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An all-nonmetal metamaterial (ANM) terahertz device with
a silicon bowtie structure has been developed, which has
comparable efficiency to that of its metallic counterparts,
and better compatibility with modern semiconductor fab-
rication processes. Moreover, a highly tunable ANM with
the same structure was successfully fabricated through inte-
gration with a flexible substrate, which demonstrated large
tunability over a wide frequency range. Such a device can be
used in terahertz systems for numerous applications, and is
a promising substitute for conventional metal-based struc-
tures. © 2022 Optica Publishing Group

https://doi.org/10.1364/0OL.471704

Introduction. Terahertz (THz) radiation is electromagnetic
radiation spanning the frequency range from 0.1 to 10 THz.
This frequency regime has attracted particular interest, owing
to its nonionizing photon energy, large penetration depth, and
broad available bandwidth [1,2]. These make it suitable for
a variety of applications, such as material analysis, medical
diagnostics, biochemical sensing, imaging, and wireless com-
munications [3-8]. In the last three decades, there has been
significant progress in the technology of manipulating THz
radiation, driven by the introduction of THz metamaterials,
whose electromagnetic responses can be tailored [9,10]. They
are artificially structured materials made from sub-wavelength
scale elements (meta-atoms) with manmade lattice periodicities
and symmetries, which can realize a variety of unconventional
properties, therefore providing some unexpected solutions to
problems caused by a lack of natural materials with the required
functions in the THz band [11,12].

Conventional metallic metamaterials exploit such metals as
gold, silver, and copper [13,14], which are expensive and could
lead to a vast amount of waste and damage to the envi-
ronment without proper treatment. Conversely, metamaterials
made of nonmetal materials have the advantage of the low
cost of primary materials, such as silicon, which has very
high compatibility with conventional semiconductor fabrica-
tion procedures [15]. Developing metamaterials with nonmetal
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materials, i.e., all-nonmetal metamaterials (ANMs), have not
been fully explored in the field yet, except for the so-called all-
dielectric metamaterials [16]. All-dielectric metamaterials are
usually made of high-index dielectric materials, such as undoped
silicon. They manipulate electromagnetic waves through low-
order dipole or multiple Mie resonances. Conversely, highly
doped silicon can support surface plasmon polaritons (SPPs),
just like metallic materials. It has been used to replace metal
in some metamaterial designs to achieve a broadband response
[17]. Among various nonmetal materials, silicon, possessing
the advantages of high index, low cost, and mature fabri-
cation techniques, has attracted much attention. Fan er al
[18] proposed silicon-based ANM THz absorbers and used
them for uncooled THz imaging. By tailoring the geometry
of the cylindrical silicon structures, the resonance frequencies
of magnetic and electric dipole modes inside resonators are
merged and achieve impedance matching to free space. Tak-
ing advantage of doped silicon’s surface plasmons, single-layer
broadband absorbers have been designed [17]. The perfor-
mance of an absorber can be tuned through optical excitation
and its sensing ability has also been demonstrated. Silicon-
based ANMs have also been used for beam shaping, i.e.,
wavefront engineering, using the fact that a phase shift can
be imparted when the resonator is excited by an incident
wave. A full 27t phase control was realized by Ma et al.
[19] for resonators made from silicon cubes on a silica sub-
strate with carefully designed geometry. It demonstrated that
the single-layer metamaterial can generate vortex and Bessel
beams in reflection and undoubtedly has vast potential appli-
cations in the next generation of THz wireless communication
systems [20].

In this article, we introduce a silicon-based metamaterial fil-
ter that is composed of simple bowtie shape structures. A strong
field confinement can normally be found in the substrate adja-
cent to the resonator, to reduce insertion and dissipation losses;
therefore, polydimethylsiloxane (PDMS) is adopted as the sub-
strate, owing to its low permittivity and low losses across a
broad THz range. Moreover, its elasticity makes such a device
mechanically flexible.
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Fig. 1. All-nonmetal bowtie shape with geometric parameters:
h =10 pm. Inset: top view of bowtie-shaped silicon antennas, which
are sectors of aring. Yellow lines indicate the inner and outer circles
of the ring.

Since it is hard to grow silicon directly on polymer amorphous
substrates, a transfer procedure has been developed to fabricate
the silicon-PDMS hetero-material device. To explore its THz
response, the structural parameter dependent properties have
been investigated systematically. Both numerical simulation and
experimental results indicate that the device effectively functions
as a filter in the THz range and that the resonance frequency can
be fully tuned by changing the geometry of the lattice structure.
Resembling conventional metallic metamaterials, the proposed
highly doped silicon-based filter can be scaled to other frequency
ranges.

Design and methods. The designed all nonmetallic metama-
terial is shown, schematically, in Fig. 1. It is composed of a
periodic lattice of symmetric silicon sectors on a PDMS sub-
strate. The two symmetric sectors are sectors of a ring with
internal diameter d and outer radius d/2 + 1. The periodic lengths
along the x and y axes are indicated by p. The thickness of the
PDMS substrate layer is 30 um. The incident THz wave trans-
mitted through the dielectric metamaterial structure is linearly
polarized along the x axis.

Boron-doped silicon was chosen for the resonator, since it
exhibits a relatively high permittivity across the THz frequency
range, whose value is described by the Drude model as € =
& — w; /(W + iyw), where £.=11.68 is the relative permittivity
at infinite frequency. The plasma frequency w, =49.4236 THz,
and the collision frequency y =11.1784 THz [21]. To investi-
gate the performance of the metamaterial, numerical simulations
were conducted using the commercial software CST Microwave
Studio. Its finite-element frequency domain solver was used and
the unit cell boundary condition was applied to the x and y axes
to model an infinite two-dimensional array. Transmission was
obtained from the calculated S-parameters, where T(w) = |S,;|*.
The permittivity of PDMS was set to 1.72, with a loss tangent
of 0.15 around 600 GHz [18,22].

The all-nonmetal meta-atoms were fabricated using a silicon-
on-insulator (SOI) wafer with a 10-um thick device layer and
a 1-um thick buried oxide (BOX) layer (SiO,). The structure
was first patterned using a standard photolithography process,
then a 300-nm Al layer was deposited using e-beam evaporation.
Following lift-off, the device layer was etched by reactive ion
etching (RIE), using Al as the hard mask. To make the release
easier, the BOX layer buried underneath the 10-um silicon layer
was then etched by 49% hydrofluoric acid until less than 15-uym
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Fig. 2. (a) Simulated and measured transmission spectra of
metamaterial. (b) Simulated top view of (colored arrows) current
densities and (background color) electric field distribution (with
color bar on right) at a frequency of 0.834 THz.

wide SiO, was left (as shown in Supplement 1, Fig. S1). A 30-
um thick PDMS film was spin-coated on a silicon substrate and
an ~2 mm thick PDMS frame with an 8-mm diameter hole was
prepared. After applying an oxygen plasma for activating both
the silicon surface and the PDMS film surface, the patterned
array was flip bonded on the PDMS film and transferred to
the supporting PDMS frame. A schematic illustration of the
fabrication process can be found in Supplement 1, Fig. S2. An
oblique scanning electron micrograph of the fabricated silicon
array and a side view of the etched (pre-bond) sample are shown
in Fig. 1(b) and Supplement 1, Fig. S2, respectively. The reactive
ion etched sidewall has a positively sloped profile. The final
device consists of 28 X 28 bowtie structures (Supplement 1, Fig.
S3).

To investigate the filtering performance of the antenna, the ini-
tial parameters were set as =60°, [=115pum, and d= 10 pm.
The lattice constants along the x and y axes were both set to
p =250 um. The transmission of the sample was characterized
using a THz time-domain spectroscopy (TDS) system, as shown
in Supplement 1, Fig. S4. The incident wave passed a linear
polarizer first and was then focused under normal incidence on
the device surface through an aperture of ~3.5 mm in diame-
ter. The measured transmission spectra were normalized by a
reference spectrum from a sample of 30-um thick PDMS film.

The measured transmission spectrum, accompanied by a sim-
ulation, is shown in Fig. 2(a). Good agreement is achieved,
where the mismatch is mainly due to the scattering from the peri-
odic metamaterial and fabrication offsets, including geometric
dimensions, sloped sidewall, and surface roughness [23,24]. To
unveil the resonating mechanism of the ANM structure, Fig. 2(b)
shows the top view of the current densities and electric field dis-
tribution at a resonance frequency of ~0.83 THz. From Fig. 2(b),
it is not difficult to notice that most of the current density is
along the straight edges of the sectors and that the current den-
sity is greater closer to the gap than near the two arcs; this
response is similar to that of metallic resonators. In the latter
case, the current is even stronger inside the resonator [21]. The
electric field is localized in the small central gap and in the
gaps between adjacent bowtie structures through the bottom and
top two arcs. The permittivities of gold and doped silicon with
varying carrier concentration are characterized using the Drude
model. Transmission spectra with different materials were also
simulated, as can be seen in Supplement 1, Fig. S5. By increasing
the concentration of doping ions, the resonance linewidth nar-
rows and the strength increases, indicating that the highly doped
silicon-based structure can give a comparable performance to
its metallic counterpart made of gold.
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Fig. 3. (a) Simulated transmission spectra of ANM structure
arrays with 8=20°, 50°, and 80°. The incident wave is polarized
along the axis of the bowtie resonators. (b) Simulated electric field
distribution for three unit cells with different designs at their indi-
vidual resonant frequencies. The color bar is arranged so that all
plots share the same scale.

Discussion. To investigate the structural parameters depen-
dency of the ANM, we start by exploring its performance
correlation with the angle . Figure 3(a) shows that the simulated
results of 8 vary from 20° to 80°. We find that the resonant fre-
quency blueshifts as the angle increases. This can be attributed
to the decrease of the effective index of the local SPP [25].
In a simplified model, the short range SPP can be treated as
a confined wave traveling inside the resonators and the trans-
verse field distribution profile of the SPP is an analog of the
eigenmode of the waveguide with the local cross section ver-
tical to the antenna axis [26]. Using this model, the resonance
wavelength of the SPP is determined by the geometry of the
antenna length, L, and the effective index of the short range
SPP, n 4. For a fundamental half-wave resonance, the resonance
wavelength can be described as Ay ~ 2 [ LL//22 Ner(x)dx + &, where
¢ is an offset introduced by the gap and the reflection from
the two ends. In our case, the antennas have the same length,
L =2l + d, and the same gap, d. Therefore, as 8 increases, the
local cross section of the waveguide increases, and the effec-
tive index of the local SPP decreases. The effect of structural
parameter changes on electric field is shown in Figs. 3(b) to 3(d).
This indicates that the electric field intensity decreases with the
increase in B. This can be attributed to the two local SPPs,
which are confined at two straight sides of the sectors. When
they move farther from each other, the coupling effect will be
weakened.

The lattice constant of the array, i.e., the period of the unit
cells, is anticipated to have a great impact on the collective
interactions and the consequent electromagnetic activities [23].
This effect could be exploited for designing tunable devices; as
the substrate material PDMS is flexible, the resonance of the
ANM structure can be adjusted by changing distances between
meta-atoms. To demonstrate the efficient tunability and mod-
ulation of the ANM device to the THz wave, the structure’s
lattice constants are varied by simply stretching the flexible
PDMS substrate. As shown in Fig. 4, calculated and meas-
ured transmission spectra coincide well, exhibiting a linearly
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Fig. 4. Stretch ratio dependent transmission spectra, where s
ranges from 0% to 55%: (a) simulated; (b) measured. Data can
be found in Supplement 1, Table S1.

continuous redshift of the transmission dip from 0.825 THz
to 0.585 THz with applied stretch ratio up to 55% along the
y direction.

In the stretching process, the transverse strain along the x and z
axes can be ignored, owing to the small Poisson’s ratio of PDMS
[27]. The change in the lattice constant along the y axis, p,, plays
the most important role in the modulating process, while the
variation of d only plays a negligible role on the transmission
spectra tuning, as demonstrated in Supplement 1, Figs. S6 and
S7. Since the geometry of each resonator is unchanging during
this process, the shift of the transmission dips can rationally
be attributed to the variation of lattice collective interactions.
Optical micrographs of the device in resting and stretched states
are shown in Supplement 1, Fig. S§8. The PDMS membrane
allows a stretch ratio up to at least 55% and rapidly restores after
release. The intensity variations of the dip can be ascribed to the
weakening of collective interactions inside the resonator array,
causing the smearing of spectral resonance features.

Conclusion. In summary, a silicon bowtie microstructure
based THz filter was designed and fabricated. The structural
parameter dependent resonant properties of the filter have been
systematically investigated. The results show that the frequency
response of ANM filter is highly sensitive to the lattice structure.
Accordingly, a flexible PDMS substrate based ANM was man-
ufactured and demonstrates a continuous high and continuous
resonance response tunability both of the strength and frequency
by simple substrate stretching, which could meet requirements
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of different practical applications. The results shed light on the
resonant mechanisms of dielectric metamaterials and the design
of THz radiation modulating devices and sensors [28,29].
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