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We experimentally demonstrated the properties of leaky waves generated inside the air gap between a high-index prism and a metal–dielectric–
metal metasurface can be strongly engineered by the geometrical parameters of the metasurface. In particular, we further identified that the excited
leaky waves undergo a transition from an over-coupled state to an under-coupled state along with the variation of structure parameters, manifest in
their strongly engineered optical responses. These experimental findings can be well explained by the coupled-mode theory, and may have
potential implementation in sensitive sensors and detections based on leaky waves. © 2019 The Japan Society of Applied Physics

L
eaky waves are ubiquitous and excited at the interfaces
of hybrid waveguides,1,2) dielectric waveguides3) or
surface plasmon polaritons (SPP) waveguides.4–8)

Meanwhile, they have been successfully applied to demon-
strate several intriguing phenomena, such as Cherenkov
radiations,9) Wood’s anomalies,10) extraordinary optical
transmissions,11) etc. Furthermore, leaky waves induced
from total internal reflections have also been widely used in
the scientific areas of substance detections,12) waveguide
coupling,13) and antenna radiations.14,15) Especially, many
functional devices have been developed based on the leaky
waves in the terahertz region, for example, antennas,14) near-
field probes,16) leaky-lenses17) and frequency-division
multiplexers.14) However, there is still a lack of effective
near-field engineering method on leaky waves due to the
short decay length.
Recently, diversified wave manipulation methods have

emerged in the terahertz18) and microwave range19,20) by
operating with metal–dielectric–metal (MDM) metasurfaces.
The principle is based on the magnetic resonance enhanced by
the antisymmetric oscillation mode of two coupled layers. MDM
metasurfaces are widely applied for engineering polarizations,21)

phases,22,23) and amplitudes of incident light.22,24) Researchers
have also developed other various MDM metasurface-based
optical devices including flat lenses,25) beam deflectors,26) wave
plates,27) vortex generators28,29) and holograms.30,31) Most of the
demonstrated MDM metasurfaces are widely applied in the
engineering of the free space light,32–37) but there have been few
reports on leaky waves.
In this work, an MDM metasurface is used to engineer the

optical response of terahertz leaky waves. Here, we reveal
that the capping periodic slit in MDM metasurface has a
critical transition width. When the slit width is less than the
critical width, the optical response is over-coupled, while the
optical response is under-coupled in the opposite case. These
two optical responses in the MDM metasurface are clearly
described by the coupled-mode theory,38) which depend on
the relative ratio between the radiation loss and the absorp-
tion loss in the resonator (MDM metasurface structure).18,22)

These two radiation loss rates are the intrinsic loss rate of the
resonance due to materials absorption γabs and the energy
external leakage rate γrad radiated from the resonator,
respectively. In particular, the transition of the optical
responses is experimentally demonstrated via tuning the

parameters of the metasurface, or incident angle of the
beam which is equivalent to the angle of the prism. In
comparison with traditional bulky configurations for leaky
waves, the engineering of leaky waves in the near-field
region by the thinner MDM metasurface is more efficient and
practicable for potential applications of biomolecule sensors.
The MDM metasurface is depicted in Fig. 1(a), which

consists of a metal grating on the top and a metal plate at the
bottom, with a sandwich layer of silicon. The top metallic
layer consists of periodic air slits with periodic spacing of d
and slit width of a. The thicknesses of the metallic and the
dielectric layers are t and h, respectively. The terahertz waves
are incident horizontally from left side of the Teflon prism,
for which the wedge angle is designed to meet the total
internal reflection and thus the leaky wave is excited at the
interface between the metal grating and the air. The bottom
metallic film prohibits any transmission through the MDM
device so that only the reflection of the device needs to be
taken into account. Moreover, near-field coupling between
two metallic layers can form a series of resonances at
frequencies dictated by the geometrical details, each with
induced currents flowing in opposite directions on the two
metallic layers. When these resonances are comparably
separated in the frequency domain for which the peak width
of each mode is much less than the inter-mode frequency
difference, the device can be well described by a one-port
single-mode resonator model at the specific resonance
frequency of ω0. To understand the nature of the MDM
device, we depict a conceptual model in Fig. 1(b). This
model assumes that an incident light wave can be reflected
from the metasurface by flowing through two channels: the
intrinsic loss rate γabs and the energy external leakage rate
γrad.
When the transverse component of the wave vector of the

incident light matches the propagation constant of Spoof SPP
(eigenmode), the incident E-field with x-polarized can be
resonantly coupled to the metasurface. The incident wave
vector exists in the range 0< kx < nω/c, where n is the
refractive index of the prism. The impedance matching
condition occurs between the incident field and the eigen-
mode of the MDM metasurface, hence resulting in an
absorption valley in the spectra of the reflection amplitude.
The coupled interaction can be characterized by the spectra of
reflection amplitude and phase as functions of slit widths,
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dielectric layer thicknesses and wedge angles. Using
Coupled-Mode-Theory, the following expression for the
reflection coefficient can be derived:
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Here, ω0 is the resonance angular frequency. From Eq. (1),
the total reflection phase varies continuously from −180° to
180° in the under-coupled region (γabs > γrad), and less than
180° in the over-coupled region (γabs< γrad) at the given
resonance frequency of ω0. Based on the above analysis and
Eq. (1), the total reflectivity of the leaky wave engineered
by MDM is fully determined by γabs and γrad. Derived from
mode expansion theory18,20) by approximation conditions
(a= d, d= λ, h< λ), we conclude that both γrad and γabs are
related to the thickness of the spacer, and γabs is also strongly
related to the slit width.20) From these two relations, both γ

values can be easily tuned by well-designed device para-
meters.
In order to study the spectra of the reflection amplitude

and phase of the devices, numerical simulations are
employed. We assume the relative permittivity of the Au
layer is i ,pAu inf

2 2e e w w wg= - -( )/ where εinf= 1.53,
ωp= 2π× 2.069× 1015 Hz and γ= 2π× 1.764× 1013 Hz.
The refractive index of the silicon layer is nsi= 3.5 with a
negligible imaginary part of the refractive index, and the slit
width varies from 10 to 100 μm. The simulation results
indicate there are two absorption peaks corresponding to the
resonances in the device, as shown in the Fig. 2(a). Both
resonances show blue shifts when the slit width increases: the
low resonant frequency around ω0= 0.1 THz varies from
0.085 to 0.132 THz, and the high resonant frequency at

ω0= 0.3 THz slowly changes from 0.31 to 0.38 THz. As
the spectra of the reflection amplitude of ∣r∣2 is not enough to
distinguish the difference between the electromagnetic re-
sponses of the two resonance frequencies, it is necessary to
consider the phase transitions Δf of the spectra of the
reflection shown in Fig. 2(b). Interestingly, the slit has a
critical transition width at a= 23.5 μm. When the slit width
is less than 23.5 μm, the phase transitions at the high
resonance frequency can be less than 180°. Our results
clearly show that whether the phase transition at the high-
frequency resonance point exceeds 180° or not depends on
the slit width of the device.
To better understand the optical response around the

critical transition width, two slit widths of a1= 20 μm and
a2= 40 μm are theoretically selected to retrieve the γabs and
the γrad value. Full wave simulations were then first
performed to study their field distributions [Fig. 2(c) for the
two slit widths of a1= 20 μm and a2= 40 μm]. The field-
distributed simulation of a1= 20 μm depicted in Fig. 2(c)
stores more electromagnetic field energy in the air domain,
indicating that the value of γrad= 33.2 is larger than the value
of γabs= 14, which is in good agreement with the value of
γrad= 33.4 and the value of γabs= 14.4 retrieved from the
analytical method. From the simulation results with the metal
slit width a2= 40 μm, as shown in Fig. 2(c), we can see that
more electromagnetic field energy is stored in the silicon
layer compared with the former case. The value of
γabs= 46.4 is larger than the value of γrad = 20.7, which
also matches the analytic results. The distinct behaviors in the
spectra of the reflection phase of different slit widths indicate
a phase transition from the over-coupled to the under-coupled
resonance, as the slit width increases from 20 to 40 μm. And
in particular, the process can be undergone a fully absorbed
state that is extremely sensitive to perturbations.
These above-mentioned predictions are then consistently

verified by both experiments and simulations. We fabricate a
series of MDM device with different slit widths. The
fabrication follows the standard optical lithography proce-
dures. First, in order to improve the adhesion of the gold film
to the silicon wafer, hexamethyldisilazane (HDMS) is spin-
coated on the surface of the silicon wafer. A one-dimensional
grating structure is prepared through a non-mask lithography
machine (UPG501). After the lift-off process, the MDM
devices are prepared finally, and the schematic diagram of the
MDM is presented in Fig. 1(a), wherein the metal slit width is

Fig. 1. (Color online) Design of a metal–dielectric–metal (MDM) meta-
surface. (a) Schematic of terahertz leaky wave engineered by the MDM
metasurface. Terahertz wave is incident from the left side and reflected by the
Teflon prism. (b) Intuitive model for the incident light can be directly
reflected or follow a resonant pathway through the single-port resonator
model in CMT.

Fig. 2. (Color online) The spectrum of the reflection amplitude and phase. (a) The MDM structure with different slit widths from 10 to 100 μm. (b) Phase
transition Δf of the reflection spectra of the MDM metasurface. (c) The over-coupled state with slit width a1 = 20 μm and under-coupled state with slit width
a2 = 40 μm. Geometric parameters of the MDM are d = 100 μm, h = 179 μm, and all metallic films have thicknesses of t = 60 nm.
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a1= 20 μm and a2= 40 μm, and the grating periodicity is
d= 100 μm. The thicknesses of the metallic and spacer layer
are t= 60 nm and h= 179 μm, respectively. Optical images
of two typical samples are shown in the insets of Figs. 3(b)
and 3(d). In a dry air environment, we use the THz time-
domain spectroscopy to measure the spectra of the reflection
amplitude and phase of the reflected leaky wave, wherein the
signal of the metal plate is a reference signal. The measured
time domain signal is then Fourier transformed to the
spectral domain, and its amplitude and phase information are
derived with the normalization to the reference signal.
r(ω)= rs(ω)/rr(ω), where rs(ω) is the reflected signal and
rr(ω) is the reference signal. The amplitude and the phase
transition of the MDM device are experimentally measured
with the slit width of a1= 20 μm as shown in Figs. 3(a) and
3(b), respectively. The transverse component of the leaky
wave vector matches the wave vector of the eigenmode in the
MDM device, which means that the incident electromagnetic
field is coupled to the eigenmode such that an absorption
valley occurs in the reflection spectra, as shown in Fig. 3(a).
Furthermore, in Fig. 3(b), the resonance frequency of 0.3 THz
exhibits a phase transition of less than 180° in the experiment,
that is, an over-coupled state with the value of γabs = 14.3 and
γrad = 33.3. The measured spectra are in good agreement with

the finite-difference time domain simulations for the realistic
structures.
Similarly, a reflection spectra (blue symbol) and a phase

transition (blue symbol) with a slit width of a2= 40 μm were
experimentally measured as shown in Figs. 3(c) and 3(d).
The resonance frequency blue-shifted to 0.357 THz com-
pared with the case when the slit width a1= 20 μm. In the
interval range from 0.25 to 0.45 THz, the phase transition of
the reflection spectra can cover 360°, which is in an under-
coupled state. Finally, the functionality can be realized by
tuning the duty ratio of the periodic slit width of the MDM
device. We quantitatively retrieve the values of γabs and γrad
by fitting the measured and the simulated spectra of different
slit widths to Eq. (1), and get the results that the value of γabs
is 46.6 which is larger than the value of γrad = 20.8. Such
retrieved values are in good agreement with the numerically
simulated and the analytical results.
To explicitly study the mechanism of the optical response

incurred by the MDM device at these two resonance
frequencies with other parameters, we first investigate
whether the dielectric layer thickness influences the optical
response of the leaky wave. As shown in Fig. 4(a), the phase
transition of the optical response at the high frequency is
verified by the Smith curve of the reflection coefficient.
When h becomes thinner (h1= 169 μm and h2= 179 μm),
the Smith curve (black and red curves) only passes through
the second and the third quadrants, with the phase of the
reflection varying from 90° to 270° in the over-coupled state.
With the increase of h (h3= 189 μm and h4= 199 μm), the
Smith curve (the blue and the green curves) covers four
quadrants. And the achieved reflection phase can cover from
0° to 360° in the under-coupled state. Therefore, the
simulation shows that the optical response of the terahertz
leaky wave in the MDM device can be engineered by
changing the thickness of the dielectric layer. In addition,
as shown in Fig. 4(b), when the layer thickness is fixed at
h= 179 μm and the slit width is a= 20 μm, the optical
response at the resonance frequency of 0.1 THz is over-
coupled. In this case, the optical response at the 0.3 THz
resonance frequency is under-coupled, and there is a combi-
nation of the optical responses in the same device. On the
other hand, when the thickness of the spacer changes to
h= 189 μm [see Fig. 4(c)], the optical response states at the
resonance frequencies of 0.1 and 0.3 THz exhibit an under-
coupled state with the slit width of a= 40 μm.
The influences of the wedge angle of the prism on the

optical response at the resonance frequency are also

Fig. 3. (Color online) Comparison between the analytical, the numerically
simulated and the experimental results. Reflectance of the leaky waves with
a1 = 20 μm (a) and a2 = 40 μm (c). Phase transitions with a1 = 20 μm
(b) and a2 = 40 μm (d), the optical responses are over-coupled with a1 = 20
μm and under-coupled with a2 = 40 μm. Insets show the fabricated samples
with the white scale bar 100 μm.

Fig. 4. (Color online) Simulation results with different thicknesses of the spacer. (a) Smith curves of the reflectance of the sample for different thicknesses of
the spacer. (b) The slit width of a = 20 μm and the layer thickness of h = 179 μm, the Smith curve for the frequency at 0.1 THz and 0.3 THz, respectively.
(c) The slit width of a = 40 μm and the layer thickness of h = 189 μm.
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investigated. It is intuitive to realize that the change of the
wedge angle of the prism affects the horizontal wave vector
of the leaky wave, which matches the wave vector of the
eigenmode in the MDM device. The eigenmode wave vectors
at different frequencies are different, so the horizontal wave
vector corresponding to the wedge angle can select a specific
frequency and generate a resonance. In the simulation, when
the wedge angles of the prism are 70.7°, 71°, 71.2°, and
71.4°, there are similar resonance frequencies at the range
from 0.2 to 0.45 THz, as shown in Fig. 5(a). In particular, the
optical response appears to be over-coupled when the wedge
angles are 70.7° and 71°, whereas the optical response
appears to be under-coupled when the angles are 71.2° and
71.4 °, as shown in Fig. 5(b). In addition, this also coincides
with the Smith curve from the reflection line in Fig. 5(c).
In conclusion, we have demonstrated theoretically and

experimentally the existence of critical transition width for
distinguishing the under-coupled and over-coupled optical
responses during the engineering process of the terahertz
leaky wave based on the MDM metasurface. The radiation
rate γrad and the absorption rate γabs influence the impedance
matching of the eigen-mode in the MDM metasurface and the
terahertz leaky waves, which induce these two optical
responses. It is demonstrated that the optical responses are
strongly related to the slit width, the silicon thickness and the
wedge angle. Furthermore, by carefully selecting the para-
meters such as slit widths and spacer thicknesses, the optical
response has two states simultaneously. Our structure has the
ability to be directly integrated into nano-photonic devices
owing to its ultrathin property. Its simple geometry is very
amenable to advanced large area nanofabrication techniques
and thus is beneficial for applications of biomolecular
detections and characterizations of material refractive index.
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