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R
ecently, the wet chemical synthesis of
binary hybrid nanocrystals with con-
trolled topologies, sometimes termed

Janus particles,1�5 has become feasible. Ex-
amples include core�shell semiconductor
quantum dots,6,7 linear and branched het-
erostructures comprised of two semiconduc-
tors,8,9magnetic-functionalized semiconductor
nanorods,10,11 and metal-tipped semiconduc-
tor nanorods and tetrapods.1,3,12�17

Metal�semiconductor hybrid nanoparti-
cles are promising candidates for applica-
tions in solar energy conversion,18 photo-
catalysis,19,20 and electronic devices.21

The nanoscopic dimensions of their compo-
nents, namely, the semiconductor and the
metal, result in size- and shape-dependent
electronic and optical properties. These
mainly result from quantum confinement22

in the semiconducting part (“exciton”)
and the dielectric confinement (“surface
plasmon”) in the metal part, leading to a
very high polarizability at the plasmon
frequency.23 Metal�semiconductor hybrids
often exhibit markedly different properties
than the individual components, thereby
providing a powerful strategy for altering
the properties of nanoparticles. For exam-
ple, previous studies of semiconductor
nanocrystals coupled to metals have exem-
plified the existence of a plasmonic “anten-
na effect”, leading to amplified excitation or
increased radiative decay rate of excitons in
the semiconductor.24�27 Coherent and in-
coherent interactions between the metal
and the semiconductor may lead to broad-
ening and shifting of the excitonic reso-
nance and strong nonlinear effects.28

Other studies have shown that charges
generated by the optical excitation of the

semiconductor domain can be transferred
efficiently to the metal part, shifting the
plasmon frequency29�32 and/or promoting
redox reactions.19,31�35 The gold tips grown
on semiconductor nanorods can also serve
as anchoring points for self-assembly to
create elaborate superstructures.1,36,37 More-
over, the gold tips can serve as efficient
contact points to external electrical circuits.21

Advances in the synthesis of binary hy-
brid systems allow a good degree of control
on the composition and final shape of me-
tal�semiconductor hybrid structures. For
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ABSTRACT The optical response of hybrid metal�semiconductor nanoparticles exhibits

different behaviors due to the proximity between the disparate materials. For some hybrid systems,

such as CdS�Au matchstick-shaped hybrids, the particles essentially retain the optical properties of

their original components, with minor changes. Other systems, such as CdSe�Au dumbbell-shaped

nanoparticles, exhibit significant change in the optical properties due to strong coupling between

the twomaterials. Here, we study the absorption of these hybrids by comparing experimental results

with simulations using the discrete dipole approximation method (DDA) employing dielectric

functions of the bare components as inputs. For CdS�Au nanoparticles, the DDA simulation provides

insights on the gold tip shape and its interface with the semiconductor, information that is difficult

to acquire by experimental means alone. Furthermore, the qualitative agreement between DDA

simulations and experimental data for CdS�Au implies that most effects influencing the absorption

of this hybrid system are well described by local dielectric functions obtained separately for bare gold

and CdS nanoparticles. For dumbbell shaped CdSe�Au, we find a shortcoming of the electrodynamic

model, as it does not predict the “washing out” of the optical features of the semiconductor and the

metal observed experimentally. The difference between experiment and theory is ascribed to strong

interaction of the metal and semiconductor excitations, which spectrally overlap in the CdSe case.

The present study exemplifies the employment of theoretical approaches used to describe the optical

properties of semiconductors and metal nanoparticles, to achieve better understanding of the

behavior of metal�semiconductor hybrid nanoparticles.

KEYWORDS: plasmon . exciton . hybrid nanoparticles . Janus particles . DDA .
absorption
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example, gold domains can be grown selectively
on the tips of CdSe or CdS nanorods.1,32,38�40 These
structures have a gold tip either on both ends
(“dumbbell” structure) or only at one side (“matchstick”
structure). The optical properties of the CdSe�Au
and CdS�Au hybrid particles arise from a complex
interplay of the components. The rapid electron
transfer from the semiconductor to the metal leads
to quenching of the fluorescence from the semicon-
ductor part.1,13 For CdS�Au hybrids, the optical
absorption spectra exhibit resonances in the visible
and near-UV spectral region that originate from
contributions of both the metal (plasmon resonance
peak) and the semiconductor (exciton band edge
absorption peak). In the NIR range an absorption tail
is seen, which falls off toward the IR. Toward higher
photon energies, the absorbance of CdS�Au hybrids
increases continuously due to excitation of bound
electrons into higher bands in both the metal and
the semiconductor segments.
It is not straightforward to describe the optical

resonances of hybrid structures with plasmonic and
excitonic contributions. In fact, the two kinds of excita-
tions have different origins and are normally described
by different physical theories since excitons corre-
spond to bound states of a single electron�hole pair,41

while surface plasmons are collective oscillations of all
conduction electrons within the boundaries given by
the particle surface.42 The latter are usually described
with classical electrodynamic theory as oscillation of
the quasi-free electron cloud within the particle's
boundaries.
The interaction between the two kinds of quasi-

particles is, in general, highly complex. Here we
model this interplay taking into account only purely

electrodynamic interaction of otherwise independent
systems. In this approach both systems are described
by their independent dielectric function, the optical
response of the hybrid being then computed numeri-
cally within the discrete dipole approximation (DDA).43,44

We compare theoretical calculations to experimental
results based on absorption measurements of hybrid
CdS�Au and CdSe�Au nanoparticles corresponding
to non-resonant and resonant exciton�plasmon inter-
action, respectively.

RESULTS AND DISCUSSION

Figure 1a shows a TEM image of the CdS�Au sample
for which the optical response was studied (CdS size:
14 nm � 5.3 nm, DAu = 6 nm). Figure 1b shows the
measured absorption spectra of the sample before and
after gold growth. In this size range, scattering is
usually much smaller than absorption, and therefore
the latter dominates the optical response. In order to
understand the optical resonances seen in the absorp-
tion spectrum of this CdS�Au sample in more detail,
we have performed electrodynamic simulations within
the DDA approximation using the dielectric functions
of the confined metal and semiconductor parts as
inputs. The geometry used in the calculation is shown
in the schematic drawing in Figure 1c. The sizes
correspond to the mean dimensions of the prepared
sample seen in Figure 1a. The gold tip was described as
a sphere with a diameter of D = 6 nm. The length (L)
and diameter (w) of the CdS cylinder-shaped segment
were set as 14 and 5.3 nm, respectively. Possible
deviations of the tip from a perfect spherical shape
were taken into account by changing the overlap
between the sphere and the cylinder described by
the S parameter (see Figure 1c).

Figure 1. (a) TEM image of the CdS�Aumatchstick-shaped sample used for the comparison of the experimentally measured
absorption with DDA simulations. The mean CdS segment size is 14 nm � 5.3 nm. The average gold tip size is 6 nm. (b) The
measured absorption spectra: template CdS nanorods sample (blue curve) CdS�Au sample after gold growth (red curve). (c)
Schematic drawing of the geometry of the CdS�Au hybrid used for the DDA simulations. The following values were used for
the simulations:DAu =6 nm, L = 14 nm,w = 5.3 nm. The parameter S, which describes the offset between the center of the gold
domain and the edge of the semiconductor cylinder, was set to S = 3 or S = 1.5 nm for a sphere- and half-sphere-shaped gold
tip, respectively.
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Describing the response of the metal�semiconduc-
tor hybrid structures is complicated because the elec-
tron confinement has a strong influence on the
dielectric functions (DEF) of the semiconductor part.
To obtain it, we started from the experimental absorp-
tion spectra of bare semiconductor nanorods of similar
sizes to those in the hybrid structures and employed an
iterative procedure to systematically improve a trial
DEF, which by construction coincided with the bulk
CdSe and CdS DEFs above a threshold frequency, until
the calculated and experimental absorption spectra
coincide.45 The extracted imaginary part of the di-
electric function for the CdS nanorod is shown in Figure
2 (red curve) in comparison to that of bulk CdS (blue
curve). The real part of the dielectric function calcu-
lated using the Kramers�Krönig relation for the CdS
nanorods is also shown (green dashed curve in
Figure 2). The procedure for calculating DEFs of
the semiconductor is described in detail in the Com-
putational Methods section and in the Supporting
Information.
For the size range of the gold part investigated here,

size effects on the DEF must be taken into account by
modifying the bulk DEF46 with a size-dependent
damping term that takes into account the surface
scattering of electrons.42,47,48 This essentially leads to
a broadening of the surface plasmon resonance of
metal nanoparticles. In this context, DDA has been
widely used to simulate the optical properties of metal
nanostructures,49�51 as it permits calculation for arbi-
trary shapes. In a previous study,52 we found good
agreement with the measured optical properties of
relatively “large” gold nanoparticles using the bulk DEF
of gold.
Apart from the size effect on the DEF of the gold, the

exact shape of the metal�semiconductor interface
and the gold tip shape also play an important role.
In order to elucidate their effect on the absorption of

the CdS�Au hybrid, we simulated the absorption
spectra for two different cases: half-sphere-shaped
tip and a spherical tip (S = 1.5 nm and S = 3 nm,
respectively; see drawing in Figure 1c) attached to a
semiconductor cylinder. The simulation results are
given in Figure 3 in comparison with the experimen-
tally obtained spectra. As the measured spectra are for
a dilute solution of nanoparticles dissolved in toluene
with a well defined size and shape, we model the
nanoparticles as isolated hybrid particles that are
not interacting with each other. For the half-sphere,
we obtained two plasmon resonances (red curve). The
resonance corresponding to the peak around 600 nm,
which is not present in the experimental spectra, is
associated with an enhanced electric field along the
interface (see black vertical line and inset in Figure 3).
This resonance also showed up in calculations of half-
sphere-shaped gold nanoparticles without any semi-
conductor part. Therefore, we assume that this extra
resonance originated from the edged anisotropic
shape of the gold domain within the hybrid nanopar-
ticle. This is also consistent with the slight blue shift of
the short wavelength resonance (around 530 nm)
as compared to the spherical case. Deviation from
sphericity of a pure metal nanoparticle is known to
induce a splitting of the surface plasmon resonance
into red- and blue-shifted component, as in a metal
nanorod.
For the spherical gold domains (Figure 3, blue curve)

this second resonance disappears. The simulation ob-
tained for a spherical tip exhibits a single plasmon peak
in a location that coincides with the plasmon peak in
the measured absorption spectra (Figure 3, black

Figure 2. Computed dielectric functions (DEFs): (solid blue
curve) imaginary part of the dielectric function of bulk CdS,45

(solid red curve) imaginarypart of thedielectric functionof the
CdSnanorodsample (16.5nm� 5.7nm), (greendashedcurve)
the real part of the dielectric function of the CdS nanorods
sample.

Figure 3. Wavelength-dependent absorption cross section
is shown for three cases: experimental spectra obtained
from absorption measurements (dashed black line), DDA
simulation taking into account half-sphere-shaped gold tip,
S = 1.5 nm (dashed red line), DDA simulation taking into
account a spherical gold tip, S = 3 nm (blue line). The
simulation for the half-sphere-shaped gold tip exhibits a
second plasmon resonance around 600 nm (black vertical
line) corresponding to a resonance with the electric field
located along the interface (inset: color-coded local polar-
ization when excited with light polarized parallel to the
short particle axis).
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curve). From this observation we can conclude two
things: first, the optical spectra depend very sensitively
on small variations of the gold domain shape, and
second, it appears that the gold domain in these
matchstick-shaped CdS�Au hybrids is best accounted
for as a sphere. This analysis clearly demonstrates the
remarkable sensitivity of the DDAmethod to the metal
domain shape and to the interface between the two
materials. This information is difficult to obtain by
direct structural characterization methods such as
electron microscopy or by any other means.
Additionally, we compare the absorption spectra of

the CdS�Au hybrid with the absorption of a mixture of
its individual components. This is aimed to elucidate
the influence of combining the two materials together
on the absorbance of the hybrid. The comparison was
conducted both for experimentally measured absorp-
tion spectra in toluene and for theoretical DDA simula-
tions (using toluene as the solvent), as shown in Figure
4a and 4b, respectively.
In both cases, namely, experiment and DDA simula-

tion, we compare the absorption cross section of the
CdS�Au hybrid sample (CdS: 14 nm � 5.3 nm, DAu =
6 nm) as a function of wavelength (thick black curve) to
the result obtained for a physical mixture of CdS
nanorods (16.5 � 5.8 nm) and free gold nanoparticles
(DAu = 6 nm) with a mole ratio of 1:1 (narrow black
curve, above the yellow and blue areas; the mole
amount corresponds to number of particles, not

atoms). The experimental result was obtained by mea-
suring a mixture of CdS nanorods and gold nanopar-
ticles in toluene and normalizing the absorption spectra
of the mixture to the absorption cross section of 6 nm
gold nanoparticles. The cross section for the gold was
obtained from inductive coupled plasma atomic emis-
sion spectroscopy measurements combined with ab-
sorbance measurements, as explained in the Support-
ing Information (Cext at 525 nm = 8 � 10�6 μm2).

The DDA result for the mixture is based on the sum of
the results obtained separately for bare gold spheres
and CdS nanorods. For clarity, we also add to the plots
in Figure 4a and 4b the wavelength-dependent ab-
sorption cross sections for bare Au nanoparticles (red
dashed curve) and bare CdS nanorods (black dashed
curve) of similar dimensions to those within the hy-
brids (see details in the Experimental Methods section
and in the Supporting Information).
We find a qualitative agreement between the DDA

simulations and the experimental results given in
Figure 4. In the experimental spectra, the plasmon
peak in the hybrid is red-shifted to lower energies/
longer wavelength with respect to the plasmon of the
mixture (shifts from527 to 538 nm, by about 50meV). A
spectral red shift of similar magnitude is observed also
in the simulation (from 533 to 540 nm, by about
30 meV). Therefore, it appears that the simulation
confirms that this red shift is mainly a purely electro-
dynamic effect, caused by the larger real part of the
refractive index of the semiconductor as compared to
that of the solvent surrounding the metal tip. This
behavior is consistent with previous observations
of plasmon resonance shift toward lower energies
(spectral red shift) in a higher refractive index
environment.53,54 However, we point out that in con-
trast to spherical symmetry systems, e.g., nanospheres
in different matrixes or core/shell structures, for these
matchstick-shaped CdS�Au hybrids, the surrounding
environment of the gold tip is not homogeneous, as
the tip is directly exposed to both the semiconductor
domain on one side and the solvent on the other side.
In addition, for the experiment and the simulation,

the absorption cross section of the hybrid nanoparti-
cles is slightly larger compared to that of themixture of
their components (see green area in Figure 4), again an
effect of the larger dielectric constant environment.
However, we note that the experimental spectrum of

Figure 4. Extinction cross section (in μm2) as a function of wavelength for 16.5 nm� 5.8 nmbare CdS nanorods (dashed black
curve), 6 nm gold bare nanoparticles (red dotted curve and yellow area), a mixture of gold nanoparticles and CdS nanorods
with dimensions similar to those in the hybrid (yellow plus blue area, narrow black curve), CdS�Au hybrid (thick black line),
and thedifferencebetweenhybrid versus themixture of its components (green area). For all the spectra the solvent is toluene.
We compare the spectra obtained in two different approaches: (a) experimental absorption measurements; (b) DDA
simulations. The estimated error for the experimentally obtained absorption cross section of CdS and CdS�Au values
is ∼20%.
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the CdS�Au hybrid (Figure 4a) is broader than the DDA
simulation spectra (Figure 4b). This could be caused by
the inhomogeneous size and shape distribution of the
real sample in the experimental ensemble absorption
measurements in contrast to the fixed geometry used
in the simulations.
Aiming to understand the validity of the introduced

theoretical method for the study of other types of
semiconductor�metal hybrids, we have also applied
the combined experimental and theoretical study to a
sample of CdSe�Au dumbbell-shaped nanoparticles.
In contrast to the CdS�Au case, in this system the

surface plasmon resonance of the bare gold tip over-
laps the absorption of the bare semiconductor rod.
Figure 5a shows a TEM image of the sample for which
the absorption was studied (CdSe: 24 � 4.5 nm, DAu =
4.5 nm). The absorption of the CdSe�Au sample was
calculated using the same numerical approach with
the geometry shown in Figure 5b. The sizes used in the
calculation correspond to the dimensions of the pre-
pared sample seen in Figure 5a. The gold tip was
described as a sphere with a diameter of D = 4.4 nm.
The length (L) and diameter (w) of the CdSe cylinder-
shaped segment were set as 23.8 and 4.4 nm, respec-
tively. The S parameter was set to a value of 1.1 nm. The
absorption cross sections were obtained experimen-
tally in the same manner as for CdS�Au hybrids.
Figure 5c shows the absorption spectra obtained for

CdSe�Au from the simulation (red curve) in comparison
with the experimental result (blue curve). As a reference,
we add the spectra obtained for bare CdSe nanorods
(green curve) and gold nanoparticles (black curve) of
similar sizes (obtained experimentally based on absorp-
tion measurements in toluene). The simulation for
CdSe�Au predicts the appearance of a broad peak
around 570 nm, arising from the absorbance of both
components. However, in the experimental spectra, no
plasmon resonance peak is seen and the exciton absorp-
tion peak is smeared. It appears that for CdSe�Au
hybrids, the absorbance is governed by additional effects
that cannot be accounted for using only an electrody-
namics approach, unlike the case of CdS�Au. This differ-
ence can be ascribed to the spectral overlap between the
absorbance of the metal domain and that of the semi-
conductor domain. This leads to strong mixing of the
electronic states of the metal and the semiconductor,
which may influence the absorption spectrum, an effect
that is not accounted for in the simulation.

CONCLUSIONS

Keeping in mind the limitations of the adopted
simulation approach, namely, the inclusion of only
polarizability effects within the DDA method with the
dielectric functions of the confined but non-interacting
components, the comparison of single-particle spectra
(theory) to ensemble spectra (experiment), and the
uncertainty in the gold tip geometry, we can never-
theless use the qualitative agreement between simula-
tion and experiment for CdS�Au “matchstick” hybrids
to draw conclusions. In this non-resonant condition
between the semiconductor and metal excitations, the
sensitivity of the DDA method to the metal tip shape
combinedwith experimental results provides important
insights on the shape of the gold tip and the interface
for the CdS�Au hybrids. Such structural characteriza-
tion is difficult to acquire by experimental means alone.
Furthermore, the qualitative agreement between

DDA simulation and experiment for CdS�Au shows
that most effects influencing the absorption of

Figure 5. (a) TEM image of the CdSe�Au dumbbell-shaped
hybrid sample for which the absorption was studied (CdSe:
24 � 4.4 nm, DAu = 4.4 nm). (b) Schematic drawing of the
geometry of the CdSe-Au hybrid used for the DDA simula-
tion. The following values were used for the simulation:
D = 4.4 nm, L = 26 nm, w = 4.4 nm, solvent: toluene. (c)
Wavelength-dependent absorption cross sections are
shown for the CdSe�Au dumbbell-shaped sample. The
experimentally obtained spectrum (blue curve) is shown in
comparison to the DDA simulation result (red curve). For
further comparison, the absorption cross section spectra for
bare CdSe nanorods (24 � 4.4 nm, green curve) and bare
gold nanoparticles (DAu = 4.4 nm, black curve) are shown
(obtained based on absorption measurements in toluene).
The locations of the band edge exciton absorption peak of
the bare CdSe nanorods and the plasmon resonancepeak of
the bare gold nanoparticles are marked for clarity (brown
dotted line).
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CdS�Au hybrid nanoparticles are reasonably well cap-
tured by local dielectric functions obtained from the
spectra of the bare nanoparticles. In such a case, the
contact between the twomaterials seems to have only
a secondary effect on the dielectric function of the
hybrid, i.e., their electronic band structure.
Nevertheless, we point out that the optical features

we investigated are rather broad, and the simulations
contain some free parameters (mainly the exact geo-
metry of the gold tips) that render the latter conclusion
preliminary. Furthermore, our study shows that taking
into account only polarizability effects is not sufficient to
describe all types of hybrid systems, especially in a
strong interaction caseof CdSe�Auhybrids.Our current
approach, which relies primarily on the dielectric func-
tions of the component comprising the hybrid, does not
take into account additional effects that may influence
the absorption such as the creation of coupled modes,
modification of the electronic structure of thematerials,
charge transfer between the domains, or crystal strains
due to lattice mismatch between adjacent domains
within the hybrid nanoparticle.
The synthesis and basic optical properties of various

semiconductor�metal hybrid systems have been ex-
tensively studied in recent years. However, to date,

many of the experimental observations are not ac-
counted for by theory. The description of the optical
properties of these hybrids remains a challenge. The
combined experimental and theoretical study of ab-
sorption of CdS�Au nanoparticles described in this
paper serves as a first-level treatment of this important
and complex problem. We approach this problem by
utilizing methods used to describe the absorption
properties of semiconductors and metal nanoparticles
separately, aiming at the qualitative behavior of the
hybrid system represented in a simplified manner as a
sum over the components. It is straightforward to
expand this to include size distribution effects and an
anisotropy of the DEFs, but these are, in our opinion,
not themost interesting and important aspects. Future
studies need to extend from this point, to address
the above mentioned limitations. The most important
aspect that challenges current theoretical approaches
is to incorporate the electronic interaction of the metal
and semiconductor portions of the hybrid system and
model the resulting modifications to the DEFs. Inclu-
sion of this aspect is particularly needed for represent-
ing systems where the semiconductor exciton and
metal plasmon are in resonance, such as in the
CdSe�Au system.

EXPERIMENTALANDCOMPUTATIONALMETHODS
Discrete Dipole Approximation Simulations. The DDA method

discretizes the hybrid nanoparticles into small boxes, each
with a local optical response given by a frequency-depen-
dent dielectric function (DEF). On the basis of these, the
overall extinction cross section can be calculated.43,44 The
advantage of this method is that one is completely flexible in
choosing the geometry and composition of the structure;
however, this comes at the expense of considerable demand
on computational power and memory usage. The dielectric
functions are, in general, functions of crystal direction and
wave vector, but for most applications (also in this study),
they are approximated by isotropic functions only depending
on frequency.

We generate the dipole models for the DDA calculation
using Matlab scripts with a minimum of 30 dipoles per
direction. The numerical evaluation is done using the ADDA
software package.55 For the illumination we assume plane
waves with a polarization either parallel or perpendicular to
the long axis of the nanorod and average over all possible
particle orientations by taking a weighted sum of the spectra
for the two orthogonal polarization directions. The wave-
length resolution is set to 5 nm, and the refractive index of the
surrounding medium is chosen to be n = 1.5, corresponding
to toluene.

Calculations of Dielectric Functions of Semiconductor Nanorods. We
determine the dielectric function of a semiconductor nanorod
by means of an iterative procedure,45 which starts from the
experimental absorption spectrum of a sample of nanorods
with the desired sizes and a trial DEF, which is improved until the
corresponding nanoparticle theoretical spectrum matches the
experimental one. The computational scheme used here ex-
tends the method proposed in our earlier study45 by using the
separation of variables method (SVM)56 to calculate the extinc-
tion cross section of ellipsoidal particles. In this way, a nanorod
with diameter D and length L is approximated by an ellipsoid of
main axes a and b, chosen to fix a/b = D/L and the ellipsoid

volume equal to the target nanorod volume. Within the calcula-
tion procedure, the limitation on the energy range available
from typical experimental absorption spectra is overcome by
matching exactly the imaginary part ε2(E) of the nanorod DEF
with the imaginary part ε2

bulk(E) of the bulk at high energies
beyond the experimental range and by assuming there is no
electromagnetic energy absorbed below the measured ab-
sorption edge. Thus, using the Kramers�Krönig relations that
link the real and imaginary parts of the DEF and calculating
the nanoparticle extinction spectrum within the measure-
ment energy range, it is possible to extract the complete
dielectric function of the nanorod as a function of the energy.
Further details on this method are given in the Supporting
Information.

Experimental Determination of Absorption Cross Sections for Semi-
conductor Nanorods, Gold Nanoparticles, and Metal�Semiconductor Hy-
brids. The molar absorption coefficients for the CdS nanorods
were determined based on absorption measurements. For
this purpose the absorption coefficient far above the band gap,
at 350 nm (3.54 eV), was calculated assuming a bulk-like
volume-dependent absorption, as exemplified in a previous
study for CdSe nanorods.57 Themolar absorption coefficient per
unit volume was calculated from the optical constants of the
bulk semiconductor and the solvent based on Maxwell�
Garnett theory.58,59 This calculation was based on previous
studies on semiconductor nanocrystals,60 using the values for
the complex refractive index of bulk hexagonal CdS (n = 2.58þ
0.47i)61 and toluene (n=1.5) at 350 nm (see further details in the
Supporting Information). From the calculation, a value of ε350
(cm�1 M�1) = (0.28 � 1026)V (where V is the nanocrystal
volume in cm3) was obtained for CdS nanocrystals. The
absorption coefficient of the nanorods at the exciton peak
(around 470 nm) was obtained from ε350 and the ratio
between the measured absorption (OD) at 350 nm and
470 nm as follows:

ε470nm ¼ ε350nm
OD470nm

OD350nm
(1)
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The absorption coefficients for hybrid metal�semiconductor
nanoparticles were obtained directly from absorbance mea-
surements by comparing the absorption of the bare semicon-
ductor template to the absorption of the same sample
immediately after gold growth solution was added and gold
growth has taken place (see Figure 1b). This calculation is based
on the homogeneous growth of gold on all the nanocrystals in
the sample and on the fact that the number of nanocrystals in
the solution did not change during the reaction. The following
equation was used to determine the molar absorption coeffi-
cient (ε) value at the wavelength of the first exciton absorption
peak of the semiconductor segment:

εhybrid ¼ ODhybrid

ODsemiconductor

Vf
Vi
εsemiconductor (2)

ODsemiconductor and ODhybrid are the absorbance values of the
solution before and after gold growth, respectively. Vi and Vf are
the volume of the solution before and after gold growth
solution addition, and εsemiconductor is the molar absorption
coefficient of the semiconductor template at the exciton peak
absorption (typically located at 580�600 nm for CdSe and
460�470 nm for CdS nanorods used in this study). The esti-
mated error for the determined absorption coefficient values is
about 20%, evaluated based on the size distribution of the length
and diameter of the semiconductor nanorods.

The molar absorption coefficients (ε) of free gold nanopar-
ticles were determined based on a combination of UV�vis
absorption measurements and the determination of the con-
centration of the nanoparticles by inductive coupled plasma
atomic emission spectroscopy (ICP-AES). The molar absorption
coefficient was determined by plotting the absorbance as
function of the concentration. This plot was fit linearly, and
the ε value was obtained from the slope based on Beer's law. A
detailed description of the ICP measurements procedure is
given in the Supporting Information.

The experimentally obtained absorption coefficients (ε, in
units of cm�1 M�1) were converted to absorption cross sections
(Cext, in units of cm2) based on the following equation:

Cext ¼ 2303εabs
NA

(3)

where NA is the Avogadro constant.
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