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1 Definition of the Topic

Optical characteristics of nanocomposites provide deeper insights into the overall
function of these materials. This chapter describes steady-state and time-resolved
optical properties of nanocomposites in the UV-Vis range derived through the
analysis of a variety of nanoparticle architectures and the extrapolation of general
trends from these examples.

2 Overview

Recent progress in controlling the size, morphology, and growth rate of inorganic
nanocrystals synthesized via colloidal routes has enabled cost-effective methodol-
ogies for the creation of complex nanocomposite systems. These nanostructures are
constructed through multistaged syntheses, wherein each step is accompanied by
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the addition of a new component, providing a greater degree of control over the
optoelectronic properties that govern the overall functionality of the nano-object.

The characteristics of nanocomposites are usually tuned by adjusting the size,
shape, and material composition of individual domains as well as the architecture of
the overall nanostructure, as electronic interactions across material interfaces
strongly contribute into the behavior of the complex nanocrystal.

By analyzing the outcome of steady-state and time-resolved optical measure-
ments, this chapter deciphers the optoelectronic properties of nanocomposites
during each stage of the synthesis, providing insights into the mechanism underly-
ing the observed spectral phenomena. Meanwhile, the structural analysis of these
nanocomposites using transmission electron microscopy (TEM) adds to procuring
a relationship between the observed optical characteristics and the morphology of
investigated nanocomposites.

3 Introduction

Inorganic nanocrystals represent one of the most fruitful grounds for the current
research in nanoscience and nanotechnology, as they are relevant both to the
fundamental understanding of the size- and dimensionality-dependent laws of
nanoscale matter and to the bottom-up development of new functional materials,
devices, and processes. Unique properties of these nanoparticles arise from the
onset of carrier confinement in the two or three dimensions, such that the energy
absorbed through optical or electrical excitations can be controllably trapped or
channeled within the structure, which gives rise to enormous array of possible
applications and new technologies, including lasing [1], photovoltaics, [2, 3]
photocatalysis, [4, 5] LEDs, [6-11] bio-labels, [12—14] thermoelectric elements,
[15, 16] field-effect transistors, [17-22] magnetic doping, [23, 24] and memory
elements. [25-29].

Conjoining two or more materials in a single composite nanocrystal via low-cost
colloidal routes further facilitates the design of nanostructures with “adjustable”
electronic and optical properties, leading to a new degree of freedom in the
development of multifunctional composites. [30—33] Adjacent domains of semi-
conductors having different band gap values and appropriately chosen band offsets
could be used to trap electron—hole pairs in specific regions of the nanocrystal (type
I confinement), thus forcing them to recombine therein with high efficiency.
Alternatively, composite nanocrystals with a type II alignment of material band
gaps, constructed in such a way that band edges of one domain lie lower in energy
than the corresponding band edges of the other, facilitate spatial separation of
electron—hole pairs (excitons) between different parts of the composite nanostruc-
ture, which can be harnessed for the development of photovoltaic and
photocatalytic materials [34].

Nanostructures are also further classified by their material combination, sepa-
rating them into semiconductor—semiconductor and metal-semiconductor systems.
These composites can manifest in a variety of geometries such as core/shell, [30]
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dot-in-a-rod, [35-38] barbell, [39—41] heterodimer, [42, 43] tetrapod, [44] and
multibranched [45] nanocrystals. Frequently utilized material combinations for
metal-semiconductor systems include Au/CdSe, [46, 47] Au/CdS, [48, 49]
Pt/CdS [50], and Au/PbS [22], while semiconductor—semiconductor composites
often utilize II-VI or III-V materials. The following sections analyze optical
properties of these systems in more detail.

This chapter provides an overview of the optical properties of the aforemen-
tioned classifications of nanocomposites throughout their synthesis. These systems
have been chosen as they comprise structures that demonstrate a range of general
phenomenon typical of the various types of nanocomposites currently being
researched. This chapter will begin with the simpler type I system, proceeding in
increasing complexity through the type II system, and terminating with the analysis
of the semiconductor—metal systems. The evolution of the optical properties will be
presented, along with general conclusions that can be made using the information
obtained from a number of examples.

4 Experimental and Instrumental Methodology

All nanoparticle types analyzed in this chapter are fabricated using “bottom-up”
methodology via solution phase colloidal chemistry. These syntheses were carried
out under argon or nitrogen environment at temperatures ranging between 30 °C
and 450 °C. Owing to their colloidal stability, investigated nanocomposites are
usually stored in nonpolar solvents.

Steady-state UV-vis absorption and photoluminescence spectra analyzed in this
chapter were recorded using UV-vis and fluorescence spectrophotometers (e.g.,
CARY 50 and Jobin Yvon Fluorolog). Time-resolved transient absorption spec-
troscopy typically employs Ti:sapphire amplified laser system operating at
a repetition rate of 0.1-200 kHz, which output is split into two components:
monochromatic pump and broadband probe signals. Fluorescence lifetime mea-
surements are usually performed using a time-correlated single-photon counting
setup utilizing either a single-photon counting PCI card (e.g., Becker & Hickle
GmbH), or a NIM bin-based amplification system comprising a differential ampli-
fier, constant fraction discriminator, time-to-amplitude converter, and analog-to-
digital converter units. The excitation of the sample is typically performed using
a picosecond diode laser, which repletion rate is chosen to allow no more than one
emission photon per 5-10 excitation pulses.

5 Key Research Findings
5.1 Semiconductor-Semiconductor Nanocomposites

Conjoining multiple semiconductor domains in a single nanocomposite provides
a higher degree of customization in the development of unique optoelectronic
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materials. By judiciously choosing the initial domains and the geometry in which
they are assembled, such heteronanocrystals can be made to offer superior control
over the spatial distribution of charge carriers across material interfaces, which
determines the overall functionality of the quantum system. Conventionally,
a heterojunction of two semiconductor materials can be classified as either type I,
where both carriers are confined within the same semiconductor, or type II, where
an electron and a hole are spatially separated in two different parts of the
heterostructure. Due to highly stable emissions associated with nanocrystals in
the first group [51-53], their properties are readily utilized in applications that
require a coupling of quantum dots to organic moieties, such as in hybrid LEDs
[8, 54, 55] or in vivo imaging, [13, 56] where the use of single-phase nanocrystals
typically causes an irreversible loss of fluorescence [57, 58] or severe blinking
[59-61]. Heterostructures of the second group benefit from an efficient separation
of charges between the core and the shell, which makes them useful in photovoltaic
applications [62—66], where spatial charge separation reduces an exciton dissocia-
tion potential, or QD-based lasers [1, 67, 68], where an electric dipole of
a photogenerated pair Stark-shifts the biexciton level resulting in a desirable linear
light amplification regime.

One common feature, characteristic to above-mentioned carrier localization types
is a straightforward correspondence between a quantum dot emission range and the
energy spacing between the two closest band edges of the semiconductor materials
that form the heterostructure. Indeed, for both type I and type II heteronanocrystals,
the energy of emitted photons is determined by the energy difference between the
closest zero-angular momentum states, 1S(e) and 1S(h), of the adjoined materials.

5.1.1 Type | Nanocomposite Systems

Type I nanosystems are constructed by combining two semiconductor materials in
such a manner that conduction and valence band edges of one material fall entirely
within the band gap of the other semiconductor, creating a potential barrier at the
interface. Likewise, semiconductor nanocomposites comprising more than one site
of attachment are referred to as type I when the higher potentials surround the low
band energy semiconductor. There is also a reverse type I system where the large
band energy semiconductor is located at the center of the structure and is enclosed
by the lower band gap semiconductor (see Fig. 13.1). As the name suggests, the
direct and reverse systems have opposite effects on the localization of excitons
created within them.

In type I nanocrystals, the potential energy restriction placed on the first material
by the larger band gap of the second material confines photoinduced charges to the
core of the nanocomposite. Restricting charge carriers to the central semiconductor
will increase the quantum efficiency of the fluorescence emission, as the lower
overlap of charge carriers with the surface states of the nanocomposite causes
a decrease in trapping rate. Likewise, the growth of the semiconductor shell in
atype I configuration helps protecting the optical characteristics of the core domain,
as in this case the photooxidation of the shell material and associated ligands does
not lead to the degradation of the core component.
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Fig. 13.1 Illustration of Type | Type I Type Il Reverse Type |
band-edge alignment in
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In reverse type I systems, the areas of lower potential energy reside on the outer
edges of the heteronanocrystal such that electrons and holes are both pushed out of
the central domain. In the case of a core/shell or a seeded tetrapod geometry, this
would result in the injection of charge carriers from the core into the shell or arms,
respectively. Reverse type I systems are less common than those with the direct
type I configuration, as they generally have fewer practical uses; one known
application of reverse type I systems is in LEDs which benefits from an enhanced
tunability of the emission color in such nanocomposites.

CdSe/ZnSe/ZnS Core/Shell/Shell Nanocrystals

As an illustrative example of a type I nanocomposite system, CdSe/ZnSe/ZnS core/
shell/shell nanocrystals will be analyzed in detail [69]. This system represents two
type I systems within itself, but due to the main focus of a previous chapter on core/
shell structures, the more complex core/shell/shell morphology was chosen to
exemplify a broader scope of architectures.

Fabrication of CdSe/ZnSe/ZnS core/shell/shell heteronanocrystals was carried
out one layer at a time, beginning with the synthesis of CdSe nanocrystals in
colloidal solutions, onto which a thin ZnSe shell was then grown in a separate
procedure. This step was then repeated for the growth of the ZnS shell, this time
using the CdSe/ZnSe core/shell structures as seeds.

Each layer of the CdSe/ZnSe/ZnS system provides a unique aspect to the overall
properties and function of the nanocomposite, with the core providing the greatest
influence on the spectral character of the fluorescence. A CdSe core capped with
original bulky ligands has relatively low emission quantum efficiency (typically less
than 25 %) due to ligand oxidation and desorption, which promotes the interaction of
the excitons with the surface states. This is mitigated by the inorganic surface
passivation provided by the ZnSe and ZnS shell. The ZnSe shell is first grown to
act as a transition, stress-relieve, layer between the CdSe core and the ZnS outer shell,
as the lattice mismatch between the latter materials is high, roughly 12 %, and growth
of ZnS directly onto CdSe would cause crystal defects, especially for shells exceeding
two to three monolayers (MLs) in thickness. It should be mentioned that a sufficiently
thick ZnSe shell would be able to provide adequate passivation, but ZnSe is not as
stable a material and prone to photooxidation. The final ZnS shell results in compa-
rable photoluminescence efficiencies, increased stability, and reduced biotoxicity, as
ZnS is known as an innocuous material, making these nanocomposites applicable for
biological labels and as well as nanocrystal LEDs.

The absorbance and emission profiles of the original CdSe cores are character-
istic of binary nanocrystals exhibiting a typically sharp absorption edge and narrow
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Fig. 13.2 (a) Schematic of core/shell/shell CdSe/ZnSe/ZnS nanocrystal. (b) Band gap energy
diagram of CdSe/ZnSe/ZnS nanocrystal. (¢) Absorbance and photoluminescence spectra of (a)
CdSe cores, (b) CdSe/ZnSe core/shell with a two monolayer thickness for the ZnSe shell, (c) CdSe/
ZnSe/ZnS core/shell/shell with a ZnS shell thickness of two monolayers, and (d) CdSe/ZnSe/ZnS
core/shell/shell with a ZnS shell thickness of 4 monolayers. (d) Photoluminescence quantum
efficiencies of various CdSe core/shell and core/shell/shell architectures depending on shell
thickness (Reprinted with permission from Talapin et al. [69]. Copyright 2004 American Chemical

Society)

emission width (Fig. 13.2). Growth of the ZnSe thin shell is marked by a drastic
increase in photoluminescent quantum efficiency, and the associated
bathochromatic (red) shift in both optical profiles due to the partial leakage of
charge carrier wave packets into the shell. Upon grow minor red-shifting in both the
absorbance and fluorescence occurs proportionate to the thickness of the shell as the
overall volume of the nanocrystal has increased, allowing the wavefunctions to
become slightly more delocalized. After the optimal thickness of the ZnS shell of
roughly 2.5 monolayers is reached, the photoluminescence quantum efficiency of
the ZnS layer, nanocomposites starts to decay when additional ZnS is added to the
surface. The absorbance spectra show contributions from each individual structure,
as is expected from multifunctional nanocrystal systems.

CdSe/CdS and CdSe/CdZnS Core/Giant Shells

Another example of a type I system is a core/shell and core/shell/shell structure that
demonstrates an extreme case of charge carrier localization by implementing the
growth of a giant shell around the core semiconductor [70] (Fig. 13.3). This giant
shell (approximately 15-20 monolayers in thickness) not only provides means for
inorganic passivation of the surface, increased stability, and increased quantum
efficiency but also helps suppress nanocrystal blinking, a phenomenon best
described as intermittency of fluorescence with on and off cycles lasting approxi-
mately several seconds. It is believed that nanocrystal blinking occurs when charge
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Fig. 13.3 Transmission
electron microscopy (TEM)
images for (a) CdSe
nanocrystals and (b) CdSe/
19CdS core/giant shells. (c)
Absorption (dark blue) and
PL (light blue) spectra for
CdSe nanocrystals. (d)
Absorption (dark red) and PL
(light red) spectra for CdSe/
19CdS core/giant shells
(inset: absorption spectrum
expanded to show
contribution from core)
(Reprinted with permission
from Chen et al. [70].
Copyright 2008 American
Chemical Society)
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carriers get trapped on surface states whereby charging the nanocrystal, thus
promoting Auger ejection or charge tunneling [59-61]. When the nanocrystal has
built up charge, it will no longer fluoresce until it has regained its neutrality.
Blinking must be mitigated before single nanocrystals become viable candidates
for applications that require reliable single-photon emission, such as quantum
informatics and biolabeling.

The synthesis of giant nanocrystals starts with the growth of CdSe seeds, 3—4 nm
in diameter, then a very large shell that increases the particles diameter to 15-20 nm
is fabricated by successive ion layer absorption and reaction (SILAR) [71] method.
This shell can be composed of either a single material or an alloy of materials.

The absorbance profile is dominated by the shell semiconductor, as the ratio of
shell to core material can reach 100:1 for nanocrystals that undergo ~20 monolayers
of shell growth [70]. In the CdSe/CdS core/shell nanocrystals, this is manifested as
the sharp onset of absorbance below 500 nm (Fig. 13.3d), which corresponds to the
band gap of bulk CdS. Despite the presence of a thick CdS shell, which has
dimensions that exceed the exciton Bohr radius for CdSe (=~ 6 nm), the emission of
giant CdSe/CdS nanocrystals is dominated by the band-edge fluorescence of the core
domain. This is a clear manifestation of a type I band-edge alignment, which confines
photoinduced charges to CdSe. A slight increase in the wavelength of the CdSe
emission upon shell growth is attributed to the minimal delocalization of charge
carrier wavefunctions into the shell domain. Lastly, Fig. 13.4 shows the fluorescence
intensity over time for core/shell nanocrystals, which exhibit blinking and the core/
giant shell architectures, which have mitigated this intermittent fluorescence.

PbS/CdS Core/Shell Heteronanocrystals
PbS/CdS core/shell nanocomposites with the core component exceeding ~ 3.2 nm
in diameter represent another example of type I heterostructures, which show strong



492 T. O’Connor and M. Zamkov

ON ON

Intensity (a.u.)
Intensity (a.u.)

0 400 800 0 1000 2000 3000
Time (s) Time (s)

Fig. 13.4 (a) Fluorescence intensity over time for a blinking CdSe/CdS core/shell nanocrystal
and (b) fluorescence intensity over time for a CdSe/CdS core/giant shell nanocrystal (Reprinted
with permission from Chen et al. [70]. Copyright 2008 American Chemical Society)

band-edge fluorescence in the 1,000-2,500-nm spectral range. [72] It should be
noted that PbS/CdS core/shell structures comprising smaller PbS cores (<3.2 nm in
diameter) will yield type II systems due to the size tuning of the PbS 1S(e) band
edge. Encapsulating larger PbS nanocrystals within a CdS shell not only enhances
the emission yield of these materials but also improves the stability of the structure,
which is otherwise quite susceptible to oxidation.

To initiate the synthesis, lead and sulfur precursors are reacted to create mono-
disperse PbS nanocrystal cores, into which a thin shell of CdS is implanted through
PbS?* — CdS** cation exchange. In this method, the nanocrystal cores are placed in
a solution that contains an excess of Cd** cations. These Cd ions will diffuse into
the outer layers of the PbS nanocrystals, replacing the Pb* and forming a thin shell
of CdS. This method can be done at relatively low temperatures and slow growth
conditions, allowing for the thickness of the shell to be accurately controlled. The
thickness of the CdS shell can be controlled with a submonolayer precision by
tuning either the temperature of the growth solution or the time of the exchange
reaction [72, 73] According to the high-resolution (HR) TEM analysis of several
PbS/CdS core/shell structures (Fig. 13.5), CdS shell grows uniformly on the surface
of PbS nanocrystals without creating noticeable lattice defects, which is attributed
to a relatively low lattice stress at the interface of PbS and CdS crystal phases (strain
~ 1.7 %). A good lattice match at the core/shell boundary can also enable the
growth of large CdS shells totaling 14—16 monolayers (ML).

The character of charge confinement in PbS/CdS core/shell nanocomposites is
readily substantiated based on steady-state spectroscopy of excitonic transitions in
these nanoparticles. According to Fig. 13.5, the Pb** — Cd** cation exchange in
PbS nanocrystals results in blue-shifting of the absorption and emission features,
which is attributed to the decreased length of the carrier confinement in PbS cores.
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Fig. 13.5 TEM of (a) PbS PbS
nanocrystal, (b) PbS/CdS
core/shell nanocrystal grown
via cation exchange, (c) PbS/
CdS core/shell nanocrystal
(~15 monolayers), and (d)
absorbance and fluorescence
of PbS (black) and PbS/CdS
(one monolayer CdS via
cation exchange) (red)
vertically offset for clarity
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The magnitude of this spectral shift is proportional to the reduction in the PbS
diameter and can be used here for estimating the thickness of the PbS layer that was
converted into the CdS shell. In addition to blue-shifting of excitonic transitions, the
transformation of PbS nanocrystals into PbS/CdS core/shell structures is accompa-
nied by a 5-10-fold increase in the emission intensity, which reflects a diminishing
probability of core-localized charges to be trapped on nanocrystal surfaces. Such
enhancement of the emission yield upon shell growth is consistent with the onset of
the type I carrier localization in PbS/CdS core/shell heterostructures, for which both
electrons and holes reside primarily in the core domain of the composite
nanocrystal.

5.1.2 Type Il Nanocomposites
By choosing the sizes and materials of each domain in a heteronanostructure,
a staggered alignment of the band edges at the interfaces of two materials can be
achieved. This type of architecture is commonly referred to as a type II system.
When an exciton is created within a type II nanostructure, the offset band gaps
create a potential gradient, driving the electron and hole away from each other and
spatially separating their wavefunctions. Due to a smaller degree of electron—hole
overlap, type II systems generally have weaker fluorescence characteristics and
longer emission lifetimes.

Type II systems will also experience a red-shift of the fluorescence peak relative
to the emission of their constituents originating from the recombination taking
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place at the interface between materials, whereby electrons localized in the con-
duction band of one semiconductor will recombine with holes residing in the
valence band of the other. This type of electron—hole recombination is also
known as a “spatially indirect” recombination. The typical value of a Stokes shift
in type II systems is thus dependent on the magnitude of the band-edge offset and
can range from just a few nanometers for CdSe/CdTe nanocrystals to hundreds of
nanometers for systems such as ZnSe/CdS or ZnTe/CdS.

CdSe-Seeded CdS Nanorods and Nanotetrapods: Quasi-type I
Heterostructure

Heteronanorods and tetrapods are two common morphologies of type II
nanocomposites. Both structures are usually fabricated by seeding the growth of
CdS or CdSe nanorods from small-diameter CdSe, ZnTe, ZnSe, or CdTe
nanocrystals, where a seed nanocrystal with wurtzite lattice structure yields
nanorods while seeds with a zinc blende crystal lattice promote the growth of
tetrapods [69]. More generally, however, the growth of the nanorods or tetrapods
morphology is controlled by a combination of the seed lattice type, seed concen-
tration [74], reaction temperature, and ligands. For instance site-specific ligands can
suppress the growth along certain axes allowing for the desired shape to be created,
while the size and length of nanorods can be controlled by concentration and
reaction time. Similar to previously analyzed PbS/CdS core/shells nanostructures,
CdSe/CdS heterostructures can transition between type I and type II systems
depending on the size of core, where larger cores will yield a type II alignment of
band edges.

In the case of CdSe nanocrystals, the growth of CdS linear extensions causes
notable changes in the spectroscopic characteristics. The absorbance profiles of
both nanorods and tetrapods will retain the excitonic edge associated the CdSe core,
which is now red-shifted, due to the increase in the confinement length of CdSe
excitons, but this feature is now overshadowed by the absorbance contribution of
the CdS in the linear portions of the nanorods and tetrapods, manifesting as a sharp
increase in absorbance around 450-460 nm, as is characteristic of CdS. This
increase will be shaped as a shoulder or ledge, rather than a peak, due to a loss in
dimensionality in the confinement of CdS excitations. Increasing the size of the
rods or tetrapods will have a proportional effect on the absorbance profile, as
the first spectral peak will shift redder and the CdS shoulder will be increased.
The absorbance contribution of CdS is significantly larger than that of CdSe due to
the high volume ratio of CdS material in the linear domains to CdSe in the core.
These effects can be seen in Fig. 13.7a-b, where the absorbance contribution from
the CdSe core is only recognizable after significant magnification. Tetrapods also
experience a larger red-shift than the nanorods, originating from the morphological
effects on electronic states and an intrinsic difference in energy levels of the types
of CdSe wurtzite and zinc blende crystal lattices (Fig. 13.6).

Addition of the CdS domains onto CdSe core is also reflected in the emission of
the CdSe/CdS nanocomposite, which undergoes a significant increase in
photoluminescence. The large absorbance cross sections of the linear components
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Fig. 13.6 (a) Absorption spectrum and TEM image of 4.4-nm CdSe nanocrystals with wurtzite
lattice and (b) absorption spectrum and TEM image of 4.0-nm CdSe nanocrystals with zinc blende
lattice (Reprinted with permission from Talapin et al. [69]. Copyright 2004 American Chemical
Society)

act like antennae, increasing the number of excitons created, which will either
recombine in the core (type I) or at the interface (type II). The type II fluorescence
will manifest as a redder peak, as the indirect recombination is always a lower
energy transition than direct recombination in either isolated semiconductor
domain. Type II transitions are also accompanied by Stokes shift. In Fig. 13.7,
graphs a and b, the associated Stokes shifts for nanorods and nanotetrapods are
~43 meV and ~78 meV, respectively. As the cores increase in size, this shift would
become larger, due to the increasing difference in energy between the lowest
absorption transition associated with CdSe and the decreasing energy of the inter-
domain radiative decay.

Fluorescence lifetime also experiences a notable increase with the growth of
linear extensions. Figure 13.7c and d illustrates the proportional relationship
between the length of the linear structures and photoluminescent lifetimes. The
trace of CdSe nanocrystals (black trace) is typical of binary nanocrystals, exhibiting
nanosecond non-exponential decay. Upon the growth of rod or tetrapod “arms,” the
decay trend becomes nearly linear due to lower charge trapping probability, with
tetrapods exhibiting lifetimes over twice as long as nanorods and nearly three times
that of isolated CdSe nanocrystals.

Lastly, minor shifts in the optical spectra can be achieved by altering the
dimensional parameters of the rods and tetrapods. As expected, large
nanocomposites have reduced quantum confinement effects, as the carrier
wavefunctions can spread out over or tunnel into a larger volume, but the spectral
profiles are more sensitive to changes in dimensions that exhibit a higher degree of
confinement. As a result, altering the diameter, or width, of the linear appendages
initiates a more profound change than does altering the length.
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Fig. 13.7 (a) Absorption (black) and photoluminescent (red) spectra of 46-nm-long CdSe/CdS
nanorods in toluene solution grown from 4.4-nm w-CdSe seeds. Gray line shows magnified
absorption spectrum to elucidate the structure of the absorption onset. Absolute photoluminescent
quantum efficiency of this sample was 80 %, measured at the excitation wavelength 514 nm. (b)
Absorption (black) and PL (red) spectra of toluene solutions of CdSe/CdS nanotetrapods with
24-nm CdS legs grown from 4-nm zb-CdSe seeds. Gray line shows magnified absorption spectrum
to emphasize structure of the absorption onset. Absolute PL quantum efficiency of this sample was
39 %, measured at the excitation wavelength 512 nm. (c¢) Fluorescence decay of 4.4-nm w-CdSe
nanocrystals (black) and CdSe/CdS nanorods with different lengths: 12.2 nm (red), 24 nm (green),
and 36 nm (blue). All samples were excited at 440 nm; emission was detected at the maxima of the
PL spectra. (d) Fluorescence decay of 4.0-nm zb-CdSe nanocrystals (black) and CdSe/CdS
nanotetrapods with arm length of 9.2 nm (red), 24 nm (green), and 38 nm (blue). All samples
were excited at 440 nm; emission was detected at the maxima of the PL spectra (Reprinted
with permission from Talapin DV, Mekis I, Gotzinger S, Kornowski A, Benson O, Weller H.
CdSe/ Reprinted with permission from Talapin et al. [69]. Copyright 2004 American Chemical
Society.
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Fig. 13.8 Representation of — Absorption
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ZnSe/CdS (Core/Shell)-Seeded CdS Heteronanorods

ZnSe/CdS nanorods provide another example of a type II system, for which
photoinduced holes are primarily localized in the ZnSe “dot” domains while
electrons are delocalized along CdS “arms” (see Figs. 13.8 and 13.9) [36, 75].
These structures are fabricated in a three-step procedure, beginning with
a ZnSe core, a thin shell consisting of a few monolayers of CdS, and finally
a CdS nanorod “arm.”

When an exciton is generated either in the core or “arm” domain of the ZnSe/
CdS nanorod, the staggered band-edge alignment at the material interface leads to
spatial separation of the charge carriers into different parts of the heterostructure. In
spatially asymmetric nanostructures, such separation of charges could be near
complete, which gives rise to unique optical properties associated with an induced
electric dipole. In the case of ZnSe/CdS heteronanorods, the electron wavefunction
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will spread out over the CdS domain while the hole is localized to the ZnSe
component. Materials exhibiting such properties are applicable in photovoltaic
technologies, where spatially separated carriers require less energy for dissociation;
anisotropic light sources, where an induced electric dipole provides the capability
for a high level of polarization; and optical modulators, where separation of carrier
wavefunctions allows for switching of nanocrystal emission energies via quantum-
confined Stark effect [75].

Figure 13.10 displays the optical properties of nanostructures after each fabri-
cation stage involved in the synthesis of ZnSe/CdS heteronanorods. Spectral char-
acteristics of ZnSe nanoparticles synthesized in the first reaction (Fig. 13.10a) are
typical of monodisperse binary nanocrystals, recognized by a sharp absorption edge
and a narrow emission bandwidth. The lingering, structureless tail, centered around
490 nm and noticeably extending into the infrared, is caused by the interaction of
excitons with external media at trap states, as the surface of the nanocrystal is not
optimally passivated by organic ligands at this stage. Figure 13.10, spectrum 2,
demonstrates the increased contribution from trap states when the organic ligands
are removed via heating, where the emission profile of unpassivated nanocrystals
has lost considerable definition in its fluorescence peak.

Deposition of a thin CdS shell onto ZnSe nanocrystals results in the onset of
a low-energy tail in the absorption profile (Fig. 13.10b), which extends over the
visible range due to an onset of type II localization regime. This process is
accompanied by quenching of type I violet emission in ZnSe nanocrystals and the
appearance of a new emission feature in the visible range. This new peak originates
from the radiative decay of excitons across the semiconductor heterojunction. Deep
trap fluorescence associated with the original ZnSe cores can be still observed
around 490 nm, as seen in Fig. 13.10d, spectrum 3, now joined by the contribution
from interfacial trap states at roughly 475 nm. Together, these trap state features
flank the emission peak corresponding to the spatially indirect (1S.(CdS)-
1S,,(ZnSe)) recombination in core/shell nanocrystals observed at 540 nm. As the
shell increases in size, the portion of the emission spectra attributed to trap states
begins to diminish (Fig. 13.10d, spectrum 4), and fluorescence lifetime continues to
increase (Fig. 13.10e, trace 3).

The growth of short, 1-2-nm CdS extensions at the final stage of the synthesis
leads to a near complete quenching of both deep and interfacial trap emissions, as
well as continuous red-shifting of the spatially indirect fluorescence, as shown in
the spectrum 5 of Fig. 13.10d. The diminishing contribution of traps to carrier
relaxation for these structures is also evidenced by the increasing lifetime of the
fluorescence intensity decay (Fig. 13.10e, trace 5).

Optical characteristics of high-aspect-ratio (ZnSe/CdS)/CdS heteronanorods are
shown in Fig. 13.10c. Due to the delocalization of electronic wavefunctions into the
increased volume of CdS, the emission of ~ 100-nm heteronanorods undergoes
a 10-15-nm red-shift from the peak position in short-branched (ZnSe/CdS)/CdS
heterostructures (Fig. 13.10d, spectrum 5). Growth of linear CdS extensions is also
accompanied by the 10-20-nm decrease in the spectral width of the emission,
which is consistent with further quenching of trap state emission as well as the
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Fig. 13.10 Optical characteristics of nanocrystal and nanorod colloids. UV-vis absorption and
steady-state fluorescence spectra for (a) 5-nm-diameter ZnSe nanocrystals; (b) ZnSe/CdS core/
shell nanocrystals, fabricated by depositing teo to three monolayers of CdS; and (c¢) high-aspect
ratio (ZnSe/CdS)/CdS heteronanorods. (d) Evolution of the fluorescence spectra during the three-
stage synthesis, showing the trap state emission. Deep traps contribute to the emission near 490 nm
as evidenced by the broad emission tail in passivated (spectrum 1) and unpassivated (spectrum 2)
ZnSe nanocrystals. ZnSe/CdS core/shell nanocrystals with ca. 1 monolayer of CdS exhibit both
deep and interfacial trap emission (spectrum 3). The former becomes quenched in thick-shell
ZnSe/CdS nanocrystals (spectrum 4), while the latter is reduced in large-size (oblong) core/shell
structures (spectrum 5) and becomes fully quenched in long (ZnSe/CdS)/CdS heteronanorods
(spectrum 6). (e) Fluorescence intensity decay for ZnSe (red), thin-shell ZnSe/CdS nanocrystals
(green), thick-shell ZnSe/CdS nanocrystals (blue), and (ZnSe/CdS)/CdS heteronanorods (black),
measured by means of TCSPC technique (Reprinted with permission from Hewa-Kasakarage et al.
[75]. Copyright 2009 American Chemical Society)
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increase of CdS shell beyond the “saturation” value associated with the onset of
type II localization regime.

The fluorescence intensity decay of (ZnSe/CdS)/CdS heteronanorods is shown in
Fig. 13.10e, trace 6. It is expected that radiative relaxation of spatially separated
excitons may exhibit unique relaxation times that arise from intrinsically different
carrier decay mechanisms associated with a weak-confinement regime. Owing to
a nonzero quantum yield and spatial separation of charges, fabricated
heteronanorods provide a model system for testing such hypothesis. According to
traces 5 and 6 in Fig. 13.10e, both short- and long-branched nanorods exhibit non-
exponential radiative relaxation of excited carriers, which is usually expected of
semiconductor quantum systems due to mixing of contributions from different
single-exponential lifetimes corresponding to “on” and “off” blinking cycles [76].
The fluorescence lifetime of high-aspect-ratio heteronanorods appears to be longer
than in short-branched heterostructures (Fig. 13.10e, traces 5 and 6), possibly the
result of fewer carrier traps present at the ZnSe/CdS interface or smaller overlap
between electron and hole wavefunctions brought by the delocalization of electrons
in CdS. The overall character of carrier relaxation in high-aspect-ratio
heteronanorods, however, appears to be similar to that of short heteronanorods or
even core/shell nanocrystals, indicating that a mechanism of radiative recombina-
tion across the ZnSe/CdS heterojunction is majorly independent of the degree of
charge separation.

ZnSe/CdS/ZnSe Nanobarbells and Transient Absorption Spectroscopy
In this section, we probe further into the optical properties of type II
heterostructures by reviewing the time-dependent changes in the absorption spectra
of ZnSe/CdS nanocomposites. To this end, the femtosecond transient absorption
(TA) spectroscopy is employed to provide a more detailed picture of the ultrafast
carrier dynamics in a barbell-like arrangement of ZnSe spheres and CdS nanorods
[77]. In these experiments, excited state populations for both ZnSe and CdS
materials were obtained through careful evaluation of measurements of the Stark
effect and state-filling contributions into observed bleach recovery traces. It is
reported that selective excitation of ZnSe tips results in an ultrafast transfer
(<0.35 ps) of excited carriers into CdS domains, whereas resonant pumping of
CdS portions of barbells leads to a comparatively slow injection of photoinduced
holes into ZnSe domains (1, = 95 ps). The observed interfacial electron transfer
occurring under resonant pumping conditions is faster than CdSe/CdTe [26] and
CdSe/CdS [27] heterostructures, regardless of the large spatial delocalization of
corresponding wavefunctions across the ZnSe/CdS nanocomposite. This phenom-
enon, attributed to the near-epitaxial relationship between ZnSe and CdS crystalline
domains, is expected due to a relatively small lattice mismatch (2.7 %) between
junctioned lattices that reduces interfacial strain, thus lowering the occurrence
interfacial defects.

Together, the fast spatial separation of photoinduced charges along the main axis
of ZnSe/CdS barbell and the availability of both carriers for a chemical reaction
with external media can be utilized for a number of optoelectronic applications.
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Fig. 13.11 Structural analysis of ZnSe/CdS barbells. (a) High-resolution transmission electron
microscope (TEM) images of ZnSe/CdS heterostructures. (b) A typical ZnSe/CdS barbell showing
unique directions of lattice planes for each of the material domains. (c) Statistical distributions of
barbell widths and diameters of ZnSe tips (in (d)) (Reprinted with permission from Hewa-
Kasakarage et al. [148]. Copyright 2010 American Chemical Society)

For instance, ZnSe/CdS is particularly well suited as a component for
nanocomposites capable of photocatalytic water splitting since the electrochemical
potentials of electrons and holes in ZnSe/CdS barbells straddle the Hy/H,O and
0,/H,0 redox potentials [77, 78]. In addition, fast charge transfer between ZnSe
and CdS domains can be harnessed in applications that rely on photoinduced
electric dipoles to modulate the spectral response of the material, such as electroab-
sorption switching and modulation [79], as is also demonstrated in ZnSe/CdS
nanorods exhibiting a photoinduced shift of the emission wavelength due to the
quantum-confined Stark effect [75]. In the case of ZnSe/CdS barbells, the observed
sub-picosecond electron transfer can enable switching rates of up to 1-2 THz,
which exceed the present day characteristics of Ge-based electroabsorption modu-
lators by an order of a magnitude [80].

Motion of excitons in the ZnSe and CdS domains of a barbell structure is
confined in three and two dimensions, respectively, with a corresponding degree
of confinement determined primarily by the size of ZnSe tips and widths of CdS
nanorods. Accurate determination of these geometric parameters prior to spectro-
scopic characterization of the system is thus critical for establishing expected
carrier energies in both materials. Average sizes of ZnSe and CdS domains are
calculated using data from high-resolution (HR) transmission electron microscopy
(TEM) measurements. Figure 13.11a and b displays typical HR-TEM images of
several ZnSe/CdS heterostructures, where the barbell-like arrangement of materials
can be identified by the characteristic direction of lattice planes in ZnSe tips
compared to those in the CdS nanorods. Statistical analysis of approximately one
hundred of such barbells shows a 5.7-nm increase of length along the 001 axis in
comparison with the CdS nanorods used for seeding the growth of ZnSe, and the
average tip size is 2.89 nm while the average width of barbells is roughly 4.1 nm.
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Fig. 13.12 Determination of excited state energies in ZnSe/CdS heterostructures. (a) Steady-
state absorption and emission (Aexcitation = 420 nm) spectra of ZnSe/CdS barbells (red) and CdS
nanorods (blue). Four lowest energy excited state transitions are identified in the absorption
spectra. (b) Calculated excited state energies for ZnSe/CdS heterostructures comprising 4.1-nm-
wide CdS nanorods and 2.85-nm ZnSe tips (Reprinted with permission from Hewa-Kasakarage
et al. [148], copyright 2010 American Chemical Society)

Steady-state absorption measurements confirm the narrow distribution of
barbell widths, inferred from the well-pronounced excitonic features related to
the 1S(e)-1S32(h) and 1P(e)-1P3/(h) transitions in CdS (Fig. 13.12a). The band-
edge absorption in the ZnSe portion of barbells, which spectral position is expected to
peak [81] at 384 nm, is not recognizable in this profile possibly due to the relatively small
composition of ZnSe in the overall volume of the nanocomposite, though evidence of
carrier absorption across the band gap of ZnSe is still provided by the observable change
in the slope of the absorption curve below 380 nm and the apparent bleaching of the
band-edge transition in time-resolved transient absorption measurements (Fig. 13.13c).

The relative alignment of n = 1 excited state energies in each component of the
ZnSe/CdS heterostructure is shown in Fig. 13.12b. Excited electrons find the mini-
mum of the conduction band in the 1S(e) state of CdS nanorods, which is positioned
0.80 eV lower than the 1S(e) energy of ZnSe tips. Meanwhile, photoinduced holes
will localize in the 1S3,(h) level of the ZnSe domain, which lies 0.53 eV above the
valence band edge of CdS nanorods. As expected, the energy of the spatially indirect
transition associated with the decay of carriers across the ZnSe/CdS interface is lower
than the band gap of either ZnSe or CdS materials, accounting for the red-shifted
emission of ZnSe/CdS heterostructures (hw = 2.1 eV ), as seen in Fig. 13.12a.

The photoinduced filling of excited states in nanocrystals leads to bleaching of
interband optical transitions, such that absorption changes are proportional to the
number of excited carriers:

AA(w) = = Agi(hw — hay) (nf + ) (13.1)
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Fig. 13.13 Transient absorption measurements of ZnSe/CdS barbells resulting from resonant
excitation of ZnSe domains (Ayump = 345 nm). (a) Second derivative of the absorption profile. (b)
and (c) Transient absorption spectra, AA = A(pump + probe)-A(probe), corresponding to long (b)
and short (c) delay times. (d) Energy diagram of electronic states showing the maximum energy of
pump photons (blue arrows) under resonant excitation of ZnSe domains. (e). Temporal dynamics
of the transient absorption bleach recovery measured for band-edge excitons in CdS (red) and
ZnSe (black) materials. (f). Transient absorption spectra of pure CdS nanorods (Apymp = 345 nm)
(Reprinted with permission from Hewa-Kasakarage et al. [148]. Copyright 2010 American
Chemical Society)

where Ay is an absorption profile of the ith transition and n¢ and n! are occupation
numbers of electron and hole states involved in the transition. Since the effective
masses of holes in CdS and ZnSe materials are approximately four to five times
greater than those of electrons, their room-temperature occupation probabilities are
small. As a result, the state-filling-induced absorption changes are dominated by
electrons [82]. The contribution of holes into bleaching is further reduced due to
exchange interaction that splits the 1S exciton into two different hole states, [83, 84]
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such that the higher energy absorption transition states stay unoccupied until the
lower energy hole state is completely filled, which occurs only when (N)>> 1.

Another possible contribution into bleaching of nanocrystal optical transitions is
due to local fields that alter transient spectra via Stark effect [85]. This leads to
a spectral shift of absorbing transitions as well as changes in the corresponding
oscillation strengths resulting from modifications in selection rules. In systems that
produce a spatial separation of charges, such as the barbell nanostructures investi-
gated here and type II systems in general, the contribution of the Stark effect can be
particularly significant and its evaluation is necessary to properly assess the state-
filling dynamics. As a semi-empirical approach to predicting the spectral changes in
the transient absorption spectra of ZnSe/CdS barbells resulting from the Stark
effect, a formalism [86, 87] is implemented that relates the effect of carrier-induced
local fields in semiconductor nanocrystals with a repulsion between proximal
transitions, such that the Stark effect contribution into AA can be modeled by the
second derivative of the absorption profile.

The transient absorption spectroscopy of hexane-suspended ZnSe/CdS barbells
is analyzed using two excitation regimes that correspond to the resonant pumping of
the n =1 transitions in CdS and ZnSe domains of the structure. Transient absorption
spectra resulting from the quasi-resonant excitation of ZnSe tips are analyzed in
Fig. 13.14. The wavelength of the pump beam, in this case, was set to 345 nm,
which allows excitation across the two lowest energy transitions in the ZnSe
domain: 1S(e)-1S3,2(h) and 1P(e)-1P3,(h), denoted as 1Sz,s. and 1Pz,g., respec-
tively, as well as three lowest transitions in CdS nanorods: 1S(e)-1S3/(h),
1P(e)-1P3/5(h), and 1S(e)-3S;,>(h), as shown in the energy diagram (Fig. 13.14d).
Bleaching of band-edge transitions in both materials was observed as quickly as
200 fs after excitation (Fig. 13.14c) with spectral positions of bleach signals near
the expected energies of 1S,s. and 1S¢4s excitons (Fig. 13.13).

The modification of the bleach signals in the transient absorption induced by the
Stark effect is estimated by comparing the second derivative of the absorption
spectra (Fig. 13.14a) with the short-time transient spectra (Fig. 13.14c¢), revealing
what initially seems to be a similarity in corresponding slopes both in the case of
CdS (450-465 nm) and ZnSe (385405 nm) transitions. However, if the short-time
bleach has a significant contribution from the local fields, then the two maxima of
d?A/df’ would coincide with the photoinduced absorption (AA > 0) in the transient
absorption spectra, which is not observed here, as AA remains negative throughout
the entire spectral window of the probe beam. Furthermore, the initial modification
of transition energies attributed to the Stark effect typically diminishes within a few
picoseconds, causing a noticeable shift of the bleach minima, yet spectral positions
of 1Scqs (450-465 nm) and 1Sz,s. (370-395 nm) transitions are nearly constant
within the entire nanosecond delay range (Fig. 13.14b). Based upon these observa-
tions, it is concluded that the influence of the Stark effect on transient absorption
spectra for this nanocomposite is negligible, and the observed transient absorption
bleach is attributed primarily to state filling in ZnSe and CdS domains.

Selective excitation of carriers into the CdS domain of ZnSe/CdS barbells is
performed using 420-nm pump pulses, for which photon energies fall below the
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Fig. 13.14 Transient absorption measurements of ZnSe/CdS barbells resulting from selective
excitation of CdS domains (Ap,mp = 420 nm). (a) Temporal dynamics of the transient absorption
bleach recovery for 1S(e)-1S3,,(h) excitons in ZnSe (black), 1P(e)-1P5,,(h) excitons in CdS (red),
and 1S(e)-1S3,,(h) excitons in CdS (blue). (b). Energy diagram of electronic states showing the
maximum energy of pump photons (blue arrows) under selective excitation of CdS domains. Note
that the average photon energy is not sufficient to induce absorption in ZnSe. (¢) Second derivative
of the absorption profile. (d) Transient absorption spectra of ZnSe/CdS barbells resulting from
Apump = 420 nm excitation pulses. (e) Transient absorption spectra of pure CdS nanorods
(Apump = 420 nm) (Reprinted with permission from Hewa-Kasakarage et al. [148], copyright
2010 American Chemical Society)

band gap of ZnSe tips. According to the energy diagram in Fig. 13.14b, these
photons can only be absorbed through the excitation of 1S and 1P excitonic
transitions in CdS nanorods, while excited states of the ZnSe component remain
essentially unoccupied. Experimental evidence of the selective carrier injection
into CdS portion of barbells is seen in the transient absorption spectra, where the
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early-time bleach occurs primarily in the spectral range of the lower energy 1Scq4s
transition. In addition to strong optical bleaching in CdS, a weak negative signal
was also observed in the wavelength range of the 1S;,s. transition, which is
energetically positioned 0.3 eV above those of excitation photons (Fig. 13.14d).
Such above-the-threshold bleaching was attributed to the energy-independent effect
of local fields (Stark effect) and not the state filling, as can be inferred by nearly
identical behavior of the short-time transient absorption curve and the second
derivative of the absorption profile (Fig. 13.14c). For instance, the effect of local
fields on 1Sz,se and 1Sc4s bleaching signals can be easily identified in early time
traces (At < 1 ps) as spectral shifts of both peaks by several nanometers from their
longer-delay position (At > 100 ps), as indicated by the offsets of blue and gray
lines in Fig. 13.14d. A sizable contribution of Stark effect into transient absorption
is also identified by the remarkable similarity between AA (At < 1 ps) and d°A/d}?
slopes throughout the most of the spectral range. Therefore, experimental TA data
provides strong evidence for photoinduced charge transfer between the ZnSe and
CdS nanocrystalline domains, which can be controllably performed in either direc-
tion by modulating the excitation wavelength, such that the resonant excitation of
carriers in the ZnSe material leads to 350-fs injection of electrons into CdS, and the
excitation of carriers in the CdS portion of barbells results in a slower transfer of
holes into ZnSe.

5.2 Semiconductor-Metal Nanocomposites

Bulk heterojunctions of metal and semiconductor materials have long been of
interest to fundamental science and device engineering due to the unique interaction
of respective domains through the formation of the space-charge region, [88] which
gives rise to numerous technological applications including Schottky barrier solar
cells, solid-state lasers [89], light-emitting diodes [90], and field-effect transistors
[91]. Recent progress in synthetic methodology of nanocomposite fabrication has
extended the utility of metal-semiconductor heterojunctions to the nano realm,
which has given rise to new opportunities for designing multifunctional materials
with properties that cannot be obtained in the bulk phase. These hybrid nanocrystals
attribute their properties not only to the size, shape, and configuration of the
structure as a whole but also to the unique interaction of excitons in semiconductor
materials and the characteristic surface plasmon resonance effect of the metal
nanoparticles. These synergistic effects allow the nanostructures to function in
ways well beyond their bulk and isolated individual forms [31, 46, 92-98].
Owing to these advances, a wide array of nanocomposite morphologies, including
metal-core/semiconductor-shell heterostructures, [42, 99, 100] metal-tipped semi-
conductor nanocrystals (NCs), [46, 49, 101-107] and organically and non-
epitaxially [99, 108, 109] coupled metal-semiconductor composites have been
proposed in the past decade for manipulating energy at the nanoscale with potential
application of these nanomaterials in areas of photovoltaics and solar fuel produc-
tion, [110] lasers, [111] and Schottky detectors [112]. Other possible applications of
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metal-semiconductor nanocomposites also include nanoscale wiring. For instance,
semiconductor domains decorated with metal tips on both sides have been proposed
for use as electrical interconnects in nanoscale circuitry [113], while semiconduc-
tors capped with a metal domain on one side can be harnessed as a charge
separating unit in photovoltaic [114], or photocatalytic [74] composites.

Of a particular interest is a fundamental interaction between semiconductor
excitons and surface plasmons of metal nanoparticles, which results from the
modification of the exciton dipole moment due to local electromagnetic modes of
surface plasmon [115, 116]. This interaction is enabled by the nanoscopic nature
of both material domains and has a unique effect on optoelectronic properties of
a composite metal-semiconductor system, which has been shown to dramatically
alter the energy flow that occurs across metal-semiconductor junctions. Plasmon
resonance is an energetic effect arising from oscillations of conduction electrons in
metal nanoparticles due to interaction with the undulating electric field of light. As
the frequency of light approaches a resonant value, the amount of light absorbed by
the metal nanoparticle increases along with the amplitude of the electron oscilla-
tions, until the maximum magnitude is reached at the resonance frequency. The
latter depends both on the size and composition of the metal nanoparticle as well as
the dielectric constant of the surrounding medium. The surface plasmons of the
metal domain interact with the excitons of the semiconductor by modifying the
dipole moment of the exciton with its short-range electromagnetic modes [99, 115].
This interaction dramatically changes the flow of energy across the metal—
semiconductor interface, which in turn alters the optoelectronic properties of the
nanostructure. As an example, the generation of a plasmon radiative field in metals,
caused by resonant oscillations of low-energy conduction electrons, can strongly
influence the dynamics of excitons in conjoined semiconductor nanocrystals via
two unique interaction mechanisms: plasmon—exciton energy transfer and modifi-
cation of the local radiation field in semiconductor domains.

Exciton—plasmon interactions in the weak coupling regime are characterized by
the presence of a substantial potential barrier at the interface of semiconductor and
metal components and are achieved by implementing spacer molecules for non-
epitaxial domain coupling. For these composites, the emission intensity in semi-
conductor domains may undergo an increase [117-124] due to the plasmon-induced
enhancement of semiconductor radiative rates, [125, 126] an effect that shows
promise in improving the process of light amplification in lasers [90, 127-130].
Likewise, the plasmon-induced enhancement of the electric field in semiconductor
domains has been documented to increase the absorption cross section of semicon-
ductor nanocrystals, [131, 132] thus promoting the development of light-
concentrating nanocomposites in an effort to aid the energy harvesting mechanism
in photovoltaic and photocatalytic applications [110, 132]. In addition to intensity
enhancement, spectral modification of the semiconductor emission in semiconduc-
tor—metal composites has also been utilized for sensing target proteins attached to
the linker moiety in Au/CdTe assemblies [133]. Finally, a weak exciton—plasmon
interaction achieved through non-epitaxial coupling of metal and semiconductor
domains using a core/shell morphology has been employed for controlling the spin
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of Au nanoparticles [108], with a potential application of this phenomenon in
quantum information and spintronics [134—-136].

A particularly strong coupling between plasmons and excitons can be realized
when metal and semiconductor domains are coupled directly, without spacing
moiety in-between. The potential barrier between adjacent materials in this case
becomes sufficiently small to allow inter-domain charge transfer, as well as
a mixing of electronic states at the metal-semiconductor interface. Additionally,
the enhanced electromagnetic field attributed to the metal plasmons in a strong
coupling mode may procure further modifications to the carrier dynamics associ-
ated with shared oscillations of the excitation energy between the metal and
semiconductor domains. This strong coupling interaction with the shared oscilla-
tions is known as Rabi oscillations [137]. Electronic interactions such as these alter
the overall optoelectronic properties of hybrid nanocomposites, imparting the
structure as a whole with significantly different effects and function than its
isolated parts and giving metal-semiconductor hybrid systems a more diverse
assortment of spectroscopic and emission characteristics than their previously
analyzed semiconductor—semiconductor counterparts.

The spatial proximity of semiconductor and metal domains (so-called strong
coupling regime) can significantly alter the optical characteristics displayed by the
nanocomposite. For instance, the fluorescence of the semiconductor domain can
either undergo suppression [138], which is the case in many directly coupled
systems; enhancement [139], which commonly occurs when the two domains are
separated by a spacer; or a partial suppression. The fluorescence quenching in
metal-semiconductor nanocomposites can be attributed to the transfer of the
exciton energy into the metal domain via FRET mechanism. Another possible
reason for the suppression of fluorescence in metal-semiconductor composites is
the ultrafast transfer of photoinduced charges from semiconductor nanocrystals to
a metal. This type of nonradiative decay is common in materials such as Ag/ZnO
and Au/CdS tipped nanorods or Au/PbS and Au/PbSe hybrid dimers and core/shell
morphologies.

Fluorescence enhancement is observed less often than a complete nullification of
emission, as these effects require more complicated architectures to be created
[139]. Ordinarily, enhancement is observed when the metal-semiconductor
domains are within close spatial proximity of each other while separated by
a large potential barrier, effectively increasing the absorbance cross section without
opening up nonradiative decay pathways, as seen in systems of Au nanoparticles
chemically linked to CdTe nanowires [109]. Intermediate effects occur when
precise morphological conditions are met, so the energy of the plasmons can instead
be partially transferred to the semiconductor domain. For example, CdS nanorods
conjoined with Au nanoparticles are known to completely quench the fluorescence,
while Au nanocrystals with partial CdS shells grown over the core yield an
intermediate enhancement.

The absorbance profile of the semiconductor nanocrystal component can like-
wise undergo significant changes upon coupling of the metal domain. The excitonic
features of the semiconductor may experience broaderning [34, 139] rendering
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the structural features of its spectrum less defined. While the individual contribu-
tions of each structural domain still greatly influences the shape of the spectrum, the
overall spectral characteristics of metal-semiconductor nanocomposites are typi-
cally a nonlinear combination of its separate parts. This is reasoned to arise from
mixing of electronic states between the two dissimilar materials, which modifies the
density of states and alters the absorbance profile. It has also been observed that the
degree in which the spectroscopic properties of a semiconductor are changed is
strongly dependent on the size and number of metal domains.

5.2.1 CdS/Au Nanocomposites

Recently, Au/CdS and Au/CdSe heterostructures comprising gold domains grown
onto cadmium chalcogenide semiconductor nanorods have emerged as a model
system for studying the properties of metal-semiconductor nanocomposites
[49, 101, 103, 104, 107]. Besides being a system of choice for advancing synthetic
protocols and investigating plasmon—exciton interactions, these nanocomposites
have been considered for applications in areas of solution-processed solar cells
[140, 141] and nanoscale wiring [113]. For instance, it was demonstrated that CdSe
nanorods capped with gold on both ends lead to a 10°-fold increase in carrier
conductivity as compared to pristine CdSe nanorods placed over metal contacts
[113], which exemplifies the potential of these heterostructures as nanoscale elec-
trical interconnects. On the other hand, CdS nanorods capped with gold at a single
end can be harnessed as charge-separating units in photocatalytic and photovoltaic
devices [114].

The effect of metal domains on the properties of semiconductor counterparts is
best illustrated through the evolution of the absorption features during the synthesis
of metal-semiconductor nanocomposites. The growth of small-diameter metal
domains onto nanocrystals or nanorods is typically performed via reduction of
AuCl; salts in a mixture of toluene, dodecyldimethylammonium bromide
(DDAB), and dodecylamine (DDA) [46]. To promote the growth of large-size
metal tips, either light-[104] or thermal-assisted [106] methods can be used. The
latter approach relies on temperature controlled reduction of AuCl; on the surface
of semiconductor nanorods in the presence of oleylamine. At roughly 60 °C, the
threshold energy is reached for nucleation of Au particles, which initiate growth by
attaching an ion to the semiconductor at defects in the crystal lattice. This creates
a nucleation site allowing additional ions aggregate, eventually forming composite
structures comprising small metal tips either ends with clusters of gold nucleated
along the length of the rod (Fig. 13.17a). As the temperature is slowly increased, it
becomes energetically unfavorable for the gold aggregates to remain along the
linear semiconductor domain, and they begin to redissolve into solution. Through
this process of Oswald ripening, the gold is transferred strictly to either end of the
nanorod. Further controlled increase of the temperature continues to alter the
energetics, now rendering the asymmetric forms of the nanocomposite.

The absorbance profile of metal-semiconductor nanocomposites comprising
CdS nanorods coupled to Au domains grown via the aforementioned thermal-
assisted approach is shown in Fig. 13.15. The spatial confinement of optical
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Fig. 13.15 Absorbance of
Au/CdS nanocomposites of
temperature-dependent
morphologies (Reprinted with
permission from Khon et al.
[106]. Copyright 2010
American Chemical Society)
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excitations in the transverse direction of CdS rods gives rise to a characteristic
excitonic edge around 465 nm, which corresponds to the lowest energy transition,
1S(e)-1S5/,(h), in these nanostructures [142]. The sharpness of the absorption edge
in Fig. 13.15 confirms a narrow dispersion of nanorod widths, which agrees well
with corresponding statistical distribution obtained from TEM images of these
structures (Fig. 13.16a). The absorption spectra of isolated Au nanoparticles are
examined in Fig. 13.18a. Since the excitation of surface plasmons in metals is
a resonant process, its frequency is dependent on the composition, size, and shape
of metal nanoparticles, as well as their dielectric environment. Changes in optical
properties of Au/CdS nanocomposites during the growth of Au domains are sum-
marized in Fig. 13.15. At T = 90 °C, the absorption profile of Au/CdS nanoparticles
exhibits noticeable changes from that of pure CdS nanorods, with the main differ-
ence occurring in the wavelength range above A = 550 nm, where the absorption of
heterostructures is increased. This red tail is attributed to the contribution from
interfacial trap states as well as to optical transitions in small-size gold clusters
forming on the surface of CdS nanorods. The disappearance of the excitonic feature
in CdS NRs at this stage is attributed to the delocalization of carriers into small gold
clusters and oleate complexes that form on the semiconductor surface. Spectral
changes occurring during the initial heating of the mixture are accompanied by the
visible change of the solution color from yellow to light brown, while further
heating of the flask to above 100 °C results in additional darkening of the solution
and correlated increase in the amplitude of the absorption tail (for A > 500 nm). At
this stage of the reaction, the average size of the Au tip reaches 4 nm, giving rise to
a small absorption feature at A = 550 nm, corresponding to the surface plasmon
resonance in Au nanoparticles [143—145].

We now consider a more detailed analysis employing femtosecond transient
absorption spectroscopy to investigate the dynamics of exciton—plasmon interac-
tion in epitaxial composites of Au and CdS domains exhibiting strong domain
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coupling [138]. First, the steady-state and time-resolved optical properties of
isolated Au and CdS nanocrystals are reexamined in Fig. 13.17. The absorbance
of CdS nanorods (Fig. 13.17c) shows a characteristic excitonic edge at 465 nm,
corresponding to the lowest energy 1S(e)-1S3/,(h) transition in these structures.
The chirp-corrected transient absorption spectra (Fig. 13.17d), resulting from the
excitation of CdS nanorods with 120-fs laser pulses (Aeyc = 340 nm), show an
expected dominant bleaching associated with higher probability 1S(e)-1S;/,(h)
transitions as well as a lower magnitude bleaching corresponding to higher energy
excitations between 1P(e)-1P3,(h) states. Spectral distortion due to the Shark effect
was not observed in these measurements due to relatively low excitation intensities,
corresponding to a linear power dependence regime. A negligible contribution of
the Stark effect into the observed bleach dynamics is also consistent with the
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Fig. 13.17 (a) TEM image of CdS nanorods used for seeding the growth of Au domains. (b)
Energy diagram showing the two lowest energy transitions in CdS NRs, corresponding to the
excitation of 1S(e)-1S3,2(h) and 1P(e)-1P3/,(h) excitons, distinguishable in the absorbance spectra
of CdS NRs (c), as the two broad-range peaks. (d). Temporal changes in the absorbance of CdS
NRs induced by 340-nm excitation pulses. The negative signal around A ~ 465 nm, known as
spectral bleach, is produced by the excitation of 1S(e)1S;/,(h) transitions, while a smaller negative
signal at L ~ 410 nm corresponds to the formation of 1P(e)1P3,(h) excitons (Reprinted with
permission Khon et al. [138]. Copyright 2011 American Chemical Society)

absence of a positive transient absorption signal at early probe times (t < 1 ps). The
observed changes in the absorption of CdS nanocrystals (AA) are chiefly the result
of photoinduced electrons, as anticipated due to comparatively low effective
masses of these carriers in bulk CdS [146, 147] and high degeneracy of hole states
in CdS nanocrystals. The restoration of the 1S(e)-1S3,,(h) bleach is achieved via
both radiative decay and the trapping of excited carriers on nanorod surfaces, where
approximately half of the initial carrier population in the 1S(e) excited state is
recovered after 300 ps [148].

The absorption spectra of isolated Au nanoparticles are examined in Fig. 13.18.
As a result of the resonant nature of surface plasmons, the frequency is dependent
on the composition, size, and shape of metal nanoparticles, as well as their dielec-
tric environment. To gain a better understanding of how the size of Au
nanoparticles affects the transient and steady-state absorption of surface plasmons,
samples consisting of three different Au nanoparticle diameters are compared.
Furthermore, the Au nanoparticle diameters for these measurements are chosen to
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Fig. 13.18 Steady-state and transient absorption spectra of isolated Au domains, corresponding
to three different nanoparticle sizes: (a) 2.9 nm, (b) 5.0 nm, and (c) 13.7 nm (Reprinted with
permission Khon et al. [138]. Copyright 2011 American Chemical Society)

correspond with the size range of the Au domains in the heteroepitaxial Au/CdS
nanocomposites soon to be examined. According to Fig. 13.18, plasmon resonance
occurs in each of the three samples of isolated Au nanoparticles, observed as
a broad-range absorption peak in the steady-state spectra with corresponding
maxima in the vicinity of 530 nm. A moderate variation in the spectral position
of the plasmon resonance between the individual measurements is consistent
with the size-dependent characteristics of plasma oscillations according to Mie
theory [149].

The transient absorption spectra (A.xe = 400 nm) attributed to isolated Au
nanocrystals of respective diameters show a pronounced bleach correlated to the
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Fig. 13.19 (a) Steady-state absorption of Au/CdS heterostructures comprising 15.7-nm Au
domains. A representative TEM image is shown in the insert. (b) Transient absorption spectra
of 15.7-nm-Au/CdS nanocomposites resulting from the excitation at A = 400 nm with 120 fs pump
pulses. The recovery of AA shows an expected plasmonic feature, which resembles the
corresponding TA dynamics of isolated Au nanoparticles. Surprisingly, bleaching of lowest
energy excitons in CdS domains is not observed for any pump-probe delay (Reprinted with
permission Khon et al. [138]. Copyright 2011 American Chemical Society)

steady-state absorption maxima. This negative AA signal in the transient absorption
spectra of isolated Au nanoparticles has been previously ascribed to the excitation-
induced broadening of the plasmon peak, which causes the transient absorption
spectra to form a characteristic valley at the plasmon wavelength flanked by the two
positive low amplitude peaks [150, 151]. Such broadening of the plasmon absor-
bance results from higher order multipole plasma oscillations (e.g., quadrapole) in
Au nanoparticles induced by the excitation pulse. Notably, the central dip in
the transient spectra is observed for all investigated gold samples, which
further confirms the presence of resonant excited carrier oscillations in these
nanoparticles.

To study the optical characteristics of exciton—plasmon interactions in Au/CdS
composites, gold domains representing different diameters were grown directly
onto colloidal CdS nanorods. To begin the assessment of the charge carrier dynam-
ics, matchstick shaped Au/CdS nanocomposites comprising a large-diameter Au
domain (d = 15.4 nm) were analyzed first (see Fig. 13.19). In order to achieve an
efficient excitation of carriers in both domains of the heterostructure, a 400-nm
excitation pulse is utilized, whereby delivering sufficient photon energy for the
simultaneous excitation of 1S excitons in CdS (A = 465 nm) and plasmons in Au
domains (A = 530 nm).
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The transient absorption spectra of Au/CdS matchsticks in Fig. 13.19b shows
spectrally broad bleaching of the absorption profile around A = 540 nm,
corresponding to plasmon oscillations in Au domains (note that x-scales in (a)
and (b) are different). The magnitude of this bleach reaches its maximum in less
than 500 fs, driven primarily by excitations of hot carriers and simultaneous fast
cooling of the nonequilibrium carrier population via electron—electron interaction
and subsequently recovers to AA(A) = 0 in 500 ps. While the observed plasmon
bleaching kinetics are in agreement with the transient absorption spectra of isolated
Au nanoparticles, there is now no evidence of bleaching at 465 nm, which would be
associated with the formation of excitons in the CdS domain of the heterostructure.
In fact, contrary to the transient absorption profile of pure CdS nanorods, which
show a well-defined 1S(e)-1S3,5(h) bleach (AA/A = —0.15), the amplitude of
Au/CdS nanocomposites in the same wavelength range is positive (green arrow in
Fig. 13.19b) demonstrating a photodarkening effect, rather than bleaching.

The lack of excitonic features corresponding to 1S(e)-1S3,(h) transitions in
Au/CdS composites can explain the regularly observed quenching of fluorescence
emission in semiconductor domains [46, 152—155] However, a generally accepted
explanation ascribing the origin of this fluorescence quenching in semiconductor
domains to the photoinduced transfer of 1S(e) electrons into Au does not seem
compelling considering the full suppression of the CdS bleach. If electron transfer
was the dominant process depleting the population of 1S(e) states in CdS,
a significant portion of excited electrons would still be present in the 1S(e) state
after 500 fs, as the interfacial transfer rate of carriers is generally slow enough to be
observed using transient absorption spectroscopy (t(e) > 350 fs, t(h) > 650 fs)
[148, 156—159] Furthermore, electron transfer processes alone cannot account for
the appearance of a positive transient absorption signal spanning such a broad
wavelength range (400-520 nm), which is not present in the transient absorption
spectra of isolated Au and CdS domains. The decay of the positive spectral feature
provides hints as to the nature of the processes underpinning the carrier dynamics in
Au/CdS nanocomposites, as the slow recovery (>100 ps) strongly suggests a con-
tribution from the photoinduced absorption of excited carriers either in the Au or
CdS domain.

Overall, the observed transient absorption spectra of Au/CdS composites com-
prising large-diameter gold domain (Fig. 13.19) are fundamentally different from
those of its constituent isolated Au and CdS nanoparticles, exemplified both by the
replacement of a bleaching signal in the semiconductor component with photoin-
duced absorption and the relatively weak bleaching of the surface plasmon feature
in Au. To acquire a more informed understanding of the origin of this complex
carrier dynamic, Au/CdS heterostructures constructed of smaller size Au domains
are examined next.

Figure 13.20 shows the steady-state and transient absorption spectra of Au/CdS
heterostructures comprising 5.3-nm Au nanoparticles. The steady-state spectra are
rather featureless, exhibiting neither a surface plasmon peak nor the characteristic
CdS absorbance edge. Furthermore, in the transient absorption spectra, bleaching of
the surface plasmon resonance in Au domains is no longer identifiable, which
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Fig. 13.20 (a) Steady-state absorption of Au/CdS heterostructures comprising 5.3-nm Au
domains. A representative TEM image is shown in the insert. (b) Temporal evolution of the TA
spectra for 5.3-nm-Au/CdS nanocomposites excited at A = 400 nm. The TA trend contrasts the
recovery dynamics observed in isolated Au and CdS nanoparticles, for which both excitonic and
plasmonic features are manifested by the prominent dip in AA. Instead, the value of AA observed
for Au/CdS nanocomposites remains positive throughout the entire spectral range of the probe
beam (Reprinted with permission Khon et al. [138]. Copyright 2011 American Chemical Society)

strongly contrasts the dynamics of isolated nanoparticles (see Fig. 13.18) exhibiting
an apparent plasmon bleach at A = 530 nm. These dramatic alterations to the
spectral profiles indicate that the nature of excited electron oscillations in smaller
Au domains is now modified due to direct coupling of CdS nanocrystals.

In addition to the termination of the surface plasmon feature, the transient
absorption spectra reveals a broad positive signal, which, in comparison with the
transient absorption characteristics of 15.4-nm Au/CdS heterostructures, extends
across the entire spectral range of the probe pulse. The recovery of this feature is too
slow to be interpreted as a nonlinear modification of the spectral profile due to local
fields and thus, similar to the case of 15.4-nm Au/CdS heterostructures, is attributed
to the photoinduced absorption of excited carriers occupying electronic states
within the CdS band gap. Note that decreasing the size of gold domains from
15.4 to 5.3 nm results in the onset of a semiconductor excitonic feature, appearing
as a characteristic dip at A < 450 nm, corresponding to the excitation of ground-
state excitons, 15(e)-1S3,,(h), but this excitonic bleach is substantially weaker than
that of pure CdS nanorods and is offset by the positive background of the broad
photoinduced absorption.

Lastly, nanostructures in which the size of Au domains is only 2.7 nm (see
Fig. 13.21) are considered. This specific architecture acts as a transitional system
that spans the link between optical properties of pure CdS nanorods and those of
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Fig. 13.21 (a) Steady-state absorption of Au/CdS heterostructures comprising 2.7-nm Au
domains (a typical TEM image is shown in the insert). (b) Temporal evolution of the TA spectra
for 2.7-nm Au/CdS nanocomposites resulting from the excitation at A = 400 nm with 120 fs pump
pulses. The negative AA signal at A &~ 445 nm corresponds to bleaching of band gap transitions in
CdS. Its spectral position is blue-shifted from the corresponding excitonic edge in the steady-state
spectrum, which is believed to be caused by the positive contribution of the photoinduced
absorbance into AA at the low-energy side of the excitonic peak. The absence of the plasmon
bleach at A = 560 nm is interpreted as a suppression of plasmon oscillations (Reprinted with
permission Khon et al. [138]. Copyright 2011 American Chemical Society)

5.3-nm Au/CdS nanocomposites and exhibits several unique properties, including
suppression of the plasmon bleach, suppression of excitonic features in CdS, and
spectrally broad photoinduced absorption.

Similar to 5.3-nm Au/CdS heterostructures, transient absorption spectra of
Au/CdS nanocomposites comprising 2.7-nm Au tips (Fig. 13.21b) do not indicate
any spectral bleaching in the A = 530 nm range. Also, just as in the case of
nanocomposites with larger tip sizes, the suppression of plasmons in 2.7-nm
Au/CdS heterostructures contrasts the carrier dynamics for the control sample of
isolated 2.7-nm Au nanoparticles (Fig. 13.18), for which the presence of the
plasmon resonance is observed in both steady-state and time-resolved absorption
measurements.

To explain the observed suppression of plasmons in Au domains, we consider
a “low-barrier” coupling between Au and CdS components, for which Au electrons
with energies located above the Fermi level (plasmon band) are not sufficiently
confined by the Au/CdS interface to exhibit resonant oscillations. The validity of
this assumption is supported by the fact that the interface of the two nanosized
domains consists of just a few monolayers and thus cannot form a substantial
potential barrier and the fact that energies of conduction electrons in Au domains
are raised relative to their respective positions in isolated Au nanoparticles due to
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charging. Indeed, the photoinduced transfer of excited electrons from CdS to Au
leaves Au domains with an excess negative charge, which equalizes the energy
difference between the conduction states in both domains. As a result, electronic
wavefunctions of conduction carriers in S and charged M domains partly overlap,
giving rise to mixing of electronic states at the interface and corresponding changes
in the density of states in both materials. For small-diameter Au nanoparticles, such
mixing results in the delocalization of the plasma electrons into CdS portion of
nanocomposites, which has a substantially greater volume, and therefore can
significantly reduce the boundary effect in Au nanoparticles. Such delocalization-
induced suppression of the plasmon resonance in Au NPs is further supported by
steady-state absorption spectra of 2.7- and 5.3-nm Au/CdS nanocomposites through
the absence of distinct plasmon features. These time-independent measurements
rule out nonlinear excitation effects as a potential origin of plasmon suppression
since excitation intensities used in steady-state absorption experiments are orders of
magnitude below those used in ultrafast studies.

The proposed mixing of the electronic states at the interface of Au and CdS
domains can also explain the existence of a positive transient absorption signal
observed for all investigated Au/CdS samples. Indeed, due to strong coupling of
semiconductor and metal domains, carrier excitations in CdS can lead to the
population of CdS-modified conduction states of Au, which will then serve the role
of interfacial trap states. This process can occur on a timescale faster than the
pulse duration, as can be expected from the general nature of excitation processes
in nanocrystals, and will therefore contribute into the “instantaneous” photoinduced
absorption of Au/CdS nanocomposites, manifested by the positive AA.

While the suppression of plasmons in Au domains can be explained in terms of
delocalization of conduction states across the Au/CdS interface, the absence of the
excitonic features in the transient absorption and steady-state spectra can, likewise,
be attributed to tunneling of CdS carriers into Au domains. Indeed, for small-
diameter Au tips, the delocalization of CdS electrons into metal is limited to
a few nanometers, which is insufficient to alter the character of quantum confine-
ment in CdS, as can be confirmed by nearly unsuppressed CdS bleach in 2.7-nm
Au/CdS spectra (Fig. 13.21b); meanwhile, large-size Au domains allow for a sub-
stantial delocalization of 1S(e) CdS wavefunctions into metal, thus leading to the
suppression of excitonic features. Expectedly, the correlation between the degree of
exciton suppression and the size of Au domains is opposite to that of plasmon
suppression, which is the strongest when the size of Au tips is the smallest.

5.2.2 ZnSe- and ZnTe-Seeded CdS Nanorods Supporting Platinum Tips
The ZnTe/CdSe/CdS/Pt and ZnSe/CdS/CdS/Pt core/shell/rod/tip nanocomposites are
one of the more complex nanocomposite structures, combining several type II
semiconductor—semiconductor junctions with a metal-semiconductor interface [74].
These structures are capable of driving photocatalytic reactions for production of solar
hydrogen. Excitons created by absorbed photons are quickly separated by the energy
gradient of the type II semiconductor nanorod, where the electron is then injected
into the Pt tip, which has a sufficient energy to reduce H,O, producing H, gas.
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ZnSe/CdS/Pt ZnTe/CdS/Pt

Fig. 13.22 Electronic level diagram showing a relative alignment of excited state energies in
ZnSe/CdS/Pt (a) and ZnTe/CdS/Pt (b) heteronanocrystals. Upon excitation, an electron—hole pair
is efficiently separated at hetero-interfaces of the two semiconductor materials with electrons
residing in the CdS and holes in the ZnSe(Te) domain of the structure. Subsequently, photoinduced
holes undergo further localization, character of which is determined by the relative alignment of
hole energies at the semiconductor—ligand interface. For instance, in the case of ZnSe-terminated
nanorods, the photoinduced hole is accepted by the ligand molecule mercaptopropionic acid
(MPA) and expelled to the surface of the composite nanoparticle, while for ZnTe-terminated
nanorods, the hole is confined inside the semiconductor domain (Reprinted with permission
Acharya et al. [74]. Copyright 2011 American Chemical Society)

Fig. 13.23 Transmission electron microscope (TEM) images of ZnSe/CdS/Pt and ZnTe/CdS/Pt
heteronanocrystals corresponding to the four consecutive stages of the growth protocol. (a) ZnSe
seed NCs. (b) ZnSe NCs with a few monolayers of the CdS shell. (¢) ZnSe/CdS nanorods grown
from ZnSe/CdS core/shell NCs. (d) ZnSe/CdS nanorods after Pt deposition. (e) ZnTe NCs.
(f). ZnTe/CdSe core/shell NCs. (g) ZnTe/CdSe/CdS nanorods grown from ZnTe/CdSe seeds.
(h) ZnTe/(CdSe)/CdS nanorods after Pt deposition (Reprinted with permission Acharya et al.
[74]. Copyright 2011 American Chemical Society)

While electrons undergo similar transitions in both ZnTe/CdSe/CdS/Pt and ZnSe/CdS/
CdS/Pt systems through the charge transfer into a Pt tip, the photoinduced hole in
ZnTe-seeded nanorods is bound to the core structure, while in ZnSe-seeded nanorods, it
localizes on the surface (Fig. 13.22). This serves to protect the latter structure from
photooxidation effects that would otherwise destroy the sulfide semiconductor, as is the
fate of the ZnTe/CdSe nanorods.

The syntheses of both structures are similar to the previously covered protocols for
ZnSe/CdS heteronanorods, which begins with the nucleation of the cores, followed
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Fig. 13.24 Optical properties of fabricated heteronanocrystals. (a) The absorbance of ZnSe NCs
showing an excitonic feature at A = 390 nm. Band-edge emission was not observed for these
samples. (b) ZnSe NCs overcoated with a 1-nm-thick shell of CdS, for which the onset of quasi-
type II carrier confinement regime is evidenced through red-shifted absorption (A ~ 475 nm) and
emission peaks (A =~ 490 nm). (¢) Emission and absorbance of ZnSe/CdS nanorods grown from
ZnSe/CdS core/shell NCs. (d) Absorbance of ZnSe/CdS nanorods after Pt deposition. (e)—(h)
Emission and absorbance spectra associated with the four-step synthesis of ZnTe/CdS/CdS/Pt
heteronanocrystals: (e) ZnTe NCs, (f) ZnTe/CdSe core/shell NCs, (g) ZnTe/CdSe/CdS nanorods
grown from ZnTe/CdSe seeds, and (h) ZnTe/(CdSe)/CdS nanorods after Pt deposition (Reprinted
with permission Acharya et al. [74]. Copyright 2011 American Chemical Society)

by the epitaxial growth of the shells, and continues with the anisotropic growth of an
“arm.” The reaction is now taken a step further to include the growth of small Pt tips
onto one end of heteronanorods by reacting a Pt salt [74] (Fig. 13.23).

According to Fig. 13.24, ZnTe core nanocrystals initially exhibit an absorbance
feature near 450 nm. The growth of the CdSe shell results in red-shifting of this
absorbance feature and the onset of the type II emission around 700 nm
(Fig. 13.24f).

The growth of the nanorod “arm” adds the familiar CdS absorbance edge at
450 nm, with the type II emission red-shifting further to about 800 nm
(Fig. 13.24¢). For clarification, as always, each step of the synthesis that increases
the size in any or all directions that exhibit quantum confinement will result in
a relatively small but detectable red shift of optical properties.

As ZnSe/CdS heteronanorods have already been analyzed in a previous section,
only a brief summary will be provided here. For the detailed analysis of ZnSe/CdS
structures, see section “CdSe Seeded CdS Nanorods and Nanotetrapods: Quasi-
Type II Heterostructure.” Growth of the CdS quenches the violet fluorescence of
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the binary ZnSe core and introduces type II fluorescence of the ZnSe/CdS. As the
CdS portions are synthesized, trap state emission is suppressed. Note that by this
stage of the synthesis, the final absorption spectrum is similar to the superposition
of each individual component of the spectra.

The most noticeable change in the optical characteristics resulting from deposi-
tion of Pt tips is the complete quenching of the fluorescence in both heteronanorod
structures. This is caused by a combination of effects from photoinduced charge
transfer of electrons into the metals Pt domain and the trapping of charge carriers at
the CdS/Pt junction. The absorption spectra of both nanocomposites are also
altered, marked by an apparent widening of the CdS excitonic feature spectra and
an increase in low-energy emission observed as a long, featureless tail extending
out into the infrared.

With this, we conclude the analysis of metal-semiconductor nanocomposites.

6 Future Perspectives

Design and synthesis of nanocomposite structures for enhancing optical properties
of colloidal nanomaterials is a fast developing area of material science, which
progress is fueled both by the fundamental significance of underlying intra-domain
processes and the technological applicability of multicomponent nanostructures in
the next generation optoelectronics.

The use of composite nanocrystals as fluorescent tags in biological and biomed-
ical applications will continue to evolve. The two major avenues for the future
expansion are viewed to be the employment of nontoxic semiconductors for core/
shell nanocrystal bio-labels to aid either in vivo imaging applications or the
development of composite nanocrystal probes for the transduction of electric
potential changes in membranes of living cells (so-called action potential). The
latter may lead to the construction of neural activity maps, which is of critical
importance to the treatment of such neurological disorders as Alzheimer’s or
Parkinson’s diseases.

Another possible avenue for the future development of nanocomposite’s optical
properties concerns the investigation and possible practical applications of the
exciton—plasmon interactions in metal-semiconductor heterostructures. Indeed,
such interaction allows for an enhanced harvesting of light through the plasmon-
assisted mechanism, which energy is then transferred to the semiconductor
counterpart. This may improve the efficiency of nanocrystal emitters in such
devices as LEDS or lasers. On the other hand, plasmon’s role of a light-harvesting
antenna should enable an increased absorbance of light in photovoltaic and
photocatalytic devices. At present, the exciton—plasmon interaction is well under-
stood in a weak coupling regime, while strongly coupled exciton—plasmon interac-
tions still present significant challenges both for the theoreticians in the attempt to
describe the resulting system behavior and for experimentalists in their effort to
fabricate functional metal-semiconductor tandems with strong exciton—plasmon
coupling.
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In addition to the aforementioned prospects for nanocomposite development,
there are several other emerging directions that take an advantage of optical
properties of multi-domain nanocrystals. The use of heterostructured nanorods
appended with Pt tips, for instance, has been demonstrated to produce hydrogen
from water under visible light. These structures may thus be developed as alterna-
tive catalysts for either H, production or CO, reduction under visible light. The use
of composite nanocrystals has also been considered for such application as
electroabsorption modulators, optical switches, and photodetectors. As always,
the primary challenges on the way toward the realization of these prospects are
synthetic in nature. The evolving ability to control the inter-domain stoichiometry
and development of unified, scalable, and reproducible synthetic protocols is of
paramount importance in establishing the control over optical properties of
nanocomposites. Solving these challenges will undoubtedly contribute both to the
technological applications of these multifunctional materials and to the fundamen-
tal understanding of electronic processes at composite nano-interfaces.
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