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Abstract

In the fields of communication and sensing, resonance bandwidth is a very critical index. It is very meaningful to implement a
broadband resonance device with a simple metamaterial structure in the terahertz band. In this paper, we propose a simple
metamaterial structure which consists of one horizontal metal strip and two vertical metal strips. This structure can achieve an
electromagnetically induced transparency-like (EIT-like) effect in the frequency range of 0.1~3.0 THz to obtain a transparent
window with a resonance bandwidth as high as 1.212 THz. When the relative distance between two vertical metal strips is
changed, the bandwidth can be effectively controlled. Furthermore, we found that the EIT-like effect can be actively adjusted by

replacing vertical metal strips with photosensitive silicon.
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Introduction

Metamaterial is a kind of artificial composite periodic struc-
ture material, which is not found in nature, so it has some
characteristics that ordinary materials do not have, including
negative refractive index, perfect lensing, and cloaking [1-3].
The properties are mainly caused by its precise geometry and
tiny size. Because the tiny structure is smaller than the wave-
length it acts on, people can influence the wave through it, so
as to achieve the purpose of manipulating electromagnetic
waves. These magical properties of metamaterials have
attracted the attention of a large number of researchers, and
after a lot of research and experiments, metamaterials are
widely used in sensors, modulators, optical switches, filters,
and other devices [4-15].

The electromagnetically induced transparency (EIT) effect
is a quantum interference effect that occurs in a three-level
atomic system. When two beams with a frequency close
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enough and which can be strongly absorbed by the medium
at the same time act on the medium together, in a narrow
frequency band, the medium suddenly no longer absorbs the
beam and becomes transparent [16]. In this transparent band,
the dispersion coefficient of the medium increases and the
absorption coefficient decreases. Therefore, the EIT effect
has potential applications in the slow light [17-19], informa-
tion storage [20, 21], sensors [22—24], modulators [25-27],
filters [28-30], optical switches [31-33], and efficient nonlin-
ear effects [34-36] etc.

In recent years, the research on the use of metamaterials to
achieve the EIT effect has attracted widespread attention. In
general, we can produce EIT effect through near-field cou-
pling between bright and dark modes [37] or direct coupling
between bright and bright modes [38]. But sometimes, we can
also generate the phenomenon similar to the EIT effect by
means of frequency band superposition which also has the
characteristics of the EIT effect, so we call it EIT-like effect.

In addition to the narrow-band and high-Q-factor EIT ef-
fect, the wide-band or broadband EIT effect also has potential
applications in terms of filters [39] and slow light devices [40].
Some researchers have done some works on the broadband
EIT-like effect. For example, Han et al. [41] obtained a tun-
able ultra-broadband transparent window by adjusting the
depth of the asymmetric gap on a self-symmetrical planar
metamaterial. This metamaterial structure can be applied to
nonlinear optics, filters, sensing, and some other microwave
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devices. Cheng et al. [42] proposed a chiral metamaterial with
triple-layer twisted split-ring resonators structure, which could
exhibit a linear polarization conversion as well as asymmetric
transmission only for forward and backward propagating lin-
early polarized waves in a broadband frequency range. The
proposed structure also could be beneficial in designing EM
wave (optical) isolators, microwave wave plate, or other EM
polarization control devices.

In this paper, we propose a simple planar metamaterial
structure which consists of one horizontal metal strip and
two vertical metal strips. When the electromagnetic wave is
incident perpendicularly, an EIT-like effect is achieved, and a
transparent window with a bandwidth of 1.212 THz is obtain-
ed. Furthermore, the bandwidth of this transparent window
can be effectively controlled by adjusting the distance be-
tween two vertical metal strips. After research and observa-
tion, we found that this type of EIT effect can be actively
tuned when the vertical metal strip is replaced with photosen-
sitive silicon of the same size. The proposed EIT-like
metamaterial has potential applications in filters, sensors, non-
linear optics, and some other microwave devices.

Structure Design and Method

The structure we proposed consists of one horizontal metal
strip and two vertical metal strips, and the material of the metal
is gold (Au) with a conductivity of 4.09 x 107 S/m and its
thickness is set as 0.3 pm. As shown in Fig. la, the entire
structure is placed on a silica substrate with a refraction index
of 1.5, and the electric field direction of the incident electro-
magnetic wave is the x direction. Figure 1 b is the unit cell of
the proposed structure, and it shows all geometric parameters.
The horizontal metal strip (Hms) has the line width of w=

10 pm and the length of /=120 um. The vertical metal strips
(Vms) have the line width of w =10 um and the length of /2 =

80 wm. The entire structure is symmetrical about the y-axis in
the x-direction and symmetrical about the x-axis in the y-

Fig. 1 a The multiple-unit struc-
ture on the substrate, and the in-
cident direction and polarization
state of electromagnetic waves are
also shown. b Unit cell of the
proposed structure, the relevant
dimensions are as follows: p, =
150 um, p, =90 um, /=120 pm,
h=80 um, /; =70 um, w=

10 pm

(a)
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direction. The distance between two metal bars is /; =
70 um, and the distance between the left metal bar and the
left of the horizontal metal bar is /, = 15 um. In order to obtain
accurate results, the finite difference time domain method
(FDTD) is utilized. In the specific calculation, the plane elec-
tromagnetic wave has x polarization direction. We set the
boundary conditions as periodic boundary in X-Y direction
and perfectly matched layers in Z direction.

Result and Discussion

Figure 2 is the resonance response of the metamaterial struc-
ture, and we can find that the frequency range of the entire
resonance spectrum is 0.1~3.0 THz. There are two resonance
dips D1 and D2 in the resonance spectrum. The resonance dip
D1 on the left is slightly wider and its resonance frequency is
0.732 THz, while the resonance dip D2 on the right is slightly
sharp and its resonance frequency is 2.196 THz. A broad
transparent window with a high full width at half maximum
of 1.212 THz appears between these two dips. The transmit-
tance of these two resonance dips are very close to 0, and the
transmittance of the transparent window peak exceeds 90%.
According to the proposed metamaterial structure, we obtain a
transparent window with an ultra-wide band with good
performance.

In order to explain the reason for the two resonance dips on
the resonance spectrum and the mechanism of the ultra-
broadband transparent window, we give the electric field dis-
tributions (|E| and Ez) of the two resonance dips at their reso-
nance frequencies. From Fig. 3 a and c, we can find that the
electric field distribution is symmetrical about the y-axis in the
x direction, the electric field is evenly distributed on the left
and right sides of the structure, and the electric field on the left
is an electric field composed of positive charges, and the elec-
tric field on the right is composed of negative charges, so the
electric field is a typical dipole electric field. Obviously, dip
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Fig. 2 Transmission spectrum of the designed structure

D1 is generated by the dipole resonance formed on the left and
right sides of the structure.

As shown in Fig. 3 b and d, the electric field is distributed at
the bottom of the three metal strips, but the electric field at the
two ends of the metal horizontal strip is very strong, and the
electric field at the ends of the two vertical metal strips is
slightly weaker. It is worth noting that the electric field at
the left end of the horizontal metal strips is generated by pos-
itive charges, and the electric field at the right end is generated
by negative charges, so it can be regarded as a dipole. The
electric field of the left vertical metal strip is generated by
negative charges, which is opposed to the electric field gener-
ated by positive charge on the left side of the horizontal metal
strip. Therefore, the two ends of the left vertical metal strip and

-2.0

(c) (d)

Fig.3 a, b The |E] distributions of the resonance dips D1 and D2. ¢, d The
real Ez distributions of D1 and D2

the left side of the horizontal metal strip exactly constitute an
electric quadrupole.

Similarly, the electric field at both ends of the right vertical
metal strip is generated by positive charges, which is opposite
to the electric field generated by negative charge at the right
side of the horizontal metal strips. The two ends of the right
vertical metal strips and the right side of the horizontal metal
strip also form an electric quadrupole. So, dip D2 is generated
by the coupling of the formed dipole and two electrical quad-
rupoles. The superposition of the two resonances produces an
ultra-broadband transparent window. Because it is different
from the traditional EIT effect caused by the direct superposi-
tion of these two resonances, we call this phenomenon EIT-
like effect.

We find that when the length of / keeps constant and only
the lengths of /; or /; change, the ultra-broadband transparent
window will change significantly. As shown in Fig. 4, when
we gradually increase the length of /, from 15 to 45 um, we
can find that the linewidth of Dip D1 not changed, but its
resonance frequency changes resulting in a blue shift. It is
worth noting that the linewidth of Dip D2 has increased sig-
nificantly, and the resonance frequency also changes signifi-
cantly resulting in a red shift. The transmittance peak of the
transparent window increases slightly. As shown in Fig. 5a,
when the length of /, equal to 45 um, the entire resonance
curve becomes an ordinary narrow-band EIT resonance curve,
so that we achieve the control to the bandwidth of the trans-
parent window. Figure Sb—e show the electric field |E| distri-
butions (|E| and Ez) at the frequency of D3 and D4. From Fig.
5b, we can see that the electric field is strongly distributed in
the two sides of the horizontal metal strips and between the
two vertical metal strips. As shown in Fig. 5d, the electric field
on the left is composed of positive charges, and the electric
field on the right is composed of negative charges, so the
electric field is still a typical dipole electric field, and it means
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Fig. 4 Transmission spectra when /, equal to 15 um, 20 um, 25 um,
30 pum, 35 um 40 pm, and 45 um, respectively
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Fig. 5 a The transmission spectra
when /, equal to 45 pm. b, ¢ The
|E] distributions of the resonance
dips D3 and D4. d, e The real Ez
distributions of Dips D3 and D4
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that it forms a dipole. In Fig. 5c, we can see that the electric
field is distributed mainly on the two sides of two vertical
metal strips, and a little on the sides of horizontal metal strip.
As shown in Fig. Se, the electric field of the left vertical metal
strip is produced by positive charges, which is opposed to the
electric field produced by negative charges on the left side of
the horizontal metal strip. Therefore, the two ends of the left
vertical metal strip and the left side of the horizontal metal
strip form an electric quadrupole. Similarly, an electric quad-
rupole is formed on the right side of the structure, and the
dipole and two quadrupoles are coupled to produce D4, and
the superposition of the two resonances produces the transpar-
ent window in Fig. 5a.

When the length of /, increases from 15 to 45 um, and the
length of /; decreases accordingly, that is, the common length
between the dipoles decreases. Since the resonance frequency
of the electric dipole is inversely proportional to it, the de-
creases of distance between them results in an increase in
the resonance frequency. This is the reason why the resonance
frequency of D3 becomes larger and the blue shift occurs
relative to D1. The increase of [, increases the equivalent
length of the electric quadrupole, and the resonance frequency
of the electric quadrupole is inversely proportional to its
equivalent length. In this way, the resonance frequency of
the electric quadrupole decreases, and after the electric di-
pole’s excitation and coupling, the resonance frequency of
D4 also decreases relative to D2, and the red shift occurs.
After superposition between the two resonances, the transpar-
ent window becomes narrow.

We found that when the parameter /, changes, the frequen-
cies of Dip D3 and D4 change accordingly, which results in a
significant change in the width of the transparent window. We
give the proportional relationship between the length of /, and
the full width at half maximum (FWHM) of the transparent
window.

From Fig. 6, we can find that when /, gradually changes
from 15 to 45 pum, the full width at half maximum of the
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transparent window also changes accordingly. In the figure,
the FWHM and the length of /, show a linear relationship, and
their ratio is roughly a straight line. With this relationship, we
can get the desired FWHM by setting the length of /,.
Photosensitive silicon is a material whose conductivity is
changed by external laser stimulation. Using it we can achieve
dynamic regulation of many optoelectronic devices. We re-
placed the metal dielectric gold of the two vertical metal strips
in the structure with photosensitive silicon, keeping other pa-
rameters unchanged, and then observed the resonance re-
sponse. From Fig. 7, we can find that when we apply laser
stimulation to make the photosensitive silicon have a conduc-
tivity of 100 S/m, no matter how the length of /, changes, there
is only one resonance response in the transmission spectrum,
which is very stable, but when we add laser stimulation to
make the photosensitive silicon when the electrical conductiv-
ity of is 4.09 x 107 S/m, two resonance dips and a transparent
window appear, and the transmission spectrum at this time is
exactly the same as the transmission spectrum in Fig. 4. This

0.8
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FWHM (THz)
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35
The length of /2 (um)

Fig. 6 The relationship between the length of /, and the full width at half
maximum (FWHM) of the transparent window
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Fig. 7 The transmission spectrum when the conductivity of

photosensitive silicon is 100 s/m and 107 s/m, and the length of /, is
increased from 15 to 45 pm

shows that by using photosensitive silicon, our structure can
also achieve the dynamic regulation of resonance, which is
very meaningful for the design of many optoelectronic de-
vices such as light switching and modulators.

Conclusion

In conclusion, a metamaterial structure consisted of one hor-
izontal metal strip and two vertical metal strips is demonstrat-
ed, and the structure can realize a wide bandwidth EIT-like
transparent window whose full width at half maximum
(FWHM) can reach to 1.212 THz. By changing the /, param-
eter, the FWHM of the transparent window can be adjusted
obviously. In addition, we replaced the material of the two
metal strips with photosensitive silicon to achieve active reg-
ulation of the resonance response. This structure has potential
application value in sensors, modulators, optical switches, fil-
ters, and so on.
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