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Terahertz wide stop-band metamaterials filter based on metal-dielectric-
metal structure
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Abstract: In order to realize terahertz (THz) metamaterials (MMs) filters with multi-band or wide-band charac-
teristics, the same or different resonance structures are usually combined in the same plane or stacked in multiple
layers. THz wide stop-band MMs filter based on Metal-Dielectric-Metal (MDM ) structure is presented by placing
C-shaped resonance elements of the same size at both ends of the middle dielectric layer, which has the broader
stop-band and the better frequency selection. Based on the analysis of the electric field and surface current distri-
butions on the C-shaped resonance elements of the wide stop-band MMs filter, the transmission mechanism of
THz wave is discussed in depth, and the filtering mechanism of the filter is revealed. The filtering characteristics
of the MMs filter based on MDM structure and Metal-Dielectric (MD) structure are simulated respectively, and
the formation mechanism of wide stop-band is revealed. Finally, the MMs filter samples are prepared based on
PDMS thin films preparation process and magnetron sputtering, and their filtering characteristics are tested by
transmission-type Terahertz Time Domain Spectroscopy (THz-TDS) TDS 1008. The correctness of design, simu-
lation and preparation of wide stop-band MMs filter is verified, which provides reference for the design, fabrica-
tion and characteristic research of wide band filters in the future.
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Introduction searches into Electromagnetic (EM) MMs have been de-

) L veloped due to their unprecedented EM phenomena that
In recent decades, comprehensive scientific re-
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cannot be obtained with natural materials, including neg-
ative refraction index, cloaking behavior, backward
propagation, reverse Doppler effects, and perfect absorb-
er action. Based upon these unusual characteristics of
MMs, many EM devices have been investigated with the-
oretical and numerical calculations, such as EM cloak-
ingLIJ , antennas'> , MM absorbers™* , perfect lens-
es™ thermal image 7 and filters ™. Tt is well known
that natural conventional materials cannot generate
strong EM response to THz waves, and thus cannot effec-
tively control THz waves, resulting in a serious lag in the
research of THz-related functional devices. The emer-
gence of MMs fills the gap of EM materials that can gen-
erate strong EM response in THz band, and opens up a
brand-new technical route for the research and applica-
tion of THz band. On the other hand, THz band is also
an important frequency band of MMs research. Accord-
ing to statistics, nearly half of THz field is aimed at MMs
in THz band. THz filter is one of the important functional
components of THz communication and imaging system,
and its in-depth study has far-reaching significance for
the development of THz technology. In recent years,
MMs have been combined with THz filters, and various
THz MMs filters with different structures have been pro-
posed, which greatly promote the development of THz fil-
ters "\, The research and application of THz MMs fil-
ters with simple structure and superior performance can
not only improve the performance of THz system, but al-
so greatly promote the development of THz technology.
The characteristics of MMs filters such as center frequen-
cy, bandwidth, transmission, and stop band attenuation
can be adjusted by changing the geometry dimensions of
the periodic metallic resonance structures. Because of
the strong EM resonance behavior of MMs, the band-
widths of MMs filters are always too narrow. THz waves
of different frequencies can be transmitted by stacking
the same or different resonance structures on multiple lay-
ers, and then the multi-band or wide-band transmission
characteristics can be generated """,

In this paper, a wide stop-band MMs filter at THz
frequencies is presented. The filter has a typical MDM
structure, which is realized by placing C-shaped reso-
nance elements of the same size at both ends of the mid-
dle dielectric layer. The simulation results show that the
3-dB stop-band width is 91.5 GHz, the relative stop-
band bandwidth is 58%, and the rising and falling edges
of the stop-band have steepness of 1.2 dB/GHz and 2. 8
dB/GHz. The filter has the broader stop-band and the
better frequency selection. The transmission mechanism
of THz wave has been discussed in depth based on the
analysis of the electric field and surface current distribu-
tion on the structure surface of MMs filter. By comparing
and analyzing the filtering characteristics of MMs filter
based on MDM and MD structure, the formation mecha-
nism of wide stop-band has been revealed. The proposed
MMs filter has been prepared based on PDMS thin films
preparation process and magnetron sputtering and its fil-
tering characteristics have been tested by transmission-

type THz-TDS TDS 1008. The correctness of the design,

simulation and preparation of the filter is verified, which
will provide reference for the design and research of wide-
band filter in the future. The close integration of THz
technology and MMs has greatly facilitated the develop-
ment of THz filters. With the rapid development of micro-
fabrication technology, THz MMs filters have made a
breakthrough. They are widely used in many fields such
as THz communications, THz imaging systems, THz
sensing, THz spectroscopy and many others.

1 Design and simulation
THz wide stop-band MMs filter based on MDM

structure is implemented by placing the C-shaped reso-
nance elements of the same size at both ends of the mid-
dle dielectric layer. The unit cell of the proposed MMs
filter is shown in Fig. 1. We chose the Copper with elec-
tric conductivity o = 5.8 X 10’S/m as metallic pattern
and the PDMS with a relative permittivity of &, = 2.68
and a loss tangent of 0. 02 as dielectric layer.
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Fig.1 Top view and side view of unit cell of THz wide stop-
band MMs filter based on MDM structure
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Numerous simulations were performed using the fre-
quency domain solver of CST (Computer Simulation
Technology) Microwave Studio 2015 based on finite inte-
gration technique. To imitate the infinite periodic cells,
the periodic boundary conditions were selected along the
x — v plane, while the open boundary conditions were
chosen along the z plane in the simulation process. More-
over, the electric field (E) and magnetic field (H) were
parallel to the incidence plane whereas the propagation
wave vector (k) was perpendicular to the structure
plane. The optimized geometry parameters of the unit
cell are as follows: L=500 pm, W,=60 pm, W,=100
pm, the length of the periodic array P=700 pm, the
thickness of the dielectric layer H,=360 pm, and the
thickness of the top and bottom metal structure H,=0. 3
pm.

The simulated transmission curves of the proposed
THz wide stop-band filter based on MDM structure for
the normal incidence EM waves are illustrated in Fig. 2.
Figure 2 (a) shows the transmission curve in dB unit and
Fig. 2 (b) shows the transmission curve in ordinate with
percentage transmission rate.

As can be seen from Fig. 2 (a) , when the THz
wave is incident normally on the structure surface of the
MMs filter, two resonance peaks are generated at 151. 1
GHz and 189.7 GHz. The corresponding S,, parameters
are -54.9 dB and -48.1 dB, respectively. The 3-dB
stop-band width is 91. 5 GHz (from 112. 8 GHz to 204. 3
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Fig.2 (a) Transmission curve of THz wide stop-band MMs fil-
ter with dB as ordinate, and (b) Transmission curve of THz wide
stop-band MMs filter in ordinate with transmission rate as ordi-
nate
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GHz) , and the stop-band center frequency is 158. 6
GHz. The S, parameter at the center frequency is -30. 6
dB, and the relative stop-band bandwidth is 58 %. The
steepness of the rising and falling edges of the stop-band
is 1.2 dB/GHz and 2.8 dB/GHz, respectively. The S,
parameters at 90 GHz, 110 GHz, 210 GHz and 215 GHz
in passband are -1.8 dB, -1.5 dB, -1.2 dB and 4.5
dB, respectively.

As shown in Fig. 2 (b) , the half-wave stop-band
bandwidth of the MMs filter is 84.5 GHz (from 118.1
GHz to 202. 6 GHz) and the relative half frequency stop-
band bandwidth is 53.3 % . Considering the dielectric
loss, the transmission corresponding to a specific fre-
quency of 100.3 GHz in passband does reach 100 % ,
while the transmission at other frequencies is less than
100 %, such as the transmission at 90 GHz, 110 GHz,
210 GHz and 215 GHz in passband are 87 %, 85 %,
96 % and 65 %, respectively. From a series of character-
istics given above, it can be seen that the MMs filter with
C-shaped resonance elements based on MDM structure
does has the wider stop-band and the better frequency se-
lectivity.

2 Analysis and Discussion

In order to investigate the filtering mechanism of
THz wide stop-band filter based on MDM structure, the

electric field and surface current distribution of the top
and bottom C-shaped resonance elements at the center
frequency were simulated, as shown in Figs. 3-4.

Fig.3 (a) The surface electric field distribution on the top C-
shaped resonance element at the center frequency, and (b) the
surface electric field distribution on the bottom C-shaped reso-
nance element at the center frequency

E3 (a)duD MR AR T2 C-HBIE IR BT (19 3R i H 3 43 4, (b)
HO R AL IR 2 C-BUE R BRIC Y 3R M L 3 53 A

(b)

Fig.4 (a) The surface current distribution on the top C-shaped
resonance element at the center frequency, and (b) the surface
current distribution on the bottom C-shaped resonance element at
the center frequency
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It can be clearly seen from the Fig. 3 that the sur-
face electric field distributions of the top and bottom C-
shaped resonance element at the center frequency of
158. 6 GHz are basically the same, and the strong elec-
tric field is mainly distributed on the inner and outer edg-
es of the C-shaped resonance element. It is well known
that the strong electric field distribution corresponds to
the strong electric resonance, reflecting the strong elec-
tric coupling between the resonance elements and inside
the resonance elements. In addition, comparing Fig. 3
(a-b) , although the electric field distribution of reso-
nance elements in different metal layers is basically the
same, the electric field intensity decreases rapidly from
the top to the bottom.

Figures 4 (a-b) show the surface current distribu-
tions of the top and bottom metal resonance elements. As
can be clearly seen the large current mainly distributes
symmetrically along the left and right arms of the C-
shaped resonance element at the center frequency of
158. 6 GHz. It can be found that there are anti-symmetri-
cal surface current distributions between the top and bot-
tom metal layers, and the current intensity decreases rap-
idly from the top layer to the bottom by comparing Figs. 4
(a-b). The anti-symmetrical surface current between the
top and bottom metal layers can be equivalent to a ring
current, forming an inductive magnetic field and forming
a magnetic resonance with the incident EM field.

At the center frequency of the stop-band, the elec-
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tric field and surface current distributions of the MMs fil-
ter based on MDM structure decrease rapidly along the
propagation direction of THz wave. In other word, in the
stop-band range, almost all the incident THz waves are
reflected, thereby forming a strong attenuation in the
stop-band.

In addition, it is noteworthy that the MMs filter
based on multi-layer metal resonance structures has lon-
gitudinal coupling between different layers in the propa-
gation direction of incident EM waves"'*'”". As shown in
Fig. 5, when the thickness of the dielectric layer increas-
es (decreases) , the longitudinal coupling will decrease
(increase) , resulting in the offset of two resonance
peaks, which will lead to the change of stopband band-
width and the shift of center frequency.
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Fig. 5 Relation curves between dielectric layer thickness and fil-
tering characteristics of THz MMs filter based on MDM structure
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In order to deeply study the formation mechanism of
wide stop-band of MMs filter based on MDM structure,
the simulation transmission curves of MMs filter based on
MDM structure and MD structure were compared and an-
alyzed. The MMs filter based on MD structure can be
formed by removing the bottom layer of metal resonance
structure of MMs filter based on MDM structure and
keeping all structural parameters unchanged.

As shown in Fig. 6, when the THz wave is incident
normally from the end of the C-shaped resonance ele-
ments to the surface of the MMs filter based on MD struc-
ture, a resonance peak is generated at 170. 35 GHz, re-
sulting in a narrow stop-band bandwidth. For the MMs
filter based on MDM structure, the resonance frequen-
cies of two resonance peaks are f,=150. 85 GHz and f,=
190. 7 GHz respectively. Because the two resonance
peaks are close to each other, the wide stop-band MMs
filter is formed.

In summary, the MMs filter based on multi-layer
metal resonance structure arrays will produce multi-reso-
nance response, and then form multi-resonance peaks. If
the multi-resonance peaks are close to each other, it will
form a wider bandwidth filter. It is worth noting that
these multi-resonance peaks are mainly generated by the
longitudinal coupling between different metal layers
along the direction of EM waves propagation.
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Fig. 6 Transmission curves of THz MMs filter based on MD
structure and MDM structure
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3 Manufacturing and Test

In order to confirm the correctness of the simulated
transmission performance of the MMs filter, prototype
samples based on optimized physical dimensions have
been prepared using surface micromachining processes.
The mask map drawn by AutoCAD software and the phys-
ical map of mask are shown in the Fig. 7.
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(a) The mask map drawn by AutoCAD (b) The physical map of mask

Fig.7 (a) The mask map drawn by AutoCAD, (b) The physical
map of mask
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The manufacturing steps of the THz stop-band MMs
filter based on MDM structure are as follows :

(1)Preparation of PDMS mixture

By setting different ratio of curing agent to prepoly-
mer, PDMS films with different Young’'s modulus can be
obtained. The Young's modulus of PDMS solution in-
creases with the decrease of the ratio of curing agent to
prepolymer. The larger the Young’'s modulus, the small-
er the elasticity of the cured colloid and the easier it is to
tear when peeling off. On the contrary, the lower the
Young's modulus, the better the elasticity of the cured
colloid and the less easily it is to tear when peeling off.
The ratio of PDMS curing agent to prepolymer is general-
ly setat 1:5, 1:10, 1:15 or 1:20. After a large number
of experiments, the characteristics of the films were stud-
ied in depth. Tt is found that when the ratio of curing
agent to prepolymer is 1:10, the elasticity of PDMS films
is the best and it is easier to peel off from silicon wafers.

Firstly, the beaker and the stirring glass rod were
cleaned and blown dry with deionized water. Then the
curing agent and the prepolymer were absorbed 5 g and
0.5 g respectively with a syringe at the ratio of 10: 1.
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The prepolymer and the curing agent were then injected
into the beaker and stirred slowly in the same direction
with the glass rod to make the prepolymer and the curing
agent solid.

Secondly, the fully mixed PDMS mixture was
placed in the vacuum drying box, and the pumping state
was maintained until the bubbles of the mixture were dis-
charged. The whole vacuum pumping process lasted
about 30 minutes. In the process of vacuum pumping,
the pumping range should not be too large to prevent the
overflow of PDMS mixture in beaker.

(2)Preparation of PDMS thin films

PDMS thin films were prepared by spin coating
method. In general, the PDMS mixture was uniformly
coated on the silicon wafer substrate by centrifugal force
generated during the operation of the coater. The PDMS
was cured by heating, and then removed from the sub-
strate to obtain the PDMS thin films.

Firstly, the 2-inch silicon wafer was cleaned with
acetone, alcohol and deionized water, and then was
blown dry with nitrogen. Then, the mass of the desired
PDMS mixture was calculated according to the thickness
of the PDMS film to be prepared and the area of the sili-
con wafer. The corresponding quality of the PDMS mix-
ture was poured onto the silicon substrate. The position
of the silicon wafer was continuously adjusted so that the
PDMS mixture completely covers the surface of the sili-
con wafer. Finally, the silicon wafer with PDMS film was
placed on a horizontal baking table to be heated and
cured. The baking table temperature was set at 75 °C for
3 hours. After the temperature drops to room tempera-
ture, the wafer was removed.

(3)Stripping of PDMS thin films

The cured PDMS film was slowly removed from the
silicon substrate by tweezers, and then dried by deion-
ized water and nitrogen.

(4) Metal structure formed by magnetron sput-
tering

Because PDMS is a hydrophobic material, hydro-
philic modification is firstly needed to improve the adhe-
sion between the sputtered metal layer and PDMS film.
Then a suitable position was selected on the PDMS film,
and the fabricated mask was placed on the surface of the
PDMS film. And then the mask was placed on the tray of
the magnetron sputtering machine, and the sputtering
power and time were set up to complete the sputtering of
0.3 pm thick top metal structure. Because the PDMS
film is transparent, the coincidence between the mask
and the underlying metal structure can be observed under
the confocal microscope. By adjusting the position of the
mask to ensure that the mask was in strict alignment with
the underlying metal structure, the sample was slowly
placed on the tray of the magnetron sputtering machine,
and the same sputtering power and time were set to com-
plete the sputtering of 0.3 pwm thick underlying metal
structure.

Based on the above preparation steps, the sample
preparation of THz wide stop-band MMs filter with a size
of 4.9 mm X 4.9 mm and a total of 7 X 7 metal resonance

elements can be completed. Confocal microscopy was
used to observe the morphology of samples. The morphol-
ogy of MMs filter sample is shown in Fig. 8.

Fig. 8 The morphology of the MMs filter sample observed un-
der confocal microscope
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Fig. 9 Internal optical path map of transmission-type THz-TDS
TDS 1008
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As shown in Fig. 9, after the preparation of THz
wide stop-band MMs filter samples based on the MDM
structure was completed, the transmission parameters of
the filter sample were measured by transmission-type
THz-TDS TDS 1008. THz-TDS can be divided into trans-
mission and reflection modes depending on the detection
light paths, which are used to measure the transmission
and reflection spectra of THz waves.

In order to prevent water vapor in the environment
from interfering with the test results, the optical path of
THz-TDS is placed in a sealed box filled with dry nitro-
gen gas to ensure absolute drying of the optical path sys-
tem and to eliminate the interference of external factors
such as environment. After that, the time-domain signals
without and with MMs filter were measured at room tem-
perature. Then the time-domain signals were converted
into corresponding frequency-domain signals by fast Fou-
rier transform. Finally, the spectrum response curves of
the samples to be measured can be obtained.

The test performance of the MMs filter is shown in
the red curve in Fig. 10. The stop-band center frequency
is 161.92 GHz, the half-wave stop-band bandwidth is
66. 53 GHz, and the relative half-wave stop-band band-
width is 41 % . The test and simulation results are not
completely consistent, and there are some deviations.
The above deviations mainly come from the processing er-
rors introduced in the sample preparation process, such
as the size deviation of the resonance unit, the thickness
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Fig. 10 Comparison between the simulated and measured trans-
mission performance
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deviation of the metal film and the alignment deviation of
the top and bottom metal resonance structures.

4 Conclusions

THz wide stop-band MMs filter is mainly used to
achieve high precision and wide band frequency opera-
tion in THz frequency band. However, the narrow operat-
ing band of MMs stop-band filter has become the biggest
obstacle to its practical application, therefore, the de-
sign and implementation of THz wide stop-band MMs fil-
ter is of practical significance.

In this paper, a THz wide stop-band MMs filter
based on MDM structure was implemented by placing the
C-shaped resonance elements of same size at both ends of
the middle dielectric layer. Based on the CST EM simu-
lation software, the filtering mechanism and the forma-
tion of wide stop-band were studied in depth. Based on
the optimized filter structure parameters, wide stop-band
MMs filter samples were prepared by PDMS thin film
preparation process and metal magnetron sputtering meth-
od, and the filtering characteristics were tested. The test
results were basically matched with the simulation re-
sults. The correctness of the structure design, simulation
and preparation of the wide stop-band MMs filter was ver-
ified. In this design, the periodic metallic resonance
structures were patterned on the flexible PDMS sub-
strate, so it can be conformed to the unusual surfaces
such as cylindrical , pyramid, spherical and so on.

The design idea and preparation method of the wide
stop-band MMs filter provide a reference for the design
and fabrication of the wideband MMs filter. In the fu-

ture, the number of metal and dielectric layers can be
added to the structure to obtain broader band filter struc-
ture, and the structure of the metal resonance unit can be
changed.
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