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A reflection-type electromagnetically induced transparency (EIT) metamaterial is proposed, which is composed of a
dielectric spacer sandwiched with metallic patterns and metallic plane. Experimental results of THz time domain spectrum
(THz-TDS) exhibit a typical reflection of EIT at 0.865 THz, which are in excellent agreement with the full-wave simula-
tions. A multi-reflection theory is adopted to analyze the physical mechanism of the reflection-type EIT, showing that the
reflection-type EIT is a superposition of multiple reflection of the transmission EIT. Such a reflection-type EIT provides
many applications based on the EIT effect, such as slow light devices and nonlinear elements.
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1. Introduction

Electromagnetically induced transparency (EIT) which
can improve the dispersion properties of the medium and in-
hibit the absorption of medium, is a quantum interference phe-
nomenon occurring in the medium where two laser beams with
different transitions act on it.!'! Recently, using metamaterials
to realize the quantum phenomenon of EIT has aroused great
interest. Many researchers have proposed different structures
of metamaterials by mainly using split-ring resonators (SRRs),
cut wires (CWs), and plasmonic waveguides to realize the
EIT effect.!>~'4! Following appropriate design rules, [3#7:15-201
the prominent EIT phenomenon could be realized in meta-
materials by destructive interference between different reso-
nance modes. There are two common methods to manipu-
late the resonance modes by rationally designing the structure
of metamaterials. The first method is to design two substruc-
tures in the metamaterials which act as bright mode and dark

[3-71 The incident light is only coupled to

mode, respectively.
the bright mode, but not directly coupled to the dark mode. It
is the coupling between the dark mode and the bright mode
that leads to the EIT. The second method is to design two
substructures, known as super-radiant (low quality factor) and
sub-radiant (high quality factor) resonators, both of which can
be directly excited by the incident light. In this case, the EIT
can be realized through properly controlling the coupling of
the two resonators. [8-10]

In most previously designed EIT metamaterials, the char-
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acteristics of the EIT were usually demonstrated through the

3-201 However, the reflection of EIT, an

transmission spectrum. |
important physical component the same as the transmission of
the EIT, is ignored. In this work, a reflection-type EIT meta-
material functioning in the terahertz (THz) regime is proposed,
fabricated, and characterized, which is composed of a dielec-
tric substrate sandwiched with metallic patterns and metallic
planes. In the designed metamaterials, we find two different
metal patterns on the top layer which act as bright and dark res-
onators, respectively, leading to the EIT, then the EIT spectrum
is multi-reflected between the top metallic structure and the
ground plane. The complex amplitudes of all reflected waves
from the air/metallic layer interface are then superposed.

2. Experiment

The unit structure is shown in Fig. 1(a). From top to bot-
tom, the parts of the sandwiched structure are the metallic pat-
tern, polyimide, and metallic plane, respectively. The metallic
pattern consists of a CW and two SRRs, and both the metallic
pattern and metallic plane are 0.2-pm-thick gold. The geomet-
rical parameters are chosen to be P, = 80, P, = 120, L = 102,
1=42,D,=20,5s=9, h=28.5, and w = 5 um. The fabrica-
tion process of the sample is discussed as follows. Firstly, a
0.2-pum-thick gold film was thermally evaporated on a silicon
substrate (n-type, 640 um). Then, an 8.5-pum-thick polyimide
layer was added to the gold film to form the spacer layer.
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Fig. 1. (color online) (a) Schematic diagram of the unit structure. (b) Microscopic image of the fabricated metamaterials.

Finally, the 0.2-pm-thick gold patterns were fabricated by con-
ventional optical lithography on the polyimide isolator. The
total size of the sample is 18 mmx24 mm. Part of the micro-
scope image of the fabricated structure is shown in Fig. 1(b).

The reflectance spectrum of the sample is measured using
a terahertz time-domain spectroscopy (TDS). To normalize the
reflectance spectrum, an unpatterned 0.2-um-thick gold plane
thermally evaporated on a silicon substrate is used as a refer-
ence of the sample. The normalized reflectance spectrum is
defined as |R| = |Es(o)|/|R(®)|, where |Es(®)| and |E,(®)]
are the Fourier transform of the terahertz pulses reflected by
the sample and the reference, respectively.

3. Results and discussion

To reveal the mechanism of the reflection-type EIT, we
prepare three samples, i.e., the CW sample consisting of CW
array, polyimide, and the gold plane, the SRR sample con-
sisting of SRR arrays, polyimide, and the gold plane, and
the reflection-type EIT sample consisting of CW, SRRs, poly-
imide, and the gold plane (see Fig. 1). When the polarization
direction of the incident wave is parallel to the y orientation,
the measured reflectance spectra are shown in Fig. 2, the CW
sample shows a resonance at 0.865 THz. The SRR sample
is inactive due to its symmetrical structure, though it supports
an inductive—capacitive (LC) resonance at the same frequency.
The reflection-type EIT sample shows a sharp reflection peak
at 0.865 THz between two reflection valleys with the resonant
frequencies of 0.811 THz and 0.924 THz, respectively. This
form of reflectance spectrum is similar to that of the transmis-
sion spectrum of the EIT reported elsewhere.[!5-20]

We carry out the full-wave numerical simulations to test
the performances of the designed metamaterials using the CST
Microwave Studio 2010. Here the gold electric conductivity is
o =4.561 x 107 s/m, and the dielectric constant of the poly-
imide is € = 3.1 x (1 +0.021). The simulation conditions are
as follows: the x and y directions are set as the periodic bound-
ary conditions, and both the ports are perpendicular to the z

direction and placed at the two surfaces of the sample, respec-
tively. The electromagnetic waves with the y-polarized direc-
tion are normally incident upon the sample.
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Fig. 2. (color online) Reflectance spectra of the three samples: (a) CW
sample, (b) SRR sample, and (c) reflection-type EIT sample.

The two-dimensional (2D) distributions of the electric
field at 0.865 THz for the three samples are shown in Fig. 3,
where figure 3(a) indicates that the CW is strongly excited by
the incident plane wave with a high electric field forming at its
ends, figure 3(b) shows that there is hardly any induced electric
field in the SRR sample due to the symmetry of the structure,
and figure 3(c) displays that the LC resonance of the SRRs is

Fig. 3. (color online) Electric field distributions of (a) CW sample, (b)
SRRs sample, and (c) reflection-type EIT sample.
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excited by the CW resonance via near coupling. Therefore, in
the reflection-type EIT sample, the CW and SRR serve as the
bright and dark modes, respectively. The near field coupling
between the two modes leads to a destructive interference, and
as a consequence, there appears a sharp transparency peak in
a broad absorption background.

The simulated spectrum of the reflection-type sample is
also demonstrated in Fig. 4 (the thin solid line), showing that
there is a resonant peak at 0.865 THz. Excellent agreement
between simulation and experiment results except for a slight
difference is observed. We believe that the fabrication and
measurement errors may be responsible for the discrepancy.
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Fig. 4. (color online) Reflectance spectra acquired by experiment (the
black line), simulation (the thin solid line), and calculation using multi-
reflection theory.

To analyze the working mechanism of the designed struc-
ture, a transmittance EIT model is simulated for comparison.
The structure of the transmittance EIT model is similar to the
proposed structure shown in Fig. 1(a), except that the silicon
wafer and metallic plane are removed. According to Ref. [16],
this model is a representative structure which can lead to EIT
when the dimensions of the CW and the SRRs are appropri-
ately designed and the polarization direction of incident elec-
tromagnetic wave is parallel to the CW. In the transmittance
EIT model, the CW acts as the bright resonator, while the
SRRs act as the dark ones. The thin solid line (denoted by
t) in Fig. 5(b) shows the simulated result. It is an ordinary EIT
transmission spectrum, in which the amplitude and frequency
of the resonance peak are different from the reflectance spectra
shown in Fig. 4. We believe that it must be the metallic ground
plane that is responsible for the discrepancies.
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Fig. 5. (color online) (a) Fabry—Perot resonant model. Simulated (b)
magnitudes and (c) phases of the reflection and transmission coeffi-
cients for the part reflection surface (PRS).

To gain a physical insight of the reflection-type EIT, we
should quantitatively analyze the mechanisms of the designed
metamaterials. Here we treat the reflectance EIT structure
as a modified Fabry—Perot resonant model?*?!! to quantita-
tively analyze the reflectance spectrum. As demonstrated in
Fig. 5(a), the metallic pattern represents a part reflection sur-
face (PRS), and the gold plane represents a total reflection sur-
face. When the electromagnetic wave at a certain angle is inci-
dent upon the PRS, part of the incident electromagnetic wave
is reflected back with a reflection coefficient 7 = re'?. At the
same time, the rest transmits into the polyimide with a trans-
mission coefficient f = te'?, then is reflected by the gold plane
with a reflection coefficient 7/ = " ¢!, This part of electro-
magnetic wave is continually incident upon the dielectric/PRS
interface, and divided into two plane waves. One is transmit-
ted into air with a transmission coefficient ¥ = t’eiel, and the
other is reflected back into the dielectric spacer with a reflec-
tion coefficient # = 1% The multi-reflection process inside
the spacer is illustrated in Fig. 3(a). The total reflection outside

the PRS is a superposition of the multiple reflections:

; ey

R=F+F+R+Fi+ =

1+# exp [i ((erﬂ: i:\/ghcos(x’>]
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where 6 = —(27/Ap)/€2hcosd’ is the phase difference of
the reflected wave which differs from that of the preceding
wave propagating in the dielectric spacer, and Ay is the wave-
length in free space. Based on coefficients and phases of the
reflection and transmission coefficients for the PRS as illus-
trated in Figs. 5(b) and 5(c), the total reflection is calculated
from Eq. (1), and the result is shown in Fig. 4 (the dashed
line), the calculated reflectance spectrum is in excellent agree-
ment with results from both the full-wave simulation (the thin
solid line) and the experiment (the thick line). This agreement
verifies the rationality of using multi-reflection theory to an-
alyze the performance of the EIT reflection, and importantly,
this processing method enables us to understand the physical
mechanism of the reflection-type EIT. When the THz beam
is incident upon the metasurface with a polarization direction
parallel to the CW, the CW can be directly excited by the inci-
dent electromagnetic wave, but the SRRs cannot. Because the
resonant frequency of the CW is approximate to the SRR’s,
near-field coupling between the two different resonators will
occur, then the SRR resonator is excited by the resonance of
CW and leads to EIT. That is, the CW resonator provides
the bright mode and the SRRs provide the dark mode in the
process of EIT. Then, the transmittance spectrum of EIT is
incident upon the spacer and is multi-reflected between the
PRS and the ground plane. Finally, a destructive interfer-
ence of multi-reflection beams results in the anomalous re-
flectance spectrum at a certain frequency (determined by the
spacer thickness), specifically for the proposed structure, and
the resonant frequency is 0.865 THz.

4. Conclusion

In this paper, a reflection-type terahertz EIT metamaterial
is proposed and characterized experimentally and numerically.
An electromagnetically induced reflection peak is observed
between two reflection valleys from the proposed structure.
The mechanism of this reflection-type terahertz EIT metama-
terial is investigated by using the multiple-reflection interfer-
ence theory. The results show that the reflection characteristics

originate from the EIT which is generated at the metasurface
and reshaped by a Fabry-Perot cavity analogue between the
metasurface and the ground plane. The results of this paper
provide a new type of EIT structure which may be used in
many fields such as slow light effect and THz nonlinear effect.
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