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circuit theory is also implemented to provide an intuitive approach regarding the design of optical metamaterials
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1. INTRODUCTION
ZnTe is an interesting II–VI semiconductor material used in
optoelectronic devices, such as in photovoltaic elements
[1,2], green light-emitting diodes [3], broad-frequency field
sensors [4,5], waveguides [6,7], and gain media [8,9]; some
of these devices take advantage of nanoscale effects [10].
ZnTe also has nonlinear optical properties [11]. This material
has been widely used because it is relatively easy to p-dope
compared to other II–VI materials [12,13]. Two wide-bandgap
materials configured as a type II heterojunction, such as a
ZnTe/ZnO core–shell structure, could be used to achieve an
ideal effective bandgap for solar cells [14], thereby exploiting
both the optical coupling between the two components and
unique electrical properties. Moreover, a vertical nanorod ar-
ray of this structure improves light trapping and potentially
reduces charge diffusion lengths, hence further increasing
photovoltaic efficiency [15–17]. To grow these ZnTe nano-
rods, it is possible to utilize gold nanoparticles to catalyze
the growth via the vapor–liquid–solid mechanism [18].

Noble metals such as gold and silver, or transparent
conductive oxides, e.g., ITO and AZO, are known to exhibit
plasmon oscillations when illuminated by light. During these
oscillations, confined conduction electrons can be driven by
the electric field of light into a resonant condition that is
dependent on different parameters, such as material, size,
shape, and host medium properties [19]. In the case of spheri-
cal nanoparticles of size a and permittivity ε in a host medium
with permittivity εh, light scattering and absorption cross
sections are defined by [20]:
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where k is the wavenumber of light. At the plasmon resonance
condition �ε � −2εh� scattering and absorption maxima occur,
assuming the imaginary parts of the permittivities are small.
In the case of small particles with a loss term in their permit-
tivity, the absorption dominates over scattering. A discrete
dipole approximation may also be applied to study the inter-
actions in the quasi-static regime, that is, when the wavelength
of light is much larger than the size of the nanoparticles [21].

The plasmonic structures we introduce here are ideally
vertical arrays composed of gold nanospheres sitting on
top of ZnTe nanorods. We numerically investigate the spectral
response of these plasmonic Au–ZnTe nanostructures and
find the effects of array structure parameters on the extinction
of light. We use the finite element method (FEM) to explore
the best design for such a nanostructure array. This composite
structure can also be modeled as a metamaterial composed
of distinct nanocircuit elements [22,23], which means that
each nanostructure element can be represented by a nano-
resistor, nanocapacitor, or nanoinductor, or a combination
of them. Therefore, one can intuitively study the effects of
design parameters simply by studying the circuit elements.
Finally, we explain the method of fabrication of such
composite plasmonic structures.

2. MODELING
Using COMSOL as our FEM modeling tool, we designed a unit
cell of coupled plasmonic Au–ZnTe structure, where a gold
nanosphere sits upon a ZnTe nanorod (see Fig. 1 inset).
The unit cell includes a gold nanosphere of size 100 nm
and a nanorod of diameter and length 60 and 500 nm, respec-
tively. Linearly polarized light is assumed incident from above
the unit cell. Parallel to the axis of the nanorod shown in Fig. 1,
and in both directions, we employed Floquet boundary con-
ditions to account for neighboring nanorod structures that
can contribute to coupling effects in the computation process.
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In this way, we can simulate an infinite two-dimensional array
of nanostructure elements that replicate the unit cell. Material
properties of ZnTe and Au can be found everywhere, e.g.,
Refs. [11] and [24], respectively.

We investigate the spectral properties of this initial design
upon changes in different parameters to find a suitable set of
final parameters in order to guide the fabrication and predict
the results of the optical experiments. Two of the main param-
eters that can be controlled in the fabrication process are
(1) the spacing between the adjacent plasmonic nanorods
and (2) the length of the ZnTe rods. The extinction spectra
for a variety of reasonable spacing values are calculated
and shown in Fig. 1. It can be seen that the optical response
of the structure is fairly sensitive to the spatial distribution of
the nanostructure array, and there is an enhanced extinction
in the wavelength range 550–700 nm at 60 nm spacing. Since
the extinction is defined as the sum of the absorption and the
scattering, one can expect enhanced absorption or scattering,
or even both. Enhanced scattering, when directed toward the
absorptive material, can help to increase light–matter interac-
tion, which would eventually lead to an increase in the total
absorption. This is a very important feature of this structure
for use in applications such as solar harvesting or detectors.

Regarding the extinction peaks of Fig. 1, it can be specu-
lated that one of the main reasons for such an increase in
the extinction is a reduction in the reflectivity of the structure.
Therefore, light scattering and absorption occur more at some
spacing values. Further, to explain other origins of these
peaks at these optimal parameters, different processes could
be taken into account. A mechanism that is common in all of
the situations, and is considerable at wavelengths in the
range 550–650 nm compared to longer wavelengths, is the pro-
nounced localized surface plasmon resonance (LSPR) of the
gold nanospheres. The LSPR can result in enhanced light–
matter interaction through two methods; the first one is the
increased forward scattering from the gold sphere to the sin-
gle nanorod that is attached to it, and the second method is
the increased side scattering that adds to the amount of
forward-scattered light in the adjacent nanorods. This LSPR

mechanism is also dependent on the spacing between nano-
elements. Another mechanism that affects absorption and
dependence on the length of the nanorods is the dielectric res-
onance due to interference. That is, when the optical length of
the nanorod approximately matches the odd multiples of a
quarter-wavelength (mλ∕4nλ, m � 1; 3; 5;…), one can expect
increased field in the structure, and vice versa. For example,
with m � 8 at λ � 600 nm, the optical thickness is 493.5 nm,
and hence a destructive interference is expected, resulting in
lower absorption, as can be seen in Fig. 1. However, the peak
for 60 nm spacing is not obeying this rule, which suggests the
existence of another dominant mechanism. The last mecha-
nism for such extinction peaks includes the effects of both
length and spacing, such that the overlap between the
scattered light and the neighboring nanorods is effectively
higher at some conditions, resulting in an efficient secondary
absorption. This could be the main reason behind the large
peak at 60 nm spacing, after ruling out forward scattering.
Therefore, it is the competition and collaboration between
these mechanisms that lead to such different peaks as the
length and the spacing parameters of the structure change.
Also, as is obvious from extrapolation of all the curves to
wavelengths shorter than 550 nm, a high extinction regime
exists, due to natural absorption of the materials.

Figure 2 demonstrates the power dissipation of light in the
nanorod structures. Here, the spacing is 60 nm and the length
is 500 nm. The different spectral responses of light absorption
in the gold nanosphere and ZnTe nanorod are observable from
this figure. One can easily spot the high absorption localiza-
tions in the ZnTe rod [Figs. 2(c) and 2(d)]. There is also a
high absorption region close to the top of the ZnTe. This
can be from the resonant forward scattering of the gold
due to the LSPR effect, which, as mentioned earlier, directly
helps the absorption. To confirm this, we computed the scat-
tering profile of a nanocomposite element [Figs. 2(e) and 2(f)].
The forward scattering into the nanorod and also the side scat-
tering to the neighboring nanorods can be verified. Also, the
effects of coupling between nanostructures in the directions
parallel and perpendicular to the polarization plane of light is
observable in these patterns. Therefore, it is now clear that the
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Fig. 1. Extinction spectra of incident light as functions of the spacing
between nanorod structures. The Au diameter is 100 nm, and the ZnTe
diameter and length are 60 and 500 nm, respectively. The inset shows
the unit cell of simulation.

Fig. 2. Power dissipation in the plasmonic nanorod structure as a
function the light wavelength: (a) 1000 nm, (b) 750 nm, (c) 600 nm,
(d) 550 nm. The neighboring nanorods are placed with a spacing
of 60 nm. Scattering profiles of the Au–ZnTe element at λ �
600 nm for directions (e) perpendicular and (f) parallel to the polari-
zation plane of light.

Alisafaee et al. Vol. 2, No. 1 / February 2014 / Photon. Res. 11



gold nanospheres can be utilized in a multipurpose procedure;
one purpose is to help the growth of the ZnTe nanorods
through catalyzing the fabrication process, the second is to
control the diameter of nanorods, and the third is to facilitate
absorption through forward and side scattering.

We also considered the effects of nanorod length on the
spectral response of our plasmonic structure (Fig. 3). The
spacing is 60 nm. For comparison purposes, since the lengths
are different, the extinction values are normalized by dividing
them to the volume of the nanorod in order to obtain a
measure of effective extinction. The results show spectral
sensitivity depending on the length of the ZnTe nanorod.
The majority of these variations can be due to spatial overlap
with the side lobes of the LSPR scattering. It can be seen that
the length of 250 nm provides the best extinction over the
spectral region where the absorption of ZnTe is relatively
higher. To investigate the absorption inside the nanorod,
we separate the contribution of the gold from the extinction
spectra and study the two main wavelengths where the
absorption coefficient of the ZnTe is larger. The results are
shown in Fig. 4. We have found that a huge increase in the
amount of absorption at wavelengths of 550 and 600 nm
occurs when the nanorod length is around 250 nm. This
can be considered the optimal length for our structure. The
insets of Fig. 4 show the distribution of absorption throughout
the nanorods. We can see that an effective absorption can be
achieved in all the nanorods by carefully designing the spacing
and length of the array structure. We also studied another
case, when no gold was attached on top of the ZnTe nanorod.
This study helps to understand the important role of gold in
the enhancement of absorption. The results for the same two
wavelengths are plotted in Fig. 4. The enhancement factor,
which we define as the ratio of the absorption with the
gold nanosphere to the absorption without it, rises to 8 for
the optimal length we found earlier.

3. LCR CIRCUIT MODEL
At our wavelength range of interest, the real parts of the
permittivity of Au and ZnTe are, respectively, negative and
positive. They can be modeled as lumped circuit elements

having an inductance (Ls) and a capacitance (Cr) response,
respectively. Therefore, we can use an equivalent circuit to
model the response of not only a single nanostructure but
also an array of such nanostructures. Figure 5 shows such
a circuit model. The resistors represent the material’s
losses. We assume a square lattice of such structures and
add capacitors Css and Crr to account for spacing between
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Fig. 3. Normalized extinction spectra as a function of nanorod
length with a constant 60 nm spacing between structures.
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Fig. 4. Power dissipation (filled) and enhancement factor (empty)
versus ZnTe length at wavelengths of 600 (diamonds) and 550 nm
(circles). Insets: absorption distribution at 550 (left) and 600 nm
(right).
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Fig. 5. (a) Schematic of Au–ZnTe array with equivalent circuit
model elements and (b) calculation of the induced relative dipole mo-
ment in the gold spheres. The white line is the LSPR in air for and
isolated sphere. (c) Comparison of LCR circuit response and simula-
tion data points for a 60 nm separated array of Fig. 1.
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the spheres and rods, respectively. Since the spacing between
the spheres is on the order of their radii, they can be coupled
together. But for nanorods, the spacing is about three
times larger than the radius. Thus, we neglect the coupling
between them.

Applying the approach of Ref. [23] to obtain the equivalent
values of circuit elements, we find Ls � 10.1 fH (inductance
of sphere), Cfs � 2.78 aF(fringe capacitance of sphere),
Cr � 293.6 fF(capacitance of rod), Cfr � 6.67 aF (fringe
capacitance of rod), and the total values for the LCR circuit
would be L ∼ 10.1 fH, C ∼ 11.1 aF, and R ∼ 233.4 Ω. This
is a bandpass filter with a Q factor of 7.78 and fractional
bandwidth of 0.1288, centered at a frequency corresponding
to a 630 nm light.

The bandwidth of the resonance is about 80 nm. These
characteristics approximately match the spectral properties
of Fig. 1 (60 nm spacing). The plot of such a response is shown
in Fig. 5 together with the simulation points of Fig. 1. To com-
pare the results of LCR and FEM, it should be noted that
the LCR approach is a quasi-static approximation that is
independent of the wavelength. We used the optical proper-
ties of the materials at 630 nm. Any deviations in the optical
properties result in deviations in the spectrum, particularly at
longer wavelengths. Another source of error in the use of
the LCR method arises from neglecting the retardation
effects. The structure we are using here is comparable to
the wavelength of the incident light, which dictates that
retardation effects should be taken into account.

We have investigated the coupling of gold spheres using
this LCR method and concluded that only those spheres
aligned in the polarization of light can be coupled efficiently.
The coupling induces a dipole in each sphere, whose magni-
tude is dependent on the distance between the spheres. In
Fig. 5, we have calculated this dipole moment compared to
the local dipole response of the sphere in response to the in-
cident light. As is obvious, the coupling is strong only at a
close proximity, and it can shift the resonance of the LSPR
to the red. However, with the geometrical parameters we used
for the simulation, there is unlikely to be a redshift from the
LSPR coupling when referring to these calculations. Never-
theless, one can easily and intuitively figure out that both
the circuits of the sphere and the rod are coupled together,
and the capacitor response of the rod affects the resonance
frequency of the sphere such that the total capacitance is
increased, which results in a redshift in the resonance of
the structure.

4. FABRICATION
Here we only report the fabrication procedure and its result-
ing structures. Au–ZnTe nanostructures were fabricated in
several steps. First, a thin film of gold was sputtered onto
an Si(111) wafer. Then the wafer was thermally annealed
to create Au islands. The Au thin films on the Si(111) wafers
were heated to 600°C, 625°C, 650°C, or 700°C over 30 min and
held at this temperature for 1 h and then allowed to cool
naturally. Sputtering thicknesses from 1 to 10 nm were inves-
tigated, but only thicknesses above 5 nm resulted in measur-
able Au islands. Based on these capabilities, we were able
to create Au islands with a size range of about 100 nm that
consequently resulted in a narrower diameter for the ZnTe
nanorods. We should note that the Au dimensions directly

control the growth of the ZnTe nanorod diameter. Finally,
the Au islands were used to catalyze ZnTe growth in a
chemical vapor deposition process to create the Au–ZnTe
structures. To investigate the sample, we used dark field
microscopy to observe the LSPR and spacing between the
composite elements (Fig. 6). Characterization of electrical
and optical properties of this structure is beyond the scope
of this work and will be reported separately.

5. CONCLUSIONS
We have studied the spectral properties of a composite
plasmonic array structure made from gold nanospheres and
ZnTe nanorods. For applications in solar harvesting and
detectors, we investigated the effects of structural parameters
on light absorption and scattering. We found an optimum
design for nanorod length and array spacing that can provide
enhanced extinction. Moreover, we used an LCR equivalent
circuit model to intuitively study the response of our proposed
structure. One of the main conclusions of our work is the role
of the plasmonic gold spheres incorporated into our design.
We found that the gold has a few benefits: one is to help during
fabrication in the growth of the ZnTe nanorods, and another is
to provide more absorption in the ZnTe nanorods through
LSPR. The results of these studies are of great importance
in developing novel devices for solar harvesting and detectors.
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