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A B S T R A C T

This article proposes the resonant transmission characteristic through the periodic subwavelength metal-insulator-metal (MIM) waveguide on a quartz plate at
terahertz frequencies. By applying the multiregion problem to the mode matching technique (MMT), the total reflection and transmission characteristics of the
periodic MIM waveguide can be resolved as functions of the thickness of the MIM waveguide, the gap width of the MIM waveguide, the thickness of the quartz plate,
and frequency. To validate the results of the proposed MMT, the transmission results are compared with the results using a commercial electromagnetic simulation
software (XFdtd). The similar results demonstrate that the proposed MMT is proper to compute the reflection and transmission characteristics of the periodic MIM
waveguide on the real quartz plate and providing in-depth intuition for resonant transmissions using the modal approach.

Introduction

Resonant transmission phenomena through the metallic slit have
been sufficiently investigated while considering the negative permit-
tivity of the metal in the terahertz (THz) regime [1]. Deep sub-
wavelength Au and Ag slit transmittances at wide THz frequencies are
analyzed [2,3], and the resonant transmission phenomena through
periodic slits for the cases of various real metals are thoroughly in-
vestigated [4]. The transmittance behaviors at lower THz frequencies
are similar to those in the perfect electric conductor (PEC) case, while
greater discrepancies are found for higher frequencies. These findings
constitute useful reference data for the deep subwavelength slit trans-
mittances on metallic plates and can be applied to research areas such
as spectroscopy [5,6], heat-assisted magnetic recording [7], optical
data storage [8], and near-field scanning microscopy [9–11]. To apply
the subwavelength slit structure to these areas, the transmission char-
acteristics through single or periodic metallic slit should be validated.
However, transmittance through the slit using only a metallic plate can
be unsuitable because the metallic plate is too thin, and the sub-
wavelength slit is too narrow in optical frequencies. Therefore, the
supporting fixture is required to stabilize the thin metallic structure,
and it is better for the fixture to have a low loss characteristic. The
quartz (SiO2) plate can be a good candidate because the quartz has little
loss, and the transmittances through only the metallic slit can be pre-
dicted from those of the metallic slit with the quartz plate. In previous
researches [2,3], the transmittances through only a metallic slit are

investigated, however, a more in-depth study of the transmittances
through the periodic slits including the quartz plate holding the me-
tallic slit is required for practical purposes.

The transmittance problems can be analyzed by brute-force tech-
niques like as finite-difference time-domain (FDTD) and finite element
techniques [12,13]. However, these methods can only provide the
transmittance results, and this is not sufficient for physical insight. On
the other hand, the mode matching technique (MMT) [2,3,4,14,15] can
be a good alternative, which provides how the modes in the metal-
insulator-metal (MIM) waveguide are applied upon the boundary or
through the slit. The advantages of the MMT can be listed as follows: (1)
The brute-force numerical techniques such as FDTD or finite element
method can obtain the transmittance results directly, but the physical
meanings are not easily understood from them. By the MMT, the pro-
pagation characteristics can be easily and deeply understood and the
field patterns for each mode can be also described. Moreover, the guide
wavelengths of the MIM waveguide make it easy to understand the
resonant transmittance as a function of the thickness of the metallic
plate [2]. (2) The brute-force numerical techniques require a lot of
mesh grids, so that the corresponding numerical dispersion error in-
creases gradually at higher frequencies. The MMT, on the other hand,
has the advantage of not requiring any grid and not having to worry
about dispersion errors. In addition, the MMT can drastically reduce the
simulation time. (3) When dealing with electromagnetic analyses for
the real metals, the FDTD method is often used. In this case, Debye,
Drude, or Lorentz models are used to describe metallic properties in the

https://doi.org/10.1016/j.rinp.2019.102881
Received 6 October 2019; Received in revised form 3 December 2019; Accepted 10 December 2019

⁎ Corresponding author at: 94, Wausan-ro, Mapo-gu, Seoul 04066, Republic of Korea.
E-mail address: jongeon.park@gmail.com (J.-E. Park).

1 Present address: 94, Wausan-ro, Mapo-gu, Seoul 04066, Republic of Korea.

Results in Physics 16 (2020) 102881

Available online 14 December 2019
2211-3797/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/22113797
https://www.elsevier.com/locate/rinp
https://doi.org/10.1016/j.rinp.2019.102881
https://doi.org/10.1016/j.rinp.2019.102881
mailto:jongeon.park@gmail.com
https://doi.org/10.1016/j.rinp.2019.102881
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rinp.2019.102881&domain=pdf


wide THz range. However, the Debye, Drude, or Lorentz models for the
FDTD method cannot cover the wide THz frequency band. The MMT
could be an alternative numerical technique for this layered problem
since simply at each frequency the permittivities of the real metal and
the quartz plate need to be replaced in our formulation.

In this paper, reflection and transmission characteristics through
periodic metallic slits at THz frequencies are obtained by MMT [16],
when the metallic plate is supported by the quartz plate. The proposed
geometry has a four-layer structure, which consists of free-space, MIM
waveguide, quartz plate, and another free-space. Practical permittiv-
ities for the real metal at two THz frequencies are considered. The in-
cident, reflected, and transmitted electromagnetic fields are formulated
to be applied to the MMT, and the multiregion problem [17] is in-
troduced to solve multi-layer geometry. Then, reflection and trans-
mission results for periodic slits are obtained when the metal in the
MIM waveguide is a PEC or a real metal. Finally, we validate the
transmittances for the real metal case and compare them with the re-
sults calculated by the commercial electromagnetic simulation soft-
ware.

Problem geometry and dispersion equation

Fig. 1 displays the geometry of the proposed MIM structure with the
quartz plate to investigate electromagnetic power transmissions and
reflections. The proposed MIM structure is divided into four regions,
which consists of free-space, MIM waveguide, quartz plate, and another
free-space. Regions 1 and 4 are free-space, and Region 2 is the periodic
MIM waveguide that resides between Junctions 1 and 2. The quartz
plate is placed below the MIM waveguide and expressed as Region 3.
The period (p) of the MIM waveguide is 2(g + d), the thickness of the
MIM waveguide is w1, and the type of metal considered in this work is

silver (Ag) [18]. The quartz plate is located under the MIM waveguide
with a thickness of w2, which is inserted to support the metallic plate.
The proposed structure is invariant along the y-axis and periodic with
regard to the x-axis, and the incident wave is supposed to be a trans-
verse magnetic (TM) wave along the z-axis. The transmission and re-
flection characteristics are observed according to the frequencies and
thickness of the MIM waveguide plate. To compute the reflection and
transmission characteristics about the proposed periodic MIM wave-
guide, the MMT is applied. The modes in the MIM waveguide are cal-
culated and analyzed by the dispersion equation [2,14] as follows:
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where εm and εi are permittivities in metal and insulator, respectively.

Fig. 1. Geometry of the proposed MIM structure with the quartz plate.

Fig. 2. Point (Asterisks) and discretized continuous (triangles) spectra in the
geometry of Fig. 1.
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kz,n is the n-th propagation constant along the z-axis. κm,n and κi,n are the
n-th transverse propagation constants in the metal and the insulator,
respectively. The permittivities of the metal (Ag) are −1470.8
−j355.65 and −94.108 −j7.567 at 50 THz and 200 THz, respectively
[18], and the insulator is fixed to free space (εi = 1). Fig. 2 represents
the point spectrum (PS) (asterisk marker) and discretized continuous
spectrum (DCS) (triangle marker) [2,14] in the proposed MIM structure
when the period (p) is 0.6 λ0, and 2 g is 0.2 λ0 at 50 THz. Note that the
real parts of each spectrum have a different positive and negative sign,
and the scale is also different. When the real part of the PS has the
largest value, it becomes the fundamental mode of the TM0 in the MIM
waveguide, which has the greatest impact on the transmission. In ad-
dition, a number of eigenvalues of the DCS will be applied in the MMT
formulation. Although the DCS does not have a critical impact on the
transmissions, it plays an important role by satisfying the boundary
conditions. One more noteworthy point to mention from Fig. 2 is the
relationship between the PS and the DCS. When the imaginary parts of
the PS are between 30 and 50, the absolute values of real parts of the
DCS become much greater. In other words, the distributions of PS re-
cede the distributions of DCS, and this phenomenon is called the anti-
crossing behavior [3,14]. It is a natural effort for PS and DCS modes to
maintain orthogonal properties inherent in Eq. (1), even if it is not
complete.

MMT and multiregion problem

To obtain the transmission characteristic of the proposed MIM
structure, the solved modes in the periodic MIM waveguide are applied
to the MMT, and the reflection and transmission coefficients can be
computed for each Junction 1, 2, and 3. The electromagnetic fields at
Junction 1, located between the free space and the MIM waveguide, can
be arranged as:
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where the
→
EFk and

→
HFk show the incident electric and magnetic fields of

the k-th mode in Region 1, and the
→
EFi and

→
HFi represent the reflected

electric and magnetic fields of the i-th mode in Region 1, respectively.
The

→
EMj and

→
HMj also indicate the transmitted electric and magnetic

fields of the j-th mode in Region 2. NF and NM are the overall number of
those modes used in Regions 1 and 2. The subscripts F and M mean the
free space and the MIM waveguide, respectively. An incident coefficient
ak, reflected coefficients ai, and transmitted coefficients bj are described
in Eqs. (3a) and (3b). Here, ak is a given coefficient, and the ai and the bj
are the coefficients to be solved by Eqs. (3a) and (3b). The Eqs. (3a) and
(3b) of the MMT can be applied only for a single frequency using the
relative permittivity of the real metal at that THz frequency. The re-
sonant transmission results at wide THz range can be obtained, if the
relative permittivities of the real metal and quartz plate at each THz
frequency are replaced in Eq. (1).

The reflection and transmission coefficients can be computed for
each junction, however; it is important to obtain the total reflection and
transmission coefficients considering all layers including the free space,
the MIM waveguide, and the quartz plate. Fig. 3 shows the conceptual
diagram of multiregion geometry to calculate the total reflection and
transmission coefficients in Fig. 1. R1,2 means the reflection coefficients
in Region 1 reflected by Region 2 and T1,2 stands for the transmission
coefficients into Region 2 incident from Region 1. Similarly, R2,1 and
T2,1 can be defined in reverse. All coefficients are represented by ma-
trices because each region is composed of a lot of modes, and the
generalized reflection coefficient in the proposed multiregion geometry

can be expressed as [17]:
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where the K(m+1),z and D(m+1) present the z-directional propagation
constant and the multiple reflection effects along the z-axis in the
(m + 1) region, respectively, and the I stands for the identity matrix in
the (m + 1) region. In Eq. (4), the tilde refers to the generalized
coefficient for considering the effects of the multiregion geometry while
the Rm,(m+1) without tilde stands for the reflection coefficient just at the
junction between regions m and (m + 1) without considering multiple
reflections. Eqs. (4) and (5) can be utilized to compute the overall re-
flection and transmission powers for the proposed structure, which
consists of the free space, the MIM waveguide, the quartz plate, and
another free space.

Transmission and reflection characteristics

Fig. 4(a) presents the transmission and reflection power character-
istics of the proposed periodic MIM waveguide structure in Fig. 1 when
the metal is PEC. The peak transmittance is 0.9928 and the reflection
power is 0.0072, when the thickness (w2) of the quartz plate is 0.3λ0.
The peaks are repeatedly obtained with an interval of a half wavelength
(0.324 + 0.5n)λ0, where n is the integer, which is called as Fabry-Pérot
resonance (FPR). The peaks are very close to 1 because the transmission
resonance conditions are almost satisfied when the thicknesses of the
MIM and the quartz plate are (0.324 + 0.5n)λ0 and 0.3λ0, respectively.
The sum of the transmission and reflection powers is always 1, because
the incident power is entirely contributed to both transmission and
reflection powers and there is no loss in the PEC plate of the MIM
waveguide. The peak transmissions decrease to 0.8647 when the
thickness of the quartz plate becomes 0.9λ0 as shown in Fig. 4(b), and
the FPR is still observed with the interval of a half wavelength
(0.29 + 0.5n)λ0. The peak transmission power in Fig. 4(b) (w2 = 0.9λ0)
is 0.1335 lower than that in Fig. 4(a) (w2 = 0.3λ0) because the trans-
mission resonance condition is less satisfied when the thickness of the
quartz is 0.9λ0. The transmission characteristics of the periodic MIM
waveguide, when the metal is PEC, are varied from 0.9982 to 0.8647
according to the thickness of the quartz, and the total power is always
1, which demonstrates that the proposed geometry satisfies the power

Fig. 3. Conceptual diagram of multiregion geometry.
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conservation and does not suffer metallic loss.
Fig. 5(a) and (b) indicate the power transmission and reflection

characteristics at 50 THz and 200 THz versus the thickness of the MIM
plate, respectively, when the metal in the MIM plate is silver and the
thickness of the quartz is 0.658λ0. The FPR phenomenon is also ob-
served; however, the transmission maxima gradually decrease when the
thickness (w1) of the MIM waveguide increases from 0.25λ0 to 3λ0,
because loss due to the silver plate arises when the electromagnetic
wave passes the MIM waveguide. Power reflection characteristics are
also observed in the dashed line, and the maxima of reflections arise
whenever the minima of the transmissions are observed. The summa-
tion of the reflection and transmission is obtained by dotted lines, while
the difference between the incident power (=1) and the dotted line
becomes a loss from the silver plate in the MIM waveguide. As seen in

Fig. 5, more electromagnetic waves pass through the MIM waveguide
when the transmission maxima are observed, and more loss from the
silver plate can be observed. The overall power transmissions at
200 THz are lower than those of 50 THz, because the loss by the silver
plate at 200 THz is larger than the loss at 50 THz [18]. In other words,
the transmittance characteristic at a lower frequency (50 THz) is closer
to that in the PEC case, and greater discrepancies are observed for the
higher frequency (200 THz).

Fig. 6 presents a comparison of the transmission characteristics
between the MMT and the simulation results calculated by three-di-
mensional commercial electromagnetic software (XFdtd) from RE-
MCOM [19]. To validate transmittances, the geometry in Fig. 1 is again
applied when p is 0.6λ0 and 2 g is 0.2λ0. The thickness of the quartz
plate is 0.658λ0, and a silver permittivity at 50 THz in the MIM wa-
veguide is utilized. The maximum transmittance of the proposed

Fig. 4. Power of the proposed MIM structure when metal is PEC (a) w2 = 0.3λ0
(b) w2 = 0.9λ0.

Fig. 5. Power of the proposed MIM structure when metal is silver (a) 50 THz (b)
200 THz.
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computation is 0.746, which is quite similar to the XFdtd value of
0.744, and the entire transmittance trends are also similar. Slight dis-
crepancy in transmittances is discovered between the XFdtd and the
MMT owing to the different numerical techniques. In spite of the de-
licate difference, the overall trends are fairly similar to each other,
which demonstrates that the proposed MMT formulation is effective for
analyzing the periodic metallic slits at THz frequencies as well as the
multiregion geometry.

The MMT can be also applicable to the two-dimensional slit geo-
metry, when the dimension in y-axis of Fig. 1 is limited to a single slit or
arranged periodically.

Conclusion

We have investigated the resonant transmission through periodic
subwavelength terahertz metallic slits based on the quartz plate. The
transmission characteristics of the periodic MIM waveguide at 50 and
200 THz frequencies were investigated by the MMT. The proposed
geometry was four-layered, consisting of free-space, MIM waveguide,
quartz plate, and another free-space. Therefore, the multiregion pro-
blem was adopted to solve multi-layer geometry. When the metal be-
came PEC, the peak transmittance of almost 1 was repeatedly observed
at half wavelength intervals (0.324 + 0.5n)λ0. On the other hand,
lower peak transmittances of 0.766 and 0.661 are obtained at 50 THz
and 200 THz, respectively, when the metal is silver. Moreover, the re-
sonant transmission maxima gradually decreased as the thickness of the
MIM plate increased from 0.25λ0 to 3λ0, due to the loss of the silver
plate in the MIM waveguide.
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