokes shift reduction effect in the visible and connect it to FRET, the spectral shift of the
NP PL needs to be measured on ultrafast timescales, as does the (presumed) rise in SWNT
PL. Early work in this direction was reported in Chapter 3, with somewhat informative
results. The PL spectra of the CdSe NP component of hybrids (HiPCO ensemble-based
hybrids) have been measured on ultrafast timescales, with the help of the Center for
Functional Nanomaterials (CFN) at Brookhaven National Laboratory (Figs. 3-6 and 3-7). As
the figure shows, the Stokes shift for both NPs and hybrids has to occur before the collected
data begins, during the 45-ps delay between excitation and collection for the instrument used.
This sets an upper limit on the timescale over which whatever process is reducing the Stokes
shift must occur.
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To properly measure the Stokes shift on the needed shorter timescale, a faster system
is necessary. Given the predicted timescales of the Stokes shift, the instrument used will
need to begin collection very shortly after the moment of excitation, and should have sub-ps
resolution in order to be of use. Some processes important in the model developed in Chapter
3 (such as relaxation from initial excited state to the band-edge) occur with time constants of
hundreds of femtoseconds, so it is necessary to seek out an instrument with femtosecond
resolution. Fortunately such an instrument exists, and is available at the same facility where
the earlier ultrafast measurements were performed. A fluorescence-upconversion based
ultrafast luminescence system such as the one at the CFN should be able to observe the
spectral shift in the peak of the NP photoluminescence over the first 45 picoseconds after
excitation. The current model can be used for steady-state conditions (as used in Chapter 3)
and for the ultrafast spectral response of the system as well, and predict the outcome of these
experiments. It is expected that the hybrids will show a rapid decay in visible PL intensity
during the time interval before and during the Stokes shift, resulting in the steady-state PL
signal already observed. At the same time, the SWNT near-IR PL should show a
corresponding rise in intensity, directly demonstrating the transfer of excitation from one to
another during these fast timescales.
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6.2.1.4

Electronic and Photovoltaic Studies

While CdSe NPs are mostly known for their optical properties, carbon nanotubes
have attracted great interest due to the remarkable electronic transport behaviors they exhibit.
It is only appropriate then that an intensive optical study of the hybrid be complemented by
some investigation into carrier transport. The experiments that have been performed to date
show no evidence that the electronic behavior of the SWNTs has been perturbed by the
addition of CdSe NPs, but other research involving the attachment or growth of other species
of NP on the surface of SWNTs has found electronic effects, such as chemically-sensitive
conductance changes. It seems reasonable to assume as well that if FRET (or charge-transfer
or strong coupling) is occurring in this system, the resulting transfer of energy from NP to
SWNT should be measurable by fabricating nanoscale electronic devices with the hybrids as
an element and performing a series of measurements on them.
Some attempts at these measurements were made in this thesis. As a preliminary
study, HiPCO SWNTs were placed in simple FET geometry devices using dielectrophoretic
deposition and alignment, both before and after NP attachment. The devices containing only
HiPCO SWNTs showed standard SWNT ensemble behavior, dominated by the metallic
component of the bundled nanotubes; a few devices, however, were found that could be
turned off by gating, indicating that they consisted of one or a few semiconducting nanotubes
and no metallic ones. Hybrids showed identical behavior, with a few semiconducting devices
and a majority of metallic-dominated ones. Saturation current and turn-off voltages were
comparable between unmodified and NP-decorated SWNT ensembles. These devices also
showed no obvious difference in their response to light of various wavelengths, including
both laser light (514.5, 488.0, 632.8, and 442.5 nm) and room light. Both sets of devices
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showed slight changes in their conductance as a result of illumination, which can be
attributed to a number of factors, probably dominated by oxygen desorption from the surface
of the nanotubes and local heating.
FRET between the NP and the SWNT would result in an increased population of
excitons in SWNTs under illumination, not an increase in lone charges, so a standard
photovoltaic device using a SWNT as either the p or n half of a diode will not measure any
photocurrent from FRET. However, a structure can be fabricated that should be able to
measure transfer electronically, called a split-gate photodiode. In Ref. 1, a SWNT is
connected to source and drain electrodes on top of a gate dielectric, with two separate gate
electrodes beneath it, one to each end of the SWNT. These gate electrodes are placed at
opposite biases, creating a potential gradient along the SWNT long axis. By tuning the
potential on these gates, excitons in the SWNT can be broken into component charges, which
will then migrate to the source and drain electrodes and can be detected as a current. Such a
device can be constructed either using CVD-grown SWNTs on top of a prepared substrate, or
by using dielectrophoresis to position SWNTs on the device. A split-gate photodiode can also
be used to distinguish between charge transfer (which would not require the split-gate effect
to generate a photocurrent) and FRET.
The procedure for these experiments would be the following: first, split-gate devices
(with gates buried underneath a gate dielectric) would be fabricated by standard lithographic
techniques. Then, well-characterized samples of SWNTs, ideally of either purely
semiconducting/metallic or single-chirality if available, would be suspended in a non-polar
solvent and deposited on the devices by dielectrophoretic deposition. Source and drain top
contacts would then be applied, leaving the majority of the length of the SWNT exposed
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between them. The photodiode would then be illuminated, using light both above and below
the bandgap of the NPs to be attached later on, and both with and without the split-gate bias
applied, to measure the intrinsic photocurrent of the nanotube with and without gate-assisted
exciton-splitting. For convenience, a single back-gate under the entire device would be
included, to allow the SWNT to be measured as an FET and ensure that it is both a single
nanotube (from saturation current) and that it responds to gating as it should (and thus is truly
semiconducting). Finally, the nanotube could be characterized by Raman or PL methods to
determine its chirality (needed for calculating the spectral overlap of absorption with the NP
added later).
Next, the device would have NPs attached via the method of Chapter 2. The NPs
chosen would vary widely in bandgap, ranging from close to that of the SWNT (PbS) to
those with bandgaps greater than twice the SWNT bandgap (CdSe, ZnSe, etc.). The
photodiode would then be characterized again as before, and the additional photocurrent
resulting from FRET between NP and SWNT could be calculated. Using a series of different
illumination wavelengths would ensure that the additional photocurrent measured was not
resulting from a perturbation in the SWNT but only from excitations in the NP dipolecoupling with the SWNT.
This device geometry has an additional benefit, in that it allows the hybrids to be used
to repeat a very interesting set of experiments detailed in Ref. 1. The multiple-excitongeneration (MEG) effect, observed in SWNT split-gate photodiodes at temperatures below
90 K, is of enormous potential importance to the photovoltaic community. The discovery that
light of only 2.1 times the bandgap energy of the SWNT can result in the creation of two
excitons means that the Shockley-Queisser limit for solar cells can be exceeded with these
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devices. However, the absorption cross-section of individual carbon nanotubes in the visible
is low, leading to low potential efficiencies for single-tube devices, and the bandgaps of the
tubes are impossible to predict without using chirality-purified samples. Addition of CdSe
NPs, with their controllable bandgaps and large absorption cross-sections, could potentially
boost the efficiency of such a device. Experimentally, a single-SWNT photodiode could have
its MEG efficiency measured by the same methods detailed in the reference, and then,
following NP attachment, any increase in multiple-exciton effects would be observed. Since
FRET would result in the creation of excitons in the SWNT with nearly the same energy as
those in the NP (i.e. excitons with energy close to that of the quantum-confinement bandgap
in the NP, assuming the FRET-active state in the SWNT is of similar energy), the effect
would be to greatly increase the number of high-energy excitons in the SWNT. By tuning the
NP bandgaps through size control, the onset of additional MEG events stemming from
Forster-transferred excitation could be observed, as well as any enhancement in the
efficiency of the photovoltaic device. This work would be an excellent demonstration of the
value of non-traditional approaches to photovoltaic device design, using FRET and separated
gates instead of charge-transfer to harvest energy. It should be noted, however, that such a
device is unlikely to be practical for energy generation as designed, due to the need for the
split-gates to break the excitons. If a solid-state equivalent could be designed, however,
perhaps using contacts with appropriate offsets relative to the SWNT, there might be actual
practical applications for such a device.
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6.2.2 Colloidal Nanoparticle Superlattices
The results detailed in Chapter 5 represent the current state of that work; further
analysis of the data, combined with future experiments at the NSLS Beamline X9 SAXS
facility, should provide new insights into these materials in the future. Other plans for the
future of this particular research effort are described in Chapter 5.
One area that deserves additional consideration, however, is the search for intriguing
nanoparticle superlattice properties. The most likely candidate for novel and accessible
properties appears to be magnetic nanoparticle superlattices, where NPs can couple to each
other either through magnetic dipoles or through the exchange interaction (if particle-particle
separation is sufficiently small). It may be possible to create novel magnetic materials from
these systems; for example, a magnetic nanoparticle supercrystal with tetragonal symmetry
would presumably have stronger particle-particle coupling along the close-packed direction
than along the long axis of the unit cell. If the coupling is sufficiently sensitive to
nanoparticle spacing, significant anisotropies in magnetic behavior may be created. In order
to examine these effects, it is necessary to create both large, thick, uniform samples of
supercrystals, and to use nanoparticles with strong magnetic moments to maximize signal-tonoise during measurement. Cobalt and CoPt nanoparticles are excellent candidates for this.
Using our control of binary superlattice formation, it should be possible to mix these
magnetic nanoparticles with magnetically “neutral” nanoparticles, perhaps an oxide, to create
a variety of symmetries with a variety of collective magnetic properties.
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