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ABSTRACT

The dependence of the plasmon field enhancement of the nonradiative relaxation rate of the band gap electrons in vertically aligned CdTe-Au
core-shell nanorods on the plasmonic gold nanoshell thickness is examined. Increasing the thickness of the gold nanoshell from 15 to 26
nm is found to change the decay curve from being nonexponential and anisotropic to one that is fully exponential and isotropic (i.e., independent
of the nanorod orientation with respect to the exciting light polarization direction). Analysis of the kinetics of the possible electronic relaxation
enhancement mechanisms is carried out, and DDA simulated properties of the induced plasmonic field of the thin and thick gold nanoshells
are determined. On the basis of the conclusions of these treatments and the experimental results, it is concluded that by increasing the
nanoshell thickness the relaxation processes evolve from multiple enhancement mechanisms, dominated by highly anisotropic Auger processes,
to mechanism(s) involving first-order excited electron ejection process(es). The former is shown to give rise to nonexponential anisotropic
decays in the dipolar plasmon field of the thin nanoshell, while the latter exhibits an exponential isotropic decay in the unpolarized plasmonic
field of the thick nanoshell.

Thin-film-based devices, such as transistors, solar cells, light-
emitting diodes and solid-state lasers, are now a ubiquitous
part of modern societies. Essential to all of these devices is
the formation of interfaces between dissimilar materials. Such
interfaces give rise to properties which are different from
those of the individual bulk materials. Thus, it stands to
reason that nanostructures having interfaces between dis-
similar materials should prove equally rewarding in terms
of device architectures. In this case, the large surface to
volume ratios of the nanoparticles have the potential to give

rise to interfacial phenomenon which overwhelm the proper-
ties of the entire nanostructure. So, even though the nano-
structure contains chemically distinct regions, its properties
may be more aptly described in terms of a hybrid response.

The localized surface plasmon resonances, accessible
through the optical excitation of noble metal nanoparticles
(Au, Ag), offer intriguing possibilities in terms of forming
such hybrid nanostructures. Not only do these plasmonic
nanomaterials strongly interact with light, but the excitation
gives rise to near-fields which extend well beyond their
physical dimensions. Thus, there exists the strong possibility
that these plasmon oscillations will fundamentally alter the
properties of nearby nanomaterials. Already there exist
numerous examples where the plasmonic fields of noble
metal nanoparticles, placed in close proximity to semicon-
ductors, have fundamentally altered both the radiative and
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nonradiative properties of the semiconductor. Important
examples include the observed enhancements of (i) solar cell
efficiencies,1-3 (ii) the photoluminescence in semiconducting
nanoparticles,4,5 (iii) the nonradiative relaxation rate in
semiconductor nanorods,6,7 (iv) the emission from light-
emitting diodes,8,9 and (v) the rates of the primary step
(retinal isomerization and the proton pump)10,11 in the other
photosynthetic system in nature, bacteriorhodopsin.

The versatility and tunability of standalone plasmonic
nanoparticles have now been decisively demonstrated.12 This
is, in large part, due to the extraordinary advancements in
the fabrication of plasmonic nanoparticles, where there now
exists considerable control over shape and size. Nano-
spheres,13 rods,14 shells,15 disks,16 rings,17 stars,18 and cubes19

are now routinely fabricated. Of particular importance to this
work are the plasmonic properties of nanoshells since
core-shell nanorods, formed through the encapsulation of
a semiconductor with a noble metal nanoshell, provide the
most straightforward geometry for studying the hybrid
response. Plasmonic spherical nanoshells have been exten-
sively studied,20-22 exhibiting a large degree of tunability
that greatly exceeds that of solid metallic nanospheres. With
the capability to tune the resonant plasmon frequency through
alterations to nanoshell shape, thickness, overall radius, and
dielectric environment firmly established, it follows that the
degree of coupling in a core-shell nanorod should also
become highly tunable.

In a recent study,6 we reported on the decay of CdTe
excitons in CdTe-Au core-shell nanorods (height ) 200
nm, width ) 100 nm) with a 15 nm gold shell thickness. It
was determined that the exciton decay rate is sensitive to
the surface plasmon field of the gold nanoshell. In a
subsequent study7 we varied the strength of the surface
plasmon field by varying the tilt angle of the core-shell
nanorods with respect to the polarization direction of the
exciting light. For the gold nanoshell thickness used, the
plasmon polarization at the band gap absorption edge was
shown, through discrete dipole approximation (DDA) simu-
lations, to be dipolar in nature and mostly polarized along
the long axis of the nanorod. The core-shell structures
showed a highly anisotropic response characterized by an
enhanced exciton decay rate for low tilt angles which grew
progressively stronger as the tilt angle was increased. The
decay curves exhibit nonexponential behavior with a shape
that is quite sensitive to the tilt angle. Such a response
indicates the presence of more than one relaxation mecha-
nism, but one will be dominated when there exists a high
degree of alignment between the plasmon field direction and
the moment of the band gap exciton electronic transition.
For this dominant mechanism, occurring at high tilt angle,
the relaxation mechanism is described in terms of an
enhanced radiative bandgap absorption followed by Auger
type (i.e., an exciton-exciton annihilation) relaxation pro-
cesses.

In the present report, we describe our attempt to increase
the plasmon field effects in the vertically aligned CdTe-Au
core-shell nanorods by tuning the extinction maximum of
the plasmon nanoshell to the band gap transition of CdTe

by increasing the shell thickness. Such structures did not
behave as anticipated but instead showed a band gap
electronic excitation that decays in a purely exponential
manner with a decay constant that is not much larger than
that found for the thin nanoshell rod. The decay is also found
to be isotropic and does not depend on the relative orientation
of the polarization direction of the exciting laser light and
the long axis of the core-shell nanorod.

The kinetics of the possible decay mechanisms as well as
the plasmon field properties (i.e., polarization and relative
absorption vs scattering cross section) determine the shape
of the decay and its anisotropic behavior. From the results
of the kinetic analysis, as well as the DDA simulations of
the plasmon field properties, it is concluded that the
mechanisms and the plasmon field properties vary greatly
with an increasing nanoshell thickness. This leads to a change
in the mechanisms from being combined Auger-type and
electron ejection mechanisms in thin nanoshell rods to just
an electron ejection mechanism in the thick nanoshell.

Sample Preparation. The fabrication of the vertically
aligned core-shell nanostructures used in these studies is
described elsewhere.23,24 Briefly, the CdTe nanorod cores
were deposited using a vapor-liquid-solid (VLS) growth
mode. The single crystal CdTe nanorods produced exhibit a
wurtzite crystal structure with its c-axis normal to and sharing
an epitaxial relationship with the [0001] sapphire substrate.
Subsequent to nanowire growth a gold shell is sputtered onto
the nanorods to the desired thickness using a sputter coater
operating at room temperature. For the measurements
presented here the thickness of the gold shell was varied by
adding gold to a preexisting shell with spectroscopic
characterization performed for each thickness. Figure 1 shows
a scanning electron microscopy (SEM) image of the
core-shell nanostructures used.

Optimization of the Gold Nanoshell Plasmon Field
Strength at the CdTe Band Gap Energy through the DDA
Simulations. In order to increase the plasmon field strength
at the band gap energy, we used DDA simulations to
determine the thickness for which there exists an extinction
maximum at this energy, an energy which also corresponds
to the laser wavelength used (770 nm). The discrete dipole
approximation25-29 has been used for theoretically predicting

Figure 1. SEM image of the vertically aligned CdTe-Au core-shell
nanorods. The nanorods shown have an aspect ratio near 2 (height
) 200 nm, width ) 100 nm) and a gold shell thickness of 15 nm.
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the response of plasmonic nanostructures to the incident
electromagnetic radiation. The technique, which is described
in detail elsewhere,30,31 is a method based on computational
electrodynamics where the target particle and its surroundings
are described in terms of a cubic array of point dipoles and
has proven widely applicable in predicting the optical
response of plasmonic nanostructures of varying size, shape,
and dielectric environment.6,7,32-36 It was used to calculate
the angular- and thickness-dependent optical properties of
the CdTe-Au core-shell nanostructures where the core and
shell dimensions were experimentally determined by SEM
and tapping-mode atomic force microscopy (AFM), respec-
tively. Calculations were performed for 184 × 74 nm
hemispherically capped, cylindrical CdTe cores with Au
shells of varying thicknesses covering all sides but the flat
base (∼105 total dipoles). Experimentally determined com-
plex refractive indices for Au37 and CdTe38 were applied in
an in vacuo environment with the degree of tilt defined as
the angle between the incident propagation vector kb and the
nanorod longitudinal axis.

Figure 2 shows the DDA simulation results of the gold
nanoshell extinction cross section as a function of wavelength
for a semiconductor core encapsulated with gold shells of
various thicknesses for the exciting light polarized in the
transverse (Figure 2a) and longitudinal (Figure 2b) directions.
The figures clearly show the presence of an intense longi-
tudinal extinction in 700-1000 nm wavelength range. The
transverse extinction is considerably weaker and exhibits no
prominent peaks. Of particular importance is the fact that
the intense longitudinal extinction peak shows a substantial
blue shift as the shell thickness around the CdTe core is
increased. Of note, is that the extinction peak exhibits a
resonance near the desired 770 nm CdTe band gap energy
for a shell thickness in the 26-29 nm range. This is made
more evident in Figure 3 which shows the extinction cross
sections calculated at 770 nm for the transverse and
longitudinal plasmon modes as a function of the gold
nanoshell thickness. On the basis of these simulations,
core-shell nanorods were fabricated with a shell thickness
of 26 nm and spectroscopically characterized. The chosen
thickness provides a high level of overlap between the
extinction maximum and the CdTe band gap, while at the
same time minimizing the attenuation of light by the gold

shell and, thus, allowing for a higher level of interaction with
the semiconductor core.

Pump-Probe Experimental Setup. The experimental
configuration, as well as the femtosecond pump-probe
apparatus, has been described in detail elsewhere.6 Briefly
stated, the core-shell nanorods are optically pumped with
400 nm pulses while temporally monitoring the relaxation
of the excited carriers with a 770 nm probe beam. The
wavelength of the probe beam was chosen to coincide with
the band gap edge of CdTe. The transient bleach intensities
of the core in the core-shell nanorod were measured from
the changes in the intensity of the probe beam at different
times after the pump pulse excitation and at a variety of tilt
angles such that the 0° tilt illuminates only the tops of the
core-shell structures while higher tilt angles increasingly
illuminate the sidewalls as is shown schematically in Figure
4. Thus, sample tilting allows one to monitor the electronic
relaxation within the CdTe core as the plasmon excitation
associated with the core-shell nanorod varies from trans-
verse (i.e., 0° tilt) to longitudinal (i.e., 90° tilt). It should be
noted that both the pump and probe beams are linearly
polarized such that the polarization direction lies along the
length of the tilted core-shell nanorod.

Experimental Results. Figure 5 shows the room temper-
ature transient bleach intensities obtained for core-shell
nanorods with shell thicknesses of 15 nm (Figure 5a) and
26 nm (Figure 5b). For the thinner shells the decay curves

Figure 2. DDA simulations showing the wavelength dependence of the (a) transverse and (b) longitudinal extinction cross sections for gold
nanoshells of various thicknesses which encapsulate a CdTe core (diameter ) 74 nm, height ) 184 nm). The dashed line denotes the CdTe
band gap edge at 770 nm. Note that the intense longitudinal extinction peak blue-shifts toward 770 nm as the shell thickness is increased.
The vertical axes of both plots are identical in order to facilitate comparisons.

Figure 3. Calculated longitudinal (red) and transverse (blue)
extinction cross sections at the 770 nm band gap edge of CdTe as
a function of the gold nanoshell thickness. Note that the extinction
of the longitudinal mode is near maximal for gold shell thicknesses
greater than 26 nm.
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are very nonexponential and highly anisotropic, exhibiting
an exciton nonradiative average electronic relaxation time
which decreases from 3 to 0.9 ps as the core-shell nanorods
are tilted from 0° to 75°. The shape of the nonexponential
decay curve is almost linear for a 0° tilt angle but becomes
more exponential-like as the tilt angle is increased to 75°.
Surprisingly, for the thicker shell, where there exists a
maximum overlap between the longitudinal plasmon mode
and the band gap edge of CdTe, there exists an isotropic
response characterized by tilt-independent relaxation times
of approximately 1.3 ps. Also, in contrast to the results for
the thin shell, the thick shell nanorods show an exciton decay
mode which is purely exponential in nature. The lack of the
angle dependence of the kinetics in the thick shell nanorods
may be explained by assuming that the observed transient
bleach decay signal is from hot electron relaxation in the
metallic gold nanoshell. However, it is well-known that the
recovery of transient bleach signal from metallic nanopar-

ticles is characterized by two processes, electron-phonon
and phonon-phonon relaxation processes with decay times
being a few picoseconds and several hundred picoseconds,
respectively. Therefore, if there is contribution from the gold
nanoshell to the overall signal, we should have seen the signal
decay to a level above zero when the observation window
was limited to less than 10 ps as in our case. However, as is
shown in Figure 5b, all the signals decay very rapidly to
zero. This indicates that we do not observe dynamics
associated with the gold nanoshell in our experiments. The
remainder of our report details how these dramatic changes
in the nature of the decay (and thus the mechanisms involved)
can be explained in terms of the different plasmon field
properties associated with gold nanoshells of various thick-
nesses and the different decay kinetics of the various
mechanisms involved.

Two Types of Possible Mechanisms Leading to Enhanced
Decay. The two proposed mechanisms6 responsible for the
plasmon field enhancement of the nonradiative relaxation of
the semiconductor excitons in CdTe-Au core-shell nano-
rods are shown schematically in Figure 6. The excited
electron ejection (EEE) mechanism (Figure 6a) describes a
process where the ejection (i.e., the removal) of the excited
electron occurs through its ionization via the absorption of
one or two photons from the plasmon field or the laser
monitoring light (as the plasmon field greatly enhances the
absorption properties of the semiconductor) or through its
stimulated emission. For the Auger mechanism (Figure 6b)
a ground state electron absorbs a photon from the plasmon
field or the laser monitoring light, promoting it to an excited
state and, thus, increasing the exciton density. One of the
excitons (an electron-hole pair) then recombines giving up its
binding energy to the other exciton leading to its dissociation.
While the two mechanisms share many similarities, it is
important to note that the Auger process relies on a ground
state electronic transition, whose moment is along the nanorod
long axis, while the excited electron ejection mechanism relies
solely on a transition of the excited state electron to either the
continuum or the gold shell. A further examination of these

Figure 4. Schematic showing the experimental configuration used
to examine the anisotropy of the plasmon field effects on the
nonradiative relaxation of the CdTe band gap electrons. Anisotropy
can be probed by changing the relative orientation of the nanorods
with respect to the exciting laser light polarization. The linearly
polarized light for both the pump and probe pulses have a parallel
propagation vector kband an electric fieldEblight. The light is directed
at a sample which can be tilted from 0 to 75° away from the
polarization direction of the exciting light electric field. CdTe, gold,
and the sapphire substrate are shown in gray, red, and blue,
respectively.

Figure 5. The temporal dependence of the transient bleach intensity at the semiconductor band gap energy as a function of tilt angle
for CdTe-Au core-shell nanorods with shell thicknesses of (a) 15 nm and (b) 26 nm. A comparison of the data for the two gold
nanoshell thicknesses shows obvious differences in the angular dependence of the semiconductor nanorod exciton decay. The thin
gold shell gives enhanced exciton decay that is very nonexponential where the shape changes with the tilt angle. Such a response
suggests the involvement of multiple decay mechanisms where one or more of these mechanisms are anisotropic (i.e., enhancing the
exciton absorption along the long axis followed by rapid Auger processes7). The thick shell, on the other hand, exhibits an isotropic
exponential behavior indicative of single or multiple mechanisms where the kinetics is first order in nature.
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processes and their associated rate equations proves this
difference to be crucial in determining not only the shape but
also the anisotropy of the observed decay curves.

Decay Kinetics of the Different Mechanisms. The EEE
mechanism involves the ejection (i.e., the removal) of the
excited electron in the band gap excitation process. This can
involve its ionization to the continuum state or to the gold
conduction band, or alternatively, it can simply occur by
stimulating it in a manner which causes it to emit and then return
to the ground state. For the EEE mechanism the rate of the
decay of the excited electron in the band gap state is given by

where [E1] is the concentration of the excited electrons in the
band gap state and kEEE is the rate constant of the EEE process.
Rearranging and integrating the rate expression (1) gives the
first-order decay of [E1]

where kEEE ) 1/τEEE and τEEE is the observed lifetime of the
state if it is completely determined by the enhanced rate
mechanism. It is clear from eq 2 that the EEE mechanism
gives rise to an exponential decay of the band gap excited
state (i.e., excitons).

For the Auger mechanism at an excitation level for which
only one electron-hole pair dominates the observed an-
nihilation process, the rate of the decay is given by

where kannh is the rate constant of the exciton annihilation
process. Rearranging and integrating eq 3 gives the decay
of [E1] which has the form

If the rate of the excitation of the CdTe band gap electron
(this could be high due to the plasmon enhancement) equals
the rate of its annihilation (i.e., assuming that the steady state
approximation holds), then eq 3 becomes

where kabs is the rate constant of the absorption of light by
CdTe solid, [CdTe] is the density of CdTe solid, and k′abs is,
thus, the effective absorption rate of the CdTe semiconductor.
Rearranging and integrating eq 5 gives the decay of the
excited electron in the [E1] state

which is a linear-type decay in which the excited state
concentration decreases linearly with time. At very high
levels of femtosecond laser excitation, for which more
than two electron-hole pairs are formed, it has been
shown that the decay could become exponential.39 The

Figure 6. Schematic diagram showing both the (a) excited electron ejection (EEE) and (b) the Auger mechanisms. For both mechanisms
the incident laser light excites the surface plasmon resonance oscillations in the gold nanoshell (NS) producing strong fields which can
facilitate or enhance the absorption or stimulated emission within the semiconductor nanorod (NR). Note that the excited electron ejection
mechanism (EEE) involves an excited state absorption or stimulated emission while the Auger process involves ground state absorption.

-
d[E1]

dt
) kEEE[E1] (1)

[E1]t ) [E1]0e
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-
d[E1]

dt
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1
[E1]t

) 1
[E1]0

+ kannht (4)

-
d[E1]

dt
) kabs[CdTe] ) k'abs (5)

[E1]t ) [E1]0 - k'abst (6)
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laser power used in the present work is not in this limit.
From eqs 4 and 6 and at the pump laser power used in our
work, the Auger mechanism yields a nonexponential decay.

The above kinetically based conclusions can, therefore,
assist in determining the type of mechanism involved in the
plasmon enhancement processes since each mechanism gives
rise to a decay curve of different shape. Thus, if the decay
is exponential, then electron ejection mechanism(s) are
involved, while if it is nonexponential then the Auger
mechanism is dominant (provided that the laser excitation
levels are reasonable). If the decay is nonexponential and
its shape is sensitive to the tilt angle, then a mixture of
mechanisms is involved where one mechanism is sensitive
to the polarization of the plasmon field (see next section).

The Polarization Dependence of the Decay CurWes. The
shape of the observed decay gives the dependence of [E1]
on time. If the mechanism involved also has a dependence
on the tilt angle, then the observed decay constant (k) also
has such a dependence. In order to examine the dependence
of the value of k on the tilt angle, we have to examine its
expression in terms of quantum mechanical integrals. Below
we examine the prediction of the different mechanisms with
regard to the angular dependence of the excitation process.
For the EEE mechanism kEEE is given by

where Ebplasm is the plasmon enhanced electromagnetic field
which ejects the electron, µb1ff is the moment of the transition
from the band gap excited state to the final state, where the
ejected electron is ejected, and C′ is a constant. The integral
of eq 7 predicts that the decay will depend on the tilt angle
between the exciting light polarization direction and the long
axis of the nanorod only if the plasmon is polarized and the
transition moment is along a fixed direction in the nanorod.
However, if either Ebplasm or µb1ff is nondirectional (i.e., not a
vector), the decay will not depend on the tilt angle. The EEE
mechanism is expected to be isotropic if the ejection of the
electron is to a continuum state even if the plasmon field is
polarized. The moments of the allowed electronic transitions
between the planes containing Te2- and those containing the
Cd2+ are along the long axis of the CdTe nanorod which
corresponds to the c-axis of wurtzite crystal structure. Thus,
the radiation coupling between the plasmon field of the gold
shell and the CdTe core of the semiconductor is strongest
when these two are parallel. This coupling is maximum if
Ebplasm is dipolar and polarized along the long axis. Since Ebplasm

is excited by the exciting light, its value is expected to depend
on the square of the dot product of the two fields (i.e., on
|Ebplasm·Eblight|2). This could give rise to a decay curve which
is sensitive to the relative orientation of the nanorod (if it
has a nanoshell with a dipolar plasmon field) and the
polarization direction of the monitoring light (in the lab
coordinates). If the plasmon field is unpolarized, its strength
will, of course, be independent of the exciting light direction
giving rise to isotropic decay.

For the Auger mechanism, the rate of exciton annihilation
depends on the square of the exciton concentration which

depends on the rate of absorption of the ground state
semiconductor at the band gap wavelength. The rate of
absorption is given by

where µb01 is the moment of the transition from the ground
state to the excited state and C′′ is a constant. Since µb01(the
band gap transition moment) is along the long axis of the
CdTe nanorod, then kannh will be maximum when the plasmon
field polarization direction is also along the long axis of the
nanorod. However, if the plasmon field is unpolarized, then
kannh and, thus, the decay of the Auger mechanism will be
isotropic and insensitive to the tilt angle.

Dependence of the Plasmonic Field Polarization on the
Gold Nanoshell Thickness As Determined by DDA Simula-
tions. Electric field enhancement and induced polarization
parallel to the CdTe transition moment were calculated using
codes provided by S. Li and G. C. Schatz (Northwestern
University). Figure 7 compares the DDA simulated polariza-
tion (white and black) within the gold shell and the
semiconductor core as well as the gold surface plasmon field
enhancement (in blue and red colors) of the thin (15 nm)
and thick (26 nm) gold shells. From the Figure 7 it is clear
that, while the plasmon field is dipolar in the thin shell
nanorod, it is almost unpolarized in the thick shell nanorod.

These simulation results could explain the lack of anisot-
ropy observed in the decay curves of the thick shell nanorod
due to the unpolarized nature of the plasmon field. It does

kEEE ) C'|Ebplasm · µb1ff|2

(7)

Figure 7. Calculated plasmonic field enhancement (color contours)
and normalized induced polarization parallel to the exciton transition
moment (grayscale) for CdTe-Au core-shell nanorods with
identically shaped cores and varying shell thickness. The plasmon
field distributions shown are those produced in the (a) transverse
and (b) longitudinal configuration under 770 nm excitation. Note
that for the longitudinal configuration the plasmon field is dipolar
in character for the thin gold nanoshell and unpolarized for the
thick gold nanoshell. In the thin gold nanoshell the upper and bottom
halves are oppositely charged as a result of the surface plasmon
oscillations. This, however, is not the case for the thick gold
nanoshell where the charge distribution is homogeneous.

kabs[CdTe] ) C′′|Ebplasm · µb01|2

[CdTe] (8)
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not, however, explain how the decay, which is nonexponen-
tial in the thin shell nanorods, becomes purely exponential
for the thick shell rods. The nonexponential anisotropic decay
in the thin nanoshell sample is likely due to the Auger
mechanism which is expected to be nonexponential due to
the dependence of its decay rate on the square of the
concentration of excited states and the different time de-
pendences of its decay shape under different levels of
excitation. The fact that the shape of the nonexponential
decay changes with tilt angle suggests the presence of another
mechanism whose rate depends on the concentration of
excited states raised to a power other than two. If it is a
power of one it would suggest the EEE mechanism. If both
mechanisms persist in the thick shell nanorods, the decay
should have been nonexponential. The fact that it is
exponential suggests that the Auger mechanism is either not
important or that multiple excitation electron-hole pairs are
formed in the thick nanoshell sample. The latter, however,
is considered unlikely at the laser pump power levels used
in experiments described here.

RelatiWe Yield Dependence of Enhanced Absorption Ws
Enhanced Scattering of the Exciting Light by the Plasmon
Field on the Gold Nanoshell Thickness. As shown in Figure
8, the scattering cross section of the CdTe nanorods with
the thick gold nanoshell is extremely large. At first, we
thought that the disappearance of the angle dependence of
the transient bleach signal from the thick shell nanorods is
due to the depolarization of the incident excitation light by
frequent scattering within the arrays of the nanorods.
However, the theoretical calculation displayed in the Figure
7 shows that the longitudinal plasmon field for the thick gold
nanoshell is unpolarized in character. Thus, actually, we do
not need to propose mechanism involving the scattering of
the incident light to depolarize the light, as this would require
a special cavity to confine the scattered light in the space
occupied by the nanorods. Insight into why the Auger
mechanism might become unimportant for the thick gold
nanoshell is gained from the result shown in Figures 8. The
DDA derived extinction curves for the 90° tilt angle are

decomposed into their absorption and scattering yields for
nanoshells of varying thicknesses. The figure shows that the
scattering yield increases rapidly with tilt angle for the thick
nanoshell, suggesting that the concentration of excitons also
decreases rapidly with tilt. Since the rate of the Auger process
depends on the square of the exciton concentration, the
contribution of this mechanism must fall rapidly with tilt.
Furthermore, since the scattering is much greater in the thick
nanoshell sample, the multiple excitation of electron-hole
pairs (in which the decay can be exponential39) becomes less
likely than that for the thin shell. Thus, it seems that for the
thick shell nanorods the Auger process is unimportant and
the EEE mechanism dominates. The lack of anisotropy of
this mechanism in the thick shell nanorod can, thus, be
attributed to the unpolarized nature of the plasmon field.

Summary of the Results and Conclusions. Hybrid
nanoparticles, comprised of two dissimilar materials, are
expected to exhibit new properties due to their relatively large
interface area to volume ratios. This is especially true if
one of the nanomaterials is a noble metal capable of surface
plasmon electronic oscillation which induce near-fields that
extend well beyond its physical dimensions. Our recent
studies examined the enhancement of the electronic relax-
ation processes for a semiconductor core exposed to the
plasmonic fields associated with a gold shell. In the present
work the effect of the thickness of the gold shell on the
enhanced relaxation of the band gap excitation is examined.
It is observed that the shape and anisotropy of the decay
curves are sensitive to the gold nanoshell thickness. For the
thin nanoshell (15 nm) the decay shapes were very nonex-
ponential and changed significantly as the tilt angle between
the nanorod long axis and the polarization of the exciting
light was varied. The thick nanoshell (26 nm), on the other
hand, gave rise to exponential decays with no tilt dependence.

It is concluded that the shape of the decay curves reflects
the kinetics of the decay of the excited electron in the band
gap excited state, where the exact nature of the kinetics depends
on the process(es) involved. These new processes, which have
been previously discussed, describe the enhanced ejection of
the excited electron (either to the continuum, to the gold core,
or to the ground state) or the enhanced ground state absorption
followed by exciton-exciton annihilation (i.e., Auger pro-
cesses). The electron ejection mechanism is shown here to give
rise to exponential decay, while the Auger mechanism results
in a nonexponential decay under our laser excitation conditions.
It is, thus, concluded that the plasmon enhanced relaxation for
the hybrid system with the thin nanoshell is due to the Auger
mechanism, with additional contributions from the first-order
ejection of the electrons. For the hybrid system with the thick
nanoshell the Auger processes become unimportant. These
conclusions are found to be in agreement with the predicted
properties of the plasmonic field obtained from DDA simula-
tions. It is also found that, while the plasmonic enhanced
absorption and scattering processes are comparable and inde-
pendent of tilt angle for the thin shell nanorods, the field
enhancement for the thick shell nanorods is dominated by the
scattering processes. This dominance is especially true at high
tilt angles where one would expect the ground state absorption

Figure 8. The DDA calculated angular-dependent absorption (solid)
and scattering (dotted) cross sections for CdTe-Au core-shell
structures excited at 770 nm for thin (red diamonds) and thick (black
squares) gold nanoshells. Note that the scattering dramatically
increases with shell thickness, while absorption remains relatively
unchanged. Noteworthy, is the fact that as the nanoshell thickness
is increased, the scattering at 770 nm increases dramatically as the
tilt angle increases, thus eliminating the anisotropic Auger mech-
anism.
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needed for Auger processes to be maximized. Furthermore, the
induced plasmonic field is found to be dipole polarized in the
thin nanoshell but is unpolarized in the thick nanoshell. It is
this difference which accounts for the observation that the
decays are sensitive to the tilt angle in the thin shell nanorods
(where there exists a highly polarized ground state absorption
that is involved in the enhanced Auger relaxation process) but
are insensitive to the tilt for the thick shell nanorods.
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