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ABSTRACT

The intense electromagnetic fields of plasmonic nanoparticles, resulting from the excitation of their localized surface plasmon oscillations, are
known to enhance radiative processes. Their effect on the nonradiative electronic processes, however, is not as well-documented. Here, we
report on the enhancement of the nonradiative electronic relaxation rates in CdTe nanowires upon the addition of a thin gold nanoshell,
especially at excitation energies overlapping with those of the surface plasmon oscillations. Some possible mechanisms by which localized
surface plasmon fields can enhance nonradiative relaxation processes of any quantized electronic excitations are proposed.

The phenomenon of localized surface plasmon resonance
(LSPR) was first treated by Gustav Mie in 1908." It was
observed that, when resonant light interacts with noble metal
nanoparticles, it gives rise to collective oscillations of their
conduction electrons. The brilliant colors observed are a
result of photon absorption and scattering that occur when
these oscillating electrons become resonant with the incident
electromagnetic radiation. The strong electromagnetic fields
associated with plasmonic nanoparticles, arising from the
electromagnetic excitation of their localized surface plasmon
(LSP) oscillations,? have been shown to enhance a number
of radiative processes such as absorption,®’ fluorescence,®?
Mie!® and Raman scattering.''"'> The influence of these
plasmonic fields on nonradiative processes is, for the most
part, undocumented. There do exist, however, a few recent
reports illustrating such effects. Included among these are
(i) the plasmon-assisted Forster energy transfer of dye
molecules and silver nanoparticles, which has been studied
both experimentally'® and theoretically,'* (ii) the theoretical
study of the plasmon-enhanced Forster energy transfer
between semiconducting nanoparticles, (iii) the measured
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period of the coherent lattice oscillations of gold nano-
particles being found to increase in the presence of localized
surface plasmon fields,'® and (iv) the observation that the
plasmonic fields from gold nanoparticles change the rate of
the subpicosecond retinal photoisomerization in bacterio-
rhodopsin (bR), the only other photosynthetic system found
in nature besides chlorophyll.'”

The current interest in nanostructure fabrication has
provided the opportunity to study the influence that these
plasmonic fields have on both the radiative and the non-
radiative properties of quantum confined systems. The
radiative phenomenon of fluorescence is well-known to be
enhanced. The effect was elegantly demonstrated by Lee et
al.'8 in the core—shell CdTe nanowire system present in a
colloidal solution. It was shown that, if a 5 nm thick protein
layer was used to separate CdTe from the gold nanoshell,
thereby eliminating the efficient energy and/or electron
transfer quenching mechanisms, then a large fluorescence
yield enhancement was observed due to the proximity to the
plasmonic field.

An investigation of the influence of a gold nanoshell on
the electronic nonradiative relaxation processes requires a
system where the gold atoms are in intimate contact with
the material being investigated, negating any possibility of
interference from a capping material. It is difficult to establish



unequivocally if such a requirement is met for nanowires
derived from colloidal preparations. In this communication,
we have thus examined the effect that plasmonic fields have
on the nonradiative electronic relaxation rates of hot electrons
in CdTe nanowires (width = 75, height = 200 nm) coated
with a 15 nm gold nanoshell. The observed response can be
described in terms of two proposed mechanisms. The first
is an energy and/or electron transfer process that allows for
the cooling of the hot electrons having energies different from
that of the localized surface plasmons. The second mecha-
nism describes the role of plasmonic fields in the cooling of
hot electrons having excited energies that overlap with those
of the localized surface plasmons in the gold nanoshell. In
this case, an additional highly efficient relaxation process is
observed when the hot electrons in CdTe and the localized
surface plasmons of gold are simultaneously excited. The
report is concluded with a qualitative discussion describing
some of the possible mechanisms by which a plasmonic near-
field can enhance the nonradiative relaxation in any quantized
electronically excited system, such as electronically excited
molecules, ionic solids, or biological systems.

Sample Preparation. The CdTe nanowire samples used
in this work were derived from the catalytically driven
vapor—liquid—solid growth mode.'” The growth process
required an initial deposition of a bismuth film onto a surface
corrupted [0001] sapphire substrate that, when heated to
sufficient temperatures, would dewet to form nanometer scale
catalytic seeds.’” When exposed to a flux of cadmium and
tellurium atoms, produced using the pulsed lased deposition
technique (PLD), these seeds initiated a one-dimensional
growth mode that results in the formation of CdTe nanowires.
Of note is the fact that these nanowires grow in the absence
of a two-dimensional planar layer, a feature that usually
accompanies the growth of other semiconductor nanowire
systems. Further details regarding the deposition process can
be found elsewhere.?0:2!

The produced CdTe nanowires are vertically aligned and
share an epitaxial relationship with the substrate. The
nanowire sidewalls are highly faceted, showing a hexagonal
geometry when viewed from above. Typical nanowire widths
and heights, for the sample that is the primary focus of the
work presented here, are 75 and 200 nm, respectively. Figure
1 shows an SEM image of these nanowires. X-ray diffraction
measurements indicate that the CdTe nanowires exist in the
wurtzite crystal structure instead of the zinc blende structure
normally associated with the bulk material.'” TEM measure-
ments show a pure wurtzite phase with no evidence of the
parasitic zinc blende phase commonly observed in wurtzite
GaAs nanowires.?? Of significance to this work is that there
exists across the surface of the substrate a symmetric
nanowire density distribution with the center of the substrate
having the highest density of nanowires and the edges
showing the lowest density. Subsequent to growth, a 15 nm
film of gold was sputtered onto one-half of the sample such
that one side of the symmetric distribution of nanowire
densities consisted of CdTe nanowires while the other
consisted of CdTe—Au core—shell nanowires.
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Figure 1. SEM image of the Au-coated CdTe nanowires used in
this study. Samples were synthesized by the catalytically driven
vapor—liquid—solid growth mode. Typical nanowire widths and
heights are 75 and 200 nm, respectively.

Microabsorption Spectroscopy. Microabsorption spectra,
obtained using an SEE 1100 microspectrometer, were
recorded at various points across the CdTe nanowire density
gradient for both the gold coated and the uncoated portions
of the sample. Each spectrum was obtained from a 3.75 um
diameter area using a 50x objective. The spectral response
for wavelengths ranging from 400 to 900 nm was recorded
to a 3 nm resolution using a 600 lines/mm diffraction grating
in combination with a charge coupled device (CCD) detector.
The measurements were taken using unpolarized light with
a propagation direction parallel to the axial length of
nanowires (i.e., along the dimension normal to the substrate).

Figure 2 shows a plot of the extinction spectra obtained
for various CdTe nanowire densities both in the absence
(Figure 2a) and in the presence (Figure 2b) of a 15 nm thick
gold nanoshell. The extinction spectra for the uncoated
nanowires, shown in Figure 2a, have two distinct features:
(1) a band edge at 770 nm and (ii) a broad extinction band
in the 400—500 nm region due to the overlapping interband
transitions. The CdTe band edge is similar to that observed
for bulk wurtzite CdTe,? as is expected for wire dimensions
that are much larger than the 7.5 nm exciton Bohr radius in
CdTe. Of note is that similar features are observed for zinc
blende CdTe films produced from the same target. Thus, it
is likely that the spectra shown are close to those expected
for the bulk wurtzite phase. This, however, is not easily
verified as the bulk wurtzite phase is difficult to synthesize.?*
Also of significance is the spectral response of the broad
extinction band as the density of the nanowires is varied.
As expected, the extinction increases as the density of
nanowires increases. Surprising, however, is the red shift of
the strong band maximum in the 400—500 nm region with
increasing nanowire density. This could result from the
coupling between the transition moments of this strong
absorption in adjacent nanowires.

Figure 2b shows data similar to that shown in Figure 2a
except, in this case, the spectral response is that from CdTe
nanowires with a gold nanoshell. The extinction spectra for
these core—shell nanowires exhibit the same features present
in the uncoated nanowires, but with two added features: (i)
a shoulder at the long wavelength side of the 400—500 nm
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Figure 2. Extinction spectra of (a) uncoated CdTe nanowires and (b) CdTe—Au core—shell nanowires. The three spectra shown in each
graph correspond to various nanowire densities, where the magnitude of the extinction at short wavelengths increases as the nanowire
density increases. The inset to b shows the deconvolution of the low intensity spectrum (dashed-dotted curve) using three Gaussians. The
increased absorptions near 530 and 750 nm, observed when the gold nanoshell is added, are assigned to the localized surface plasmon

absorption.

peak that is especially noticeable at lower nanowire densities,
and (ii) a broad shoulder in the 750 nm region, which
overlaps with the band edge absorption. As is shown in the
inset to Figure 2b, we were able to deconvolute the
core—shell spectra (dashed-dotted curve) using only three
Gaussians. The peaks centered at 530 and 750 nm do not
exhibit any apparent distortion due to the CdTe extinction
in these regions. It is possible that the weaker CdTe
extinctions in these regions are overwhelmed by the stronger
plasmon extinction and/or by the fact that CdTe extinctions
in these regions get the expected plasmon field enhancement
that gives them a profile similar to the surface plasmon band
shapes. The rise in the extinction spectrum below 500 nm is
due to the interband absorption of CdTe with an additional
contribution likely originating from the interband absorption
of metallic gold (see prediction of the discrete dipole
approximation (DDA) calculations in the next section). For
the high density of core—shell structures, there appears to
be a spectral distortion of the 750 nm plasmon peak. Such
a distortion could result from a red shift of the surface
plasmon band due to a coupling between the surface plasmon
dipoles facilitated by high nanowire densities. This would
then allow for the observed band edge profile. These
conclusions are supported by the DDA calculations, de-
scribed in the next section, which were used to generate the
expected spectra for a gold shell in the presence of the
dielectric constant of CdTe.

DDA Calculations for the CdTe—Au Core—Shell Nano-
wires. Optical extinction properties of the CdTe—Au
core—shell nanostructures were calculated by discrete dipole
approximation (DDA).>>?6 DDA is a well-established finite
element method of computational electrodynamics used to
numerically derive optical responses to electromagnetic fields
for particles of arbitrary size, shape, composition, and
environment. Due to its ability to accurately account for the
effects of optical retardation and multipolar localized surface
plasmon resonance, DDA has become a versatile, yet
powerful, tool in studying the optical properties of plasmonic
nanostructures.”’-3* Briefly, the target particle is described
as a cubic array of point dipoles, to each of which is assigned
a discrete dielectric function and dielectric environment. The
polarizability of each element in the array is then formulated
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by the lattice dispersion relation3>-3¢ and their 3N x 3N dipole
interaction matrix is generated. The total electric field, which
represents the superposition of the incident plane wave and
the fields radiating from surrounding dipoles, is then used
to iteratively calculate the polarization at each point in the
array. Fortran codes developed by Draine and Flatau®’ utilize
fast Fourier transform methods to perform the former and
complex conjugate gradient techniques to perform the latter.
Once the polarization at each point in the array is determined,
the optical extinction properties of the particle are directly
calculated.®

Here, optical extinction spectra were simulated using the
experimentally derived complex refractive indices for Au
provided by Johnson and Christy,* and for CdTe provided
by Palik.* DDA calculations were performed for nanowires
whose dimensions most accurately reflect those of the
experimental sample using mean size parameters for the
CdTe nanowires as determined by scanning electron micros-
copy and an Au film thickness obtained from tapping-mode
atomic force microscopy. In this case, the DDA calculations
were performed for a hemispherically capped, cylindrical
CdTe core, 183.85 nm in length and 73.55 nm in diameter,
with a fixed Au shell thickness of 14.7 nm and a total of
61 397 point dipoles. The incident plane wave was chosen
to propagate along the longitudinal axis of the core with a
fixed orthogonal polarization and an in vacuo environment.

Figure 3 shows the size-normalized extinction, absorption,
and scattering spectra calculated for these CdTe—Au
core—shell nanowires. It can be seen that the spectra are
characterized by at least three peaks: (i) an intense shoulder
in the 500 nm region, (ii) a weak band in the 750 nm region,
and (iii) a moderately intense band in the 900 nm region.
The fast rise in the spectra below 500 nm is due to the
interband absorption of metallic gold. The results of the DDA
calculations confirm the presence of two plasmon bands in
the spectral region covered by the microabsorption measure-
ments, one in the 500 nm region and the other in the low
energy region near the band edge absorption. These calcula-
tions support our earlier conclusion made through a com-
parison of the extinction spectra of CdTe to that of the
CdTe—Au core—shell structure (Figure 2b).
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Figure 3. Size-normalized DDA simulations for CdTe—Au
core—shell nanostructures. Calculations were performed for a
hemispherically capped, cylindrical CdTe core, 183.85 nm in length
and 73.55 nm in diameter, with a Au shell thickness of 14.7 nm
and a total of 61 397 point dipoles. The incident plane wave was
chosen to propagate parallel to the longitudinal axis of the particle,
with a fixed orthogonal polarization and an in vacuo environment.

Electron Dynamics in CdTe—Au Core—shell Nano-
structures. Femtosecond pump—probe studies were used to
assess the hot electron carrier dynamics in these nanostruc-
tures at room temperature. These time-resolved optical
techniques have become powerful tools in the study of charge
carrier dynamics and electronic structures in a broad range
of materials that include both bulk materials and nanostruc-
tures.*'*> The laser system used for these measurements is
described in detail elsewhere*® and will only be described
briefly here. An amplified Ti—sapphire laser system (Clark
MXR CPA 1000) is pumped by a frequency-doubled Nd:
vanadate laser (Coherent Verdi) to obtain 800 nm laser pulses
that are of 100 fs in duration (fwhm) having an energy of 1
mJ and a repetition rate of 1 kHz. These pulses are then
frequency doubled using a BBO crystal to create 400 nm
pump pulses. While the majority of this pulse is used to pump
the sample, a small portion (E ~ 40 uJ) is passed through a
sapphire plate, generating a femtosecond white light con-
tinuum (4 = 400 to 1100 nm) to be used as the probe beam.
The pump beam travels through a variable optical delay line
(3 um resolution) and is passed through a HMS221 syn-
chronous mechanical light beam chopper (f = 492 Hz), where
a master clock (Clark-MXR DT 505) is used to set the
frequency and phase of the chopper. The pump and probe
beams are then focused onto the sample (spot size diameter
= 250 um) such that there is complete spatial overlap and
variable temporal overlap. Noise, due to fluctuations in the
white light continuum, is minimized using a reference beam
that is split off from the probe beam before it reaches the
sample. Both the reference and the transmitted beams are
focused onto fiber optics coupled to a monochromator (Acton
Research). After passing through the monochromator, the
two beams are detected by two matched photodiode (Thor-
labs), boxcar integrator (Stanford Research System, SR 250)
systems. The output from the signal boxcar is then divided
by the output from the reference boxcar using an analog
divider. Single wavelength kinetics and transient absorption
spectra ranging from 450 to 750 nm were monitored using
a monochromator/photodiode arrangement coupled to a
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boxcar integrator and a lock-in amplifier (Stanford Research
System SR 530). This amplifier monitors the output from
the analog divider using the signal from the mechanical
chopper as its reference frequency. The induced changes in
the sample’s absorption are then probed by measuring the
differential transmission, given by AT(H)/T = (T,,(t) — T,/
T,y = —Aa(t)L, as a function of the temporal delay between
the pump and the probe. Here, T,, and T,y refer to the
transmission with and without the pump beam, and L is the
interaction length between the pump (or probe) pulse and
the sample. The high stability of the femtosecond laser
system as well as the phase-lock technique permits high
sensitivity measurements with a AT/T noise level in the 10~#
range. The cross-correlation between the pump beam and
the visible probe beam has a fwhm of 160—180 fs at the
sample position.

Figure 4A shows a plot of the transient bleaching versus
the delay time for probe wavelengths of 770, 700, 650, and
550 nm. For both the nanowire and the core—shell structures,
the hot electron lifetime decreases as the energy of the
incident photon increases. For the uncoated nanowires, the
observed lifetimes are 4.5, 2.1, 1.3, and 0.8 ps for probe
wavelengths of 770, 700, 650, and 550 nm, respectively. For
the core—shell structures, the lifetimes at the same probe
wavelengths are 2.5, 1.5, 1.1, and 0.4 ps. The observed
decrease in hot electron lifetimes with increasing probe
energies for both the nanowires and the core—shell structures
is not surprising as it is expected from Fermi’s Golden Rule.
As the energy of the excited-state increases, so too does the
density of the accepting electron—phonon (sink) modes. For
the 770 nm probe wavelength, the excited electrons are in
the band gap state and are only able to relax either by giving
their energy to phonons or by impurity scattering processes.
With decreasing probe wavelength, however, the electrons
are excited to higher energy states and are hence able to relax
through intraband transitions. The higher the energy, the
larger the role that these intraband transitions play in the
relaxation of the hot electrons, thus increasing the number
of the accessible energy states.

The above explanation is equally applicable to the
core—shell nanostructures as it is to the uncoated nanowires.
In the core—shell system, however, new mechanisms become
possible due to the presence of the additional electronic
systems of gold. It is for this reason that, for all probe
wavelengths, the relaxation process from these excited states
is faster for the core—shell structures than it is for the
uncoated nanowires. The induced relaxation by the gold
nanoshell could involve energy and/or electron transfer
processes. In the energy transfer process, the added electronic
states of the gold system offer new relaxation pathways, thus
increasing the relaxation rate. In addition, there exists a new
mechanism that becomes important when the excitation in
the semiconductor is resonant with the plasmonic energy.
In this scenario, strong exciton—plasmon Coulombic cou-
pling leads to a rapid annihilation of the exciton and the
creation of the plasmon (Figure 5). Such a process gives rise
to the nonradiative decay of excitons (i.e., the relaxation of
excited states). The only requirement for the occurrence of
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Figure 4. Plots showing the transient bleach intensity as a function of the delay time for the probe wavelengths of (A) 770, 700, 650, 550
nm and (B) 752, 739, 726, 713 nm. The response shown originates from the excitation and subsequent decay of electrons in the nanostructures
under study. The solid lines show the decays from uncoated CdTe nanowires while the dashed lines show the decays from the CdTe—Au

core—shell nanowires.
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Figure 5. Schematic illustrating the mechanism where an exciton
in the semiconductor nanowire system (NW) is annihilated to form
a surface plasmon oscillation in the gold nanoshell (Au NS) due to
the Coulombic interaction. This process could contribute to the
cooling of hot electrons in the CdTe NW for energies able to excite
a surface plasmon in the gold nanoshell. Such a process would
contribute to the rapid decay of the excited states (i.e., the exciton)
in the semiconducting nanowire when in close proximity to the
gold plasmon system.

this mechanism is that the excited state must decay to a state
whose energy is lower by an amount equal to surface
plasmon energy. This process should be quite effective in
quenching the band gap emission when the emission energy
is in resonance with the surface plasmon absorption. The
relatively long radiative lifetime of the band gap state, due
to the absence of the nonradiative intraband relaxation
processes, makes such exciton—plasmon coupling highly
probable.

2414

In the electron transfer mechanism, there is a transfer of
an excited electron in the semiconductor’s conduction band
to the conduction band of the gold nanoshell. Previous
calculations indicate that the Fermi level of the gold
nanoshell is located below the excited level of the CdTe
semiconductor.* It is expected that this transfer would be
accompanied by an electron transfer from the valence band
of the gold to the semiconductor in order to neutralize its
excited hole.

Of great importance to this work is the fact that the
difference in relaxation times between the CdTe nanowires
and the CdTe—Au core—shell structures progressively
decreases for the probe wavelengths of 770, 700, and 650
nm, but then increases for the 550 nm monitoring wave-
length. The initial decrease is expected as the higher energy
excitations are able to relax through intraband transitions,
reducing the importance of relaxation processes utilizing the
gold system. The reversal at 550 nm, however, was not
expected and provides strong evidence for the existence of
an additional efficient relaxation process in the core—shell
structures. This effect is also made obvious by plotting the
relaxation rate constants of the decays (the inverse of the
decay time) against the probe wavelength. The results, shown
in Figure 6, clearly show a divergence between the two sets
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coincident with the 550 and 750 nm (see inset) plasmon absorption
peaks is consistent with the presence of a new relaxation mechanism
that is closely associated with the surface plasmon field effect of
the gold nanoshell.

of data at the 550 nm probe wavelength, a wavelength which
coincides with the 530 nm localized surface plasmon
oscillation absorption of gold.

Two possible mechanisms can account for the observed
increase in the relaxation rate in the 550 nm region. The
first possibility is that the pump pulse at 400 nm induces
the bleach in the surface plasmon absorption of the gold shell
near this wavelength. In this scenario, the rapid relaxation
is not due to the intraband excitations of CdTe electrons but
instead is attributed to the electron—phonon relaxation
processes associated with just the surface plasmon electronic
excitations of Au. The second possibility is that hot electrons
in the CdTe nanowires have an enhanced relaxation rate
when the monitoring light turns on the surface plasmon field
having absorption at 550 nm.

There are two experimental results in support of the surface
plasmon field enhancement mechanism. First, is the fact that
the observed lifetime of 0.4 ps is too short compared with
the accepted 1.0 ps value for the surface plasmon bleach
relaxation in gold, a value which is independent of both the
nanoparticle’s shape and the size.> More revealing are the
results showing the effect of changing the monitoring light
intensity on the observed lifetime. A comparison between
the observed lifetimes near the absorption at 550 nm for the
CdTe nanowires and those for the CdTe—Au core—shell
nanostructures shows that, while there is no effect observed
in CdTe nanowires, a factor of 2 increase in the monitoring
light intensity gives rise to a 30% increase in the core—shell
relaxation rate. The increase observed for the core—shell
structure likely originates from an increase of the plasmon
field intensity, which in turn, increases the plasmon field
enhancement effect on the relaxation rate. It is important to
note, however, that no such increase is expected for the first
mechanism where the observed decay is attributed to the
electron—phonon relaxation processes in the gold shell. In
this case, a decrease rather than an increase in the relaxation
rate is expected if the intensity is raised to levels able to
increase the electron temperature’ in the gold shell.

Nano Lett,, Vol. 8, No. 8, 2008

0.0204 =—— CdTe nanowires ]

3 -+ = CdTe-Au core-shell nanowires ]

E’ 0.016 -
=

5 ]

8 o012 ]
o]

% ]

3 0.008 1 E

s ]

F 0004 ]

P WA : b

- ‘\"plasmon lasmon

0.000 f - P

400 450 500 550 600 650 700 750
Wavelength, nm

Figure 7. Transient bleach spectra for uncoated CdTe nanowires
(solid line) and CdTe—Au core—shell structures (broken line). Note
that the two curves run approximately parallel, but diverge near
the 530 and 750 nm due to the rapid relaxation of the hot electrons
at the precise wavelength associated with plasmon peaks of the
gold nanoshell.

If an enhanced relaxation process is associated with the
530 nm plasmon, then it stands to reason that there must
exist a similar enhancement for the 750 nm plasmon. In order
to investigate this possibility, the decays of the transient
bleach intensity in this region were determined and are shown
in Figure 4B at 752, 739, 726, and 713 nm. As is expected
from Fermi’s Golden Rule, there exists a decrease in the
observed decays for the uncoated CdTe nanowires as the
wavelength decreases. For the CdTe—Au core—shell nano-
wires, however, the decay lifetime at 752 nm is actually
shorter than that observed at 739 nm, once again showing
an enhancement in the relaxation rate when in the presence
of a surface plasmon field, in this case, at 750 nm (see the
inset in Figure 6).

Corroborative support for this surface plasmon induced
relaxation process can be seen in the transient bleach spectra
(Figure 7). The spectra were obtained using a 400 nm pump
to excite electrons while measuring the intensity of the
monitoring light at different wavelengths for a fixed time
delay of 1 ps. The transient bleach intensity, which is a
measure of the difference between the pulsed monitoring
light intensity after and that before the 400 nm excitation
pulse, is then recorded for each wavelength. The resulting
spectrum gives a measure of the hot electron relaxation rate
as a function of the excited-state energy, with low transient
bleaching intensities corresponding to short-lived states and
high intensities corresponding to long-lived states. As
expected, the bleach intensity for the CdTe nanowires is
higher than that found for the CdTe—Au core—shell nano-
structures for all measured wavelengths. As previously
discussed, this is a consequence of the additional relaxation
processes involving energy and/or electron transfer processes
due to the gold electronic system. It should be noted that
the two curves run almost parallel to each other over most
of the wavelength range with notable exceptions occurring
in the 500—570 and 750 nm regions. Here, there exist
substantial differences between the spectral intensities.
Striking is the fact that these two wavelength regions are
coincident with the excitation wavelength of the localized
surface plasmons observed for the gold shell.
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Summary of Results. The optical measurements per-
formed on uncoated wurtzite CdTe nanowires show a
response similar to what we observe for bulk zinc blende
films. This is not that surprising since both phases have
similar band gaps® and were produced from the same PLD
target. The relatively large size of the nanowires compared
with the Bohr radius for CdTe accounts for the fact that their
optical properties are not altered by quantum confinement
effects. The microabsorption spectra for the CdTe nanowires
have features similar to those observed in zinc blende films
derived from the same target. It is, however, noted that the
broad peak in the 400—500 nm range red shifts as the
nanowire density increases, an effect that could originate
from the coupling between the large transition moments in
adjacent nanowires. CdTe nanowires exposed to transient
pump—probe measurements show a hot electron relaxation
rate that increases as the probe energy is increased, a result
consistent with Fermi’s Golden Rule and one that is
commonly observed in other semiconductor nanoparticle
systems.*®

The microabsorption measurements on CdTe—Au core—shell
structures show several features not found in the uncoated
nanowires. DDA methods were used to model the expected
behavior for these core—shell structures and yielded results
in good agreement with the experimentally observed spectra.
The pump—probe results indicated that the hot electron
relaxation times in the CdTe nanowire were strongly
influenced by the gold nanoshell. The results for all but the
550 and 750 nm probe wavelengths were as expected and
seemed to indicate that the faster relaxation of hot electrons
depended more on the gold nanoshell than it did on the
density of states of the CdTe system. The lifetime reduction
was attributed to the energy and electron transfer pathways
as well as an exciton—plasmon coupling mechanism made
available by the gold nanoshell. The calculations of Andreev
et al.*!' demonstrate that electron transfer pathways are
possible for this system since the excited electron states in
CdTe are shown to be above the Fermi level of the gold
nanoshell. Thus, an efficient relaxation mechanism for the
interband and intraband excitations of the CdTe nanowire
becomes possible via an electron transfer process from the
excited states of CdTe to the gold conduction band. This
process is accompanied by the simultaneous transfer of an
electron from the gold valence band to the CdTe valence
band which neutralizes the hole created by the initial
excitation of the semiconductor. In addition, when the exciton
energy in CdTe is resonant with the surface plasmon energy,
the annihilation of the exciton (i.e., the relaxation of the hot
electron) can result in the creation of a surface plasmon in
the gold nanoshell.

The results for the two anomalous probe wavelengths (4
= 550 and 750 nm) showed an enhancement in the relaxation
rate. The enhancement was also observed as an obvious
divergence between the bleach spectra of the CdTe and those
of the CdTe—Au nanostructures for these two spectral
regions. DDA calculations for the core—shell structure
predict the existence of a localized surface plasmon in these
wavelength regions, as well as the observed increase in the
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Figure 8. Schematics howing how a Stark-like effect could result
in increased nonradiative relaxation pathways. For an excitation in
the CdTe system (on the left) there exist a limited number of
relaxation pathways. In the presence of a plasmonic field (on the
right) an increase in the density of states allows for additional
relaxation pathways.

relaxation rate with increasing monitoring light intensity.
Taken together, these facts provide a compelling argument
that it is the fields, arising from the excitation of the surface
plasmon oscillations through the absorption of the monitoring
light, that induce the observed rapid nonradiative relaxation
of the excited electrons in the CdTe nanowire.

Possible Plasmonic Field Enhancement Mechanisms for
Nonradiative Electronic Relaxation Processes. There are
two main types of mechanisms that could enhance the
nonradiative relaxation of hot electrons in semiconductors
or molecules near plasmonic surface fields. In the first
mechanism, it is the electric field of the plasmon that alters
the energy levels of the semiconductor/gold system. As a
result, the energy levels could split and mix in such a manner
as to increase the density of the energy accepting states in
the semiconductor. Furthermore, the nature of the electronic
states themselves could undergo a transformation that could
lead to an increase in the electronic coupling between the
relaxing and the energy accepting states. For this scenario,
the excited electron would relax out of the states being
probed to these newly created lower energy states. The
second type of mechanism arises from an enhancement of
the absorption processes in the semiconductor. The radiative
absorption rate for such a process is given by

R=lu-EP

where u is the transition moment and E is the electromagnetic
field strength. The rate of the absorption can thus be enhanced
by changing u, E, or both. Changes to 4 occur when there
exists an electron transfer between the gold and the semi-
conductor system or, alternatively, when there exists a mixing
of the states by the plasmonic field. This would cause an
increase in the transition moment (¢) of the semiconductor
transitions in resonance with the surface plasmon energy.

The radiative rate enhancement could also occur if the
absorption rate of the monitoring light is enhanced by the
gold nanoshell by first capturing a photon to form a surface
plasmon. This capture leads to a large increase (or focusing)
of the electromagnetic field (E) of the photon being absorbed.
Below, we demonstrate the different means by which these
mechanisms could arise from the presence of plasmonic fields
which, in turn, lead to an enhancement in the rates of
nonradiative processes for a semiconductor system having
transition energies resonant with those of the surface plas-
mon.

A. Direct Enhancement of the Nonradiative Process:
Stark Effect Mechanism. Stark fields are known to split
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Figure 9. Schematic illustrating the mode by which enhancements to Auger processes, brought on by the creation of plasmons, lead to the
nonradiative relaxation of hot electrons. Initially a focusing effect arises from the absorption of the monitoring light by the Au nanoshell
(NS) which leads to plasmon formation (a). This is then followed by a release of this plasmon energy which produces a new electron—hole
pair in the CdTe nanowire (b). It is the annihilation of two electron—hole pairs in the Auger process, where one electron—hole pair recombines
while the other is excited to a higher energy state through the absorption of the energy of recombination, which leads to the removal of the
hot electrons being monitored.
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Figure 10. Schematic illustrating how the enhanced absorption to higher dissipative states leads to enhanced nonradiative relaxation of hot
electrons in the CdTe nanowire. Initially a focusing effect arises from the absorption of the monitoring light by the Au nanoshell (NS)
which leads to plasmon formation (a). This plasmon energy is then transferred to the already hot CdTe electrons promoting them to higher

ionization states (b). The net result is to remove excited electrons from the states being monitored.

and mix different electronic or hole states in a semiconductor.
This leads to mixing of the wave functions and increases
the density of states that can accept the excited-state energy
of a hot electron, thus increasing its rate of relaxation. The
strong electric field of the electromagnetic plasmonic field
could induce Stark excited-state level splitting and mixing,
which in turn could lead to an increase in the rate of
relaxation of the hot electrons in any electronic quantized
system. If the electron—hole semiconductor system is
exposed to plasmonic fields (Figure 8), it is possible that
these intense fields mix the conduction band states of the
CdTe nanowire resulting in an increase in the density of the
energy accepting states. Accompanying the increased density
of states is an increased number of nonradiative relaxation
pathways.

B. Mechanisms Involving the Enhancement of Absorp-
tion (Radiative Processes): (I) Auger Mechanism. It is
known that Auger processes provide an efficient mechanism
for the relaxation of hot electrons in semiconductor nano-
crystals due to multiple exciton formation.*’ It is also known
that plasmonic gold nanoparticles have a strong radiative
probability for the capture of light at resonant energies. The
resulting electromagnetic fields are large enough to facilitate
the transfer of the plasmon energy to the nearby electronic
ground states of the semiconductor due to the strong
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Coulombic coupling between the plasmon and the excitonic
systems. Thus, when the monitoring wavelength is in
resonance with the plasmon oscillations and the semiconduc-
tor exciton energies, as was the case for the CdTe/Au
core—shell system presented here, it becomes highly probable
that a second exciton will form. This scenario leads to rapid
Auger processes where one of the two excited electron—holes
gives up its energy of recombination to the originally excited
pair, and it is this ionization of the excited pair that leads to
the rapid relaxation of hot electrons (Figure 9).

(IT) Enhanced One- or Two-Photon Absorption Mech-
anism. It is also possible that the strong plasmon field, due
to the focusing effects of the absorbed monitoring light by
the gold nanoshell, results in enhanced absorption by the
CdTe nanowire. This enhancement could give rise to one-
or two-photon excitation processes of CdTe’s excited state,
a process which leads to the ionization of the hot electrons
(Figure 10). Thus, the rate of the relaxation for the initially
excited hot electron will be enhanced.

In all of the above mechanisms, further excitations occur
through changes to the configuration of the electrons. This
was done to illustrate the generality of the mechanism when
applied to any quantized electronic system such as molecules.
In semiconductors, changes to the configuration of the excited
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holes could very well have been used to discuss these
mechanisms.

Conclusion. A comparison of the nonradiative relaxation
of hot electrons in CdTe nanowires to those in CdTe—Au
core—shell nanostructures clearly demonstrates an increased
relaxation rate due to the nanoshell. These processes were
attributed to the energy and/or electron transfer pathways
made available by the gold nanoshell. Additional efficient
relaxation mechanisms were observed when the energy of
the states being probed overlapped with those of the localized
surface plasmon oscillations in the gold nanoshell. The
resonant energy transfer from the exciton of the semiconduc-
tor to form a plasmon in the gold nanoshell is expected to
be an efficient relaxation mechanism for the exciton. In
addition, it is possible that the plasmon is excited by
absorption of the monitoring light. Three possible mecha-
nisms were proposed describing the effect of this plasmon
on the relaxation rates. One is a direct nonradiative enhance-
ment mechanism and two result from the enhancement of
the radiative processes. While such an effect is of funda-
mental importance to semiconductor core—shell structures,
it should be noted that both the effect and the mechanisms
proposed should have equally profound implications to
molecular and biological systems as well as to photochemical
processes exposed to a plasmon field.
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