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Superdispersive plasmonic metamaterial
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We realize a simple technology to assemble a three-dimensional metamaterial consisting of stacked
planar silicon chips with a metallic mesh lithographically fabricated on the chip surface. We use Fabry-
Perot resonance spectroscopy to accurately measure the metamaterial dispersion in the terahertz frequency
range. For large mesh periods, the dispersion closely follows the plasmonic dependence, with the plasma
frequency determined by the geometric parameters of the metamaterial. For small mesh periods, the dis-
persion gains extreme sensitivity to the radiation frequency. Such a superdispersive property may have
implications in the field of spectroscopy and multiplexing.
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I. INTRODUCTION

Periodic metallic structures have the ability to simulate
various homogeneous materials the specific properties of
which eventually do not exist for natural materials. For
example, when its characteristic dimensions are small in
comparison to the wavelength, a three-dimensional (3D)
periodic mesh of metallic thin wires behaves as a homoge-
nous metamaterial with a plasma frequency [1,2] of
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Here, a is the array lattice constant and r is the radius of
the wires. Thus, the metamaterial exhibits a highly dis-
persive nature with ¢(w) = 1 — w} /. Experimentally,
the expression given in Eq. (1) has been verified roughly
using the electromagnetic transparency of the plasmonic
metamaterials above the plasma frequency [3—5].

Initially, plasmonic metamaterials have been used to
create various microwave quasioptical elements (lenses,
prisms, and holograms) [6-9]. After a few decades, atten-
tion to metamaterials has returned in the wake of new ideas
related to left-handed metamaterials. Since the original
work in 1968 [10], left-handed metamaterials have demon-
strated many unconventional physical properties [11—13].
More recently, plasmonic metamaterials have opened up
another interesting area of epsilon-near-zero (ENZ) mate-
rials [14,15]. The ENZ metamaterials have already shown
interesting implications in the fields of supercoupling [16,
17], nonlinear optics [18—20], and directive emission [21].
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Despite promising prospects, the development of meta-
materials is severely slowed down by the challenges in
synthesis and their high internal absorption.

In the present paper, we propose and realize a simple
technology to assemble a 3D plasmonic metamaterial from
a stack of silicon chips with metallic mesh lithographi-
cally produced on their surface [22]. We use spectroscopy
of Fabry-Perot resonances for the accurate measurement
of the metamaterial dispersion, &(w) = & (1 — w; /w?). It
turns out that the plasma frequency is described quite accu-
rately by the expression (see the Supplemental Material

[23])
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where ¢ = 11.9 is the dielectric constant of silicon, a is
a mesh period, w is the mesh width, and d is the thick-
ness of the chip. Most importantly, we have found that
when the plasmon frequency w, reaches the stop-band
edge, the effective dielectric permittivity of the metama-
terial gains extreme sensitivity to the radiation frequency.
Such a superdispersive property can find important impli-
cations in the field of terahertz spectroscopy and spatial
multiplexing [24-26].

II. EXPERIMENTAL METHOD

The metamaterial samples under study have been con-
structed from high-resistivity > 30 k2 x cm silicon chips
with dimensions of 1 x 1 cm?. We have measured two
series of samples with chip thicknesses of d = 105 and
210 pm. A metallic mesh with a period @ = 0.1 — 0.3 mm
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and a strip width w = 5 — 30 wm is lithographically fabri-
cated on one side of each semiconductor chip. The metallic
layer, which contains Cr (25 nm) and Au (700 nm), is
thermally evaporated in a vacuum chamber. The thick-
ness of the metallization has been chosen to be thicker
than the skin layer at a typical experimental frequency
8(100 GHz) = 250 nm. The silicon chips are aligned and
pressed tightly to form a resulting metamaterial [Fig. 1(a)].
It has been shown that the electrodynamic properties of
the devised metamaterial are robust with respect to the
alignment of the mesh structures and small defects in the
metamaterial (see the Supplemental Material [23]). The
direction of the electric field in the incident electromag-
netic wave is shown in Fig. 1(a) by the red arrow. The
metamaterial sample is mounted across the optical path
of the terahertz beam. We employ a set of backward-
wave oscillators (BWOs) covering the frequency range of
50—400 GHz as a source of continuous terahertz radiation.
The electromagnetic radiation from the source is directed
normally to the sample surface. The transmitted power is
synchronously detected with a pyroelectric detector at a
modulation frequency of 1 kHz. Further technical details
on the setup and procedure used in the terahertz quasioptic
experiment can be found elsewhere [27].

I1I1. EXPERIMENTAL RESULTS

The red dots in Fig. 1(b) display the transmission
through the metamaterial sample containing nine chips.
The lattice on each chip has a period ¢ = 0.2 mm and
a strip width of w = 10 wm. The measured transmission
curve has two interesting features. First, the plasma edge
is clearly distinguishable at the frequency f, = 146 GHz
[arrow in Fig. 1(b)]. Below the plasma frequency, the
transmission of the metamaterial is virtually zero. Above
the plasma frequency, the transmission demonstrates a set
of Fabry-Perot resonances. The sequence of these res-
onances differs dramatically from that of an empty Si
substrate with the same thickness [blue dots in Fig. 1(b)].
The Fabry-Perot resonances are spaced nonequidistantly
on the frequency scale due to the highly dispersive nature
of the designed metamaterial. Also, the first N = 1 Fabry-
Perot resonance shows a substantial shift from 47 GHz up
to 157 GHz, indicating that the effective dielectric constant
of the metamaterial is much lower than that of the bulk
silicon e = 11.9.

Using the frequency position of the successive Fabry-
Perot modes, one can study the dispersive properties of
the metamaterial. Such a Fabry-Perot ethalon method has
been widely used to study the dispersion of different exci-
tations, e.g., exciton polaritons [28,29] and plasmons [30].
In Fig. 2(a), we display transmission spectra recorded for
the metamaterial stack assembled from a different number
of layers. The curves are offset vertically by one unit for
clarity. Each Fabry-Perot resonance has been assigned a
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FIG. 1. (a) Left: a single silicon chip with a metallic mesh on
the surface (¢ = 0.3 mm, w = 30 pum). Right: a side view of the
metamaterial stack containing nine chips. (b) Top: the transmis-
sion spectrum measured for the stack of nine silicon chips with a
total thickness of 4 = 0.95 mm. Bottom: the transmission spec-
trum measured for the same stack of nine silicon chips with a
metallic mesh lithographically fabricated on the surface of each
substrate. The mesh has a period ¢ = 0.2 mm and the width of
the metal strips w = 10 wm. The arrow marks the frequency of
the plasma edge f, = 146 GHz.

sequential number N = 1,2, 3, ... The dotted lines in Fig.
2(a) serve as a guide for the eye, linking the peaks with
N =1, 2, 3, and 4 as they disperse with increasing stack
number. It is interesting to note that a broad resonance on
metamaterial containing a single chip corresponds to the
excitation of a N = 0 Fabry-Perot mode. The shift of this
resonance from zero frequency is due to plasma effects. A
detailed description of this phenomenon is given elsewhere
[31-34], and we will not discuss it in this paper.

The Fabry-Perot resonance frequency is determined by
the standard expression

C
, S(w)=(

e(w)

T C 2
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where /4 is the total thickness of the metamaterial.
The resultant effective permittivity e(w) of the meta-
material under study is summarized in Fig. 2(b). It is
very well described by the plasma relation ¢(w) = (1 —
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FIG. 2. (a) Transmission spectra measured for the plasmonic

metamaterial with different numbers of chips in the stack. Each
chip has a thickness of d = 105 wm and mesh geometric dimen-
sions of @ = 0.2 mm and w = 10 pm. The dotted lines serve
as a guide for the eye, linking the peaks with N =1, 2, 3, and
4 as they disperse with increasing stack number. (b) The dis-
persion &(w) of the electromagnetic wave traveling through the
metamaterial. The different points correspond to distinct Fabry-
Perot resonances. The red line depicts the relation ¢(w) = ¢ (1 —
w; /w*) with the plasma frequency f, = , /27 = 146 GHz. The
blue line shows the dispersion calculated from Eq. (4), taking
photonic crystal effects into account. The dashed horizontal line
denotes the bulk permittivity of the silicon (Si).

wj /w*) with the plasma frequency f, = 146 GHz [red
line in Fig. 2(b)]. Therefore, the metamaterial under study
exhibits all of the physical properties of the 3D plasma.

In these considerations, we have neglected the attenuation
in the metamaterial. We believe that this is justified by the
fact that, according to experimental data from Fig. 2(a), the
transmission of the metamaterial samples is rather high.
Indeed, the transmission at the Fabry-Perot maxima equals
0.8 for the thickest sample with nine chips in the stack.

To further study the plasmonic properties of the meta-
material, we have performed the same experimental sets
with metamaterials having chip thicknesses d = 105 and
210 wm and mesh geometrical parameters a = 0.3, 0.2,
and 0.1 mm and w =5, 10, and 30 wm. For each meta-
material configuration, we carefully determined the plasma
frequency. The resultant dependencies of the plasma fre-
quency on the geometrical parameters are presented in Fig.
3. The solid lines in Fig. 3 are according to Eq. (2). There
is a surprisingly good agreement between the experimental
data and the theoretical formula for the plasma frequency.

The metamaterial concept only works well if the radi-
ation wavelength is much larger than the characteristic
scale of the material. In our case, this translates into two
conditions: a < A//¢ and d < 1/4/¢. In the case of a >
X/ /€, the diffraction scattering of the incident electromag-
netic wave begins to play a major role (see Supplemental
Material [23] for experimental demonstration). In turn,
the failure of the second condition (d <« A//€) results
in photonic crystal effects [35]. It turns out that the pho-
tonic crystal effects, in conjunction with the plasmonic
properties, lead to interesting physical implications.

The expression &(w) = ¢ (1 — w) /®) naturally stops
working at large d or high frequencies. An advanced anal-
ysis yields the following expression for the dispersion of
the wave traveling in the mesh medium [8,9]:

cos <§d \/@) = cos <%d ﬁ)
sin (%dﬁ) . (&)

Lme
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The resultant dispersion calculated for the plasmonic meta-
material with ¢ = 0.2 mm and w = 10 pm is shown by
the blue curve in Fig. 2(b). There is a noticeable deviation
from the plasma dispersion (red curve) starting from the
frequency of 300 GHz. An important consequence of Eq.
(4) is that it predicts the emergence of the first photonic
stop band above the frequency:

_C7T
_\/Ed’

which is equivalent to d = Ag,/24/€. It is interesting that
at the stop-band frequency, the effective dielectric permit-
tivity of the metamaterial &(wg,) = €. In particular, for the
metamaterial under consideration with the chip thickness
d = 105 wm, this gives fy, = 414 GHz.

To further investigate the interplay between plas-
monic and photonic crystal effects, we have assembled
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FIG. 3. (a) The experimental dependence of the plasma fre-
quency on the inverse period of the mesh, 1/a. The experiments
have been carried out for two batches of samples with an individ-
ual chip thickness d = 105 (blue dots) and 210 wm (red dots). (b)
The plasma frequency versus the strip width, w. The inset shows
the same data on the =2 versus In(a/w) axis. The solid lines
demonstrate the theoretical prediction according to Eq. (2).

metamaterials from the thicker silicon slabs with d =
210 pwm. The transmission spectra measured for such plas-
monic metamaterial stacks with a period a = 0.2 mm and
a width of strips w = 10 wm are shown in Fig. 4. The
transmission curves for metamaterials with different num-
bers of layers are offset vertically by one unit. In fact, a
nontransparent stop band appears starting from N = 5 lay-
ers in the frequency range from 200 up to 245 GHz. The
stop-band edge of 200 GHz agrees well with the predicted
fs6 = 207 GHz. In Fig. 5, we depict the dispersion, e(f"),
measured for a series of metamaterials with different lat-
tice periods @ = 0.3, 0.2 and 0.1 mm but with a fixed chip
thickness d = 210 wm and a strip width w = 10 pm. The
obtained e(f) dependencies deviate strongly from those
of the simple plasmonic model, e(w) = ¢ (1 — a)ﬁ Jw?)
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FIG. 4. Transmission spectra measured for the plasmonic
metamaterial with different numbers of chips in the stack. Each
chip has a thickness d = 210 um and mesh geometric dimen-
sions of @ = 0.2 mm and w = 10 wm. The gray area represents
the region of the photonic stop band.

(dashed lines in Fig. 5). On the other hand, the more elabo-
rate approach given in Eq. (4) works quite well (solid lines
in Fig. 5).

In the plasmonic metamaterial, the electromagnetic
wave is only allowed to propagate in the frequency range
between the plasma and the stop-band edge. If the plasma
frequency, f,, is close to the edge of the stop band, fg,
then the metamaterial demonstrates extremely large dis-
persion de/df . Indeed, the average dispersion for the
plasmonic metamaterial with ¢ = 0.1 mm from Fig. 5
equals d¢/df = 0.18 GHz!. For comparison, the disper-
sion of light in borosilicate crown glass is de/df = 1.69 -
10~7 GHz ™! (for more details, see the Supplemental Mate-
rial [23]). The black curve in Fig. 5 contains a dispersive
region from 75 up to 125 GHz and another region from 125
to 200 GHz where the permittivity variation flattens out
with respect to the frequency. This will certainly compli-
cate the use of the dispersive behavior for spectroscopy. On
the other hand, the red curve in Fig. 5 displays an almost
linear permittivity variation in frequency over the entire
usable bandwidth of 140-200 GHz or, equivalently, a rel-
atively constant large dispersion. This is extremely useful
for spectroscopy, as a linear change in frequency would
translate into a relatively linear position shift of the beam.
However, achieving this behavior requires engineering w),
and wyg, so that they are close in frequency. This, in turn,
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FIG. 5. The dielectric permittivity of the plasmonic metama-

terial with a chip thickness d = 210 pwm, measured for silicon
chips with different lattice constants ¢ = 0.1, 0.2, and 0.3 mm.
The strip width has been fixed to w = 10 wm. The dashed and
solid lines illustrate the results of the theoretical model given in
Egs. (2) and (4), respectively. The gray area represents the region
of the photonic stop band.

drastically limits the available bandwidth of the superdis-
persive character, implying a trade-off between the value
of the dispersion and the transparency bandwidth.

The observed superdispersive effect can be used to real-
ize a “superprism phenomenon” [36]. A prism made from
the plasmonic metamaterial will lead to an extremely large
angular dispersion. The ability of the superprism to direct
beams with varying wavelengths to significantly different
angles in space has potential applications in spectroscopy
and wavelength demultiplexing. The spectroscopy of the
incident radiation can be performed by a spatial decom-
position of the incident beam by the superprism, with
subsequent detection by a linear terahertz camera [37,38].
In turn, wavelength demultiplexing may be used for a radar
system, where the oscillator frequency swing implements
the beam steering.

IV. CONCLUSIONS

In conclusion, we have fabricated and studied 3D meta-
material assembled from silicon chips with metallic mesh
on the chip surfaces. We have found out that the electro-
dynamic response of the metamaterial can be described in
terms of the effective dielectric permittivity. For large mesh
periods, the dispersion of the electromagnetic wave travel-
ing through the metamaterial closely follows the plasmonic
dependency, with the plasma frequency determined by the
geometric parameters of the mesh and the chip thickness.
In another limit, when the mesh period is small, the meta-
material demonstrates extremely large dispersion, de/df.

The superdispersive effect has proved to be robust with
respect to the alignment of the mesh structures and small
defects in the metamaterial (see the Supplemental Mate-
rial [23,39]). The superdispersive property that we have
discovered may have implications in the field of terahertz
spectroscopy and multiplexing.
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