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Abstract: This article investigates the resonant transmission characteristics

of periodic subwavelength slits on real metallic plates at terahertz frequen-

cies. By applying the eigenvalues of the slit to the mode matching technique

(MMT), the transmission characteristics of the periodic subwavelength slits

can be resolved as function of the gap width, plate thickness, and frequency.

The resulting transmittance of the proposed method is then verified by

comparing it with a commercial electromagnetic simulation software. This

study demonstrates that the proposed MMT is suitable for calculating the

transmittance of the periodic metal-insulator-metal slits on the real metal

material and provides in-depth intuition for resonance phenomena using the

modal approach.
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1 Introduction

Resonant power transmission through a one-dimensional (1-D) single or periodic

slit is a classical research topic [1, 2, 3]. In previous studies, the electromagnetic

transmission and reflection phenomena at the interface between free space and a

metallic slit are calculated by assuming a metal to be a perfect electric conductor

(PEC). However, since the metal is no longer PEC at higher terahertz (THz)

frequencies, the material properties of real metal should be taken into account to

obtain the accurate transmission and reflection in a metal-insulator-metal (MIM)

waveguide [4, 5, 6]. Thus, there has been efforts to solve the real metal trans-

mittances by several approaches, such as modal analyses for a 1-D single MIM slit

[4, 5] and periodic MIM slits [6, 7]. However, the studies were limited because the

material properties of metals were chosen arbitrarily or only specific THz frequen-

cies were considered. Although the resonant transmission phenomena through a

metallic slit have been investigated at wide THz frequencies [8], the study only

provided the transmission characteristics of a single MIM slit case, which means a

non-periodic structure.

The subwavelength slit transmittance problems can be analyzed by various

numerical methods [8, 9], such as finite-difference time-domain (FDTD) method,

finite element method, method of moments, etc. However, the brute-force tech-

niques give us to know physics a posteriori, but mode matching technique (MMT)
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provides more direct insight in the physics for the problem [6, 8] by obtaining the

distribution of eigenvalues and corresponding modal profiles with respect to the

parameters of the slit geometry.

In this paper, we examine the resonant transmission through a periodic MIM

slit by considering the material properties of real metals at wide THz frequencies.

The transmission and reflection coefficients at two interfaces are obtained, one is

from free space to the periodic MIM slit and the other is in the reverse direction. In

order to achieve the transmission and reflection coefficients, eigenvalues in the

periodic MIM slit should be solved and applied to MMT. By using all modal

coefficients, the reflection and transmission characteristics for the three-layer

structure are accurately obtained as a function of the THz frequency, gap width,

and thickness of the MIM plate. We then compare the results of the PEC and

discuss the delicate differences between the transmission characteristics of the

two real metals. The resulting transmittance of the proposed method is also verified

by comparing it with a commercial electromagnetic (EM) simulation software.

Finally, the magnetic field distributions at resonance and off-resonance are inves-

tigated for the real metal slits to make it easier to understand and compare the

resonance phenomena.

2 Geometry and dispersion equation

Fig. 1 shows the geometry to be analyzed and can be divided into three regions.

Regions 1 and 3 are free space, and the periodic MIM slit in Region 2 is resided

between the two regions. The periodic MIM slit consists of the metal, insulator, and

metal, where the dimensions of the metal and insulator are 2hm and 2hv, respec-

tively. The period p of the MIM slit is 2ðhm þ hvÞ, and the thickness of the MIM

plate is w. The insulator used in the Region 2 is vacuum, and the plate is a real

metal. The entire geometry is invariant along the y-axis. The interfaces between the

free space (Regions 1 and 3) and the periodic MIM slit (Region 2) are represented

as Junctions 1 and 2, respectively. It is assumed that the TM wave (parallel

polarization) is incident along the z-axis since the resonant transmission phenomena

are more clearly observed than the case of TE wave (perpendicular polarization)

incidence. The transmittance is defined as the ratio of the transmitted power to the

incident power.

Fig. 1. Geometry of the periodic MIM slit.
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The transmission properties are then examined in accordance with the width

2hv of vacuum, the thickness w of the plate, and the material properties of metals

that are variables according to the frequencies as listed in Table I [10]. To obtain

the transmission characteristics through the subwavelength periodic MIM slit by

MMT, the modes in the MIM waveguide should be analyzed and can be obtained

from the dispersion equation [6, 8, 11, 12] as follows:

�v;n
"v

tanhð�v;nhvÞ þ �m;n
"m

tanhð�m;nhmÞ ¼ 0 ð1Þ

k2z;n ¼ �2m;n þ !2�"m ¼ �2v;n þ !2�"v ð2Þ
"m and "v are permittivities in metal and vacuum, respectively. �m;n and �v;n are

the nth transverse propagation constants in metal and vacuum, respectively, and kz;n

is the nth propagation constant along z-axis. The subscripts n in �m;n, �v;n, and kz;n

commonly indicate the nth modes. Once the roots of the dispersion Eq. (1) �m;n
are solved by Muller’s method, then the �v;n, and kz;n can be easily found by

Eq. (2).

Fig. 2 presents the roots of normalized propagation constant (NPC) kz=k0 in the

point spectrum and the discretized continuous spectrum (DCS) of the periodic MIM

waveguide. Al is used as metal with p ¼ 0:8�0 and 2hv ¼ 0:2�0 at 200THz. Note

that Imðkz=k0Þ � 0 since the positive Imðkz=k0Þ amplifies the wave as each mode

advances. The point spectrum in red squares indicates the sinusoidal harmonics of

Hy-field patterns mainly in the insulator of the periodic MIM waveguide.

As can be seen in Fig. 2, the imaginary part of the point spectrum decreases

gradually as the modal order increases, similar to the trend of eigenvalues of the

Table I. Relative permittivities of Al and Ag

Frequency (THz) Silver Aluminum

30 �3738:3 � j 1487:3 �6361:9 � j 3670:2

50 �1470:8 � j 355:65 �2776:2 � j 1294:0

200 �94:108 � j 7:567 �213:96 � j 42:987

Fig. 2. Point and discretized continuous spectra in the proposed MIM
slit.
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parallel plate waveguide (PPW). The propagation effect by the first mode of the

point spectrum is dominant since the imaginary parts of all other modes except for

the first mode are very large, resulting in drastic attenuation. The Reðkz=k0Þ and
Imðkz=k0Þ of the first mode in the point spectrum are 1.053 and −0.005, respec-
tively, which contributes to the propagation with little attenuation. The DCS in blue

circles indicates that the sinusoidal harmonics of Hy-field patterns mainly placed in

the metal of the periodic MIM waveguide. All values of Imðkz=k0Þ are less than

−10 and have little effect on propagation, contributing only to satisfaction of the

boundary conditions when applying MMT [6, 8]. The magnetic fields of both

spectra in the periodic MIM slit can be expressed as:

Hy;nðxÞ ¼
coshð�v;nxÞ=coshð�v;nhvÞ; 0 � x � hv

coshð�m;nðx � hv � hmÞÞ=coshð�m;nhmÞ; hv � x � ðhv þ hmÞ

(
ð3Þ

3 Mode matching technique

To solve the transmittance in Fig. 1, the MMT is applied, and the reflection and

transmission coefficients for each Junction described in Fig. 3 are obtained. After

combining the coefficients, the total transmittance from Region 1 to Region 3 is

calculated accurately by taking into account the multi-layer problems [13].

Figs. 3(a) and 3(b) show the geometries by emphasizing the Junctions 1 and 2.

The electromagnetic fields at Junction 1 in Fig. 3(a) can be expressed as follows:

aInck
~EInc
Fk þ

XNF

i¼1
aRfli

~ERfl
Fi ¼

XNM

j¼1
bTransj

~ETrans
Mj ð4aÞ

aInck
~HInc
Fk �

XNF

i¼1
aRfli

~HRfl
Fi ¼

XNM

j¼1
bTransj

~HTrans
Mj ð4bÞ

where the ~EInc
Fk and ~HInc

Fk present the k-th modal incident electric and magnetic fields

in Region 1, and the ~ERfl
Fi and ~HRfl

Fi show the i-th modal reflected electric and

magnetic fields in Region 1, respectively. The ~ETrans
Mj and ~HTrans

Mj indicate the j-th

modal transmitted electric and magnetic fields in Region 2. NF and NM are the total

number of modes used in Regions 1 and 2. The subscript F andM represent the free

space and the MIM waveguide. An incident coefficient aInck , reflected coefficients

aRfli , and transmitted coefficients bTransj are described in Eqs. (4a) and (4b). Here

aInck is a given coefficient, and the faRfli gs and the fbTransj gs are the coefficients to

be solved. By weighting the ~HRfl
Fi in Eq. (4a) and ~ETrans

Mj in Eq. (4b), NF and NM

equations can be obtained, respectively. This expansion of equations and a solving

procedure are introduced in detail in [14]. Then, the reflection and transmission

coefficients at Junction 1 are completely solved.

Similarly, the incident, reflected, and transmitted electromagnetic fields in

Regions 2 and 3 around Junction 2 in Fig. 3(b) are expressed as:
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cInc1
~EInc
M1 þ

XNM

j¼1
cRflj

~ERfl
Mj ¼

XNF

i¼1
dTransi

~ETrans
Fi

cInc2
~EInc
Mk þ

XNM

j¼1
cRflj

~ERfl
Mj ¼

XNF

i¼1
dTransi

~ETrans
Fi

..

.

cIncNM
~EInc
MðNMÞ þ

XNM

j¼1
cRflj

~ERfl
Mj ¼

XNF

i¼1
dTransi

~ETrans
Fi

ð5aÞ

cInc1
~HInc
M1 �

XNM

j¼1
cRflj

~HRfl
Mj ¼

XNF

i¼1
dTransi

~HTrans
Fi

cInc2
~HInc
M2 �

XNM

j¼1
cRflj

~HRfl
Mj ¼

XNF

i¼1
dTransi

~HTrans
Fi

..

.

cIncNM
~HInc
MðNMÞ �

XNM

j¼1
cRflj

~HRfl
Mj ¼

XNF

i¼1
dTransi

~HTrans
Fi

ð5bÞ

where the incident coefficients cInc1 ; cInc2 ; � � � ; cIncNM
are given, and the reflected and

transmitted coefficients of fcRflj gs and fdTransi gs are the coefficients to be calculated.

In the same way in Eqs. (4), the coefficients can be solved for Junction 2.

(b) Junction 2

(a) Junction 1

Fig. 3. Geometry of the MIM waveguide at Junctions 1 and 2.© IEICE 2018
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When the Eqs. (4) are solved, the reflection and transmission coefficients for

Al, Ag, and PEC at 200THz are obtained at Junction 1 and are listed in Table II.

The incident power density is assumed to be 1W/m2, and the dimensions for the

width 2hv and the period p ¼ 2ðhm þ hvÞ are 0:2�0 and 0:8�0. The amplitudes of the

TM0 reflection and transmission coefficients for the PEC are obtained as 0.6967 and

1.4346. The coefficients for the real metals are slightly smaller than those of PEC

because the waves penetrate the real metals and consequently dissipate as ohmic

loss. The amplitudes of both coefficients for Ag are smaller than those of Al, due to

the unique relative permittivities mentioned in Table I.

Figs. 4(a) and 4(b) show the amplitudes of the first eleven TM modal trans-

mission coefficients for Figs. 3(a) and 3(b) in the case of Al. The dimensions 2hv
and p in the x-axis are 0:2�0 and 0:8�0. When the TM0 mode is excited from

Region 1, the reflected and transmitted modes can be calculated at Junction 1, and

the transmission coefficients for TM0, TM2, TM4, …, TM20 modes are obtained as

the ratio of the transmitted and the incident modes as shown in Fig. 4(a). The same

(b) Transmission coefficients at Junction 2

(a) Transmission coefficients at Junction 1

Fig. 4. Amplitude of transmission coefficients at Junctions 1 and 2.

Table II. TM0 mode reflection and transmission coefficients for PEC,
Al, and Ag at Junction 1, when 2hv ¼ 0:2�0 and 2ðhm þ
hvÞ ¼ 0:8�0

Metal Reflection coefficients Transmission coefficients

PEC 0:6967ff166:83° 1:4346ff26:28°
Al at 200THz 0:6273ff161:92° 1:4117ff23:12°
Ag at 200 THz 0:5839ff164:09° 1:3667ff21:96°
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condition is applied to Junction 2 as shown in Fig. 3(b) and the amplitudes of

transmission coefficients are presented in Fig. 4(b).

The subscript numbers in TM indicate the number of zero crossings in the Hy-

field [6]. As can be seen in the Fig. 4(a), the amplitude of TM0 predominates over

the amplitudes of other modes because the higher order modes less contribute to the

satisfaction of boundary conditions at Junction 1. On the other hand, at Junction 2,

the amplitude of TM2 is greater than TM0 as shown in Fig. 4(b). By using not only

the transmission coefficients but also reflection coefficients, the overall transmit-

tance of Fig. 1 can be obtained as a function of plate thickness w using the multi-

layer problems [13].

4 Transmittance and discussion

Fig. 5 presents the transmittances of PEC and Al plates at three frequencies of 30,

50, and 200THz with p ¼ 0:8�0 and 2hv ¼ 0:05�0. In the case of PEC, the peak

values of 1 imply 100% transmission when the thickness w is 0:405�0. The peaks

are repeatedly observed with interval of half wavelength ð0:405 þ 0:5nÞ�0, where n
is integer, which is well known as the Fabry-Pérot resonance (FPR). For Al at

30THz, on the other hand, the maximum peak of 0.61 is observed when w is

0:388�0, and the peak is less than that of PEC due to the loss of the real metal. The

numbers of modes in MIM slit and free space are NM ¼ 70 (point spectrum = 20,

DCS ¼ 50) and NF ¼ 21, respectively.

The FPR is also found; however, the peaks are attenuated as the thickness w of

the plate increases. The maximum peaks from 30THz to 200THz are gradually

decreased from 0.61 to 0.46, and this attenuation can be explained by the NPC in

Table III. The jImðkz;n=k0Þj in the NPC changes from 0:929 � 10�2 to 1:814 � 10�2

as frequency increases from 30THz to 200THz. In addition, the intervals of the

peaks are shortened as the frequency increases because Reðkz;n=k0Þ goes from 1.035

to 1.197. The transmittances with the changed gap width as 2hv ¼ 0:1�0 are shown

in Fig. 6. Repeated peaks are similarly observed for PEC and Al plates.

Fig. 7 presents transmittance comparisons between the Al and Ag plates when

the gap width (2hv) is changed as 0:2�0 while other conditions are the same. The

overall transmittances increase compared to those in Figs. 5 and 6 due to the wider

gap width. The transmittance patterns for both metals are almost overlapped at

30 and 50THz, however, the patterns at 200THz show a slight difference. The

transmittances of Al (maximum of 0.83) are slightly greater than those of Ag

Fig. 5. Transmittance versus plate thickness w (2hv ¼ 0:05�0,
NM ¼ 70, and NF ¼ 21).
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(maximum of 0.77) up to first three peaks as indicated by arrows. However, the

transmittances of Al decrease rapidly than Ag as the plate thickness increases over

about 2�0. Interesting phenomena are also observed in which different intervals of

the transmission peaks are found between Al and Ag.

The normalized propagation constants for the first and the second modes from

Table III can be applied into the wave propagation terms. The jexpð�jkðz;0ÞwÞj and
jexpð�jkðz;2ÞwÞj are approximately 0.995 and 4:76 � 10�4, respectively, when

2hv ¼ 0:2�0, w ¼ 0:25�0, and metal is Ag at 200THz. From the magnitudes, the

propagating mode (n ¼ 0) has dominant effect on the transmission while the

magnitude of the first evanescent mode (n ¼ 2) is small compared with the

propagating mode and little affects. Also, the magnitudes by higher order modes

(n ¼ 4; 6; 8; . . .) are much smaller and little contribute to the transmission, however,

they are important to correctly enforce the boundary conditions.

Fig. 7. Transmittance versus plate thickness w (2hv ¼ 0:2�0, NM ¼ 70,
and NF ¼ 21).

Fig. 6. Transmittance versus plate thickness w (2hv ¼ 0:1�0, NM ¼ 70,
and NF ¼ 21).

Fig. 8. Comparison of the transmittance properties (2hv ¼ 0:2�0,
NM ¼ 70, and NF ¼ 21).
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Fig. 8 presents the comparison of the transmittances between proposed results

and simulation results calculated by 3-D EM simulation software (XFdtd) from

REMCOM [15]. To compare the transmittance characteristics under the same

condition, the type of metal is silver (Ag) and frequency is fixed at 50THz with

p ¼ 0:8�0, 2hv ¼ 0:2�0. The same numbers of modes (NM ¼ 70 and NF ¼ 21) are

used in MMT. The maximum transmittance of the proposed result is 0.87, which is

similar to the simulated value of 0.88, and the entire transmittance trends are similar

to each other. Slight discrepancy in transmittances are observed between the XFdtd

and the MMT due to the different numerical techniques. The results from the XFdtd

are obtained by the FDTD numerical method, and we applied the Debye-Drude

model to approximate the relative permittivities of the real metal. Despite the subtle

difference, the overall trends are similar to each other.

Fig. 9(a) shows the magnetic field distributions for the PEC periodic slit at the

plate thicknesses (w) of 1:32�0 and 1:07�0, which are the plate thicknesses for the

maximum and minimum transmittances. At resonance with w ¼ 1:32�0, the strong

magnetic field intensity is exhibited in the gap of Region 2, while the weak field

intensity is observed in Region 1. At off-resonance with w ¼ 1:07�0, the repetitive

strong field intensity is observed in Region 1, which results in a high standing wave

ratio. Similar to the PEC case, the resonant transmission phenomena for the real

metal of Al can be explained as shown in Fig. 9(b). Another noteworthy observa-

tion of Al is that the field intensity can now be found in the metal region of

the MIM near the boundary between the insulator and the metal. This proves that

the real metal at the higher THz frequency behaves differently compared to the

PEC.

(a) PEC (w = 1.32λ0, and 1.07λ0)

(b) Al (w = 0.77λ0, and 1.00λ0)

Fig. 9. Contour plots of the magnetic field intensities.
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5 Conclusion

We have investigated the resonant transmission through a periodic MIM slit on real

metal of Al and Ag plates in the THz range. The transmittance properties of the real

metal were compared with those of PEC as functions of the frequency, the gap

width, and the thickness of the MIM plate. In the case of PEC, the peak trans-

mittance of 1 was repeatedly observed at half wavelength intervals ð0:405 þ
0:5nÞ�0. On the other hand, a lower peak transmittance of 0.61 for the real metal

(Al) was observed when w ¼ 0:388�0 at 30THz. The intervals and attenuations of

the resonant transmission peaks were closely related to the NPCs of the propagating

mode. The resulting transmittance (0.87 when p ¼ 0:8�0, 2hv ¼ 0:2�0, and Ag)

was then verified against the simulated value (0.88 at the same conditions) obtained

from a commercial EM simulator. Finally, the magnetic field distributions at

resonance and off-resonance for PEC and real metal (Al) were observed near the

periodic slits. This study demonstrated that the proposed MMT is suitable for

calculating the transmittance of the periodic MIM slits on the real metal material

and provided in-depth intuition for resonance phenomena using the modal approach.
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Table III. Normalized propagation constants (kz;n=k0) in the periodic
MIM slit

Gap width 2hv
Propagating mode

(n ¼ 0)
1st Evanescent mode

(n ¼ 2)

0:05�0 PEC 1 �j19:98
0:05�0 Al (30 THz) 1:035 � j9:292 � 10�3 8:895 � 10�4 � j19:97

0:05�0 Al (50 THz) 1:055 � j1:183 � 10�2 1:007 � 10�3 � j19:97

0:05�0 Al (200 THz) 1:197 � j1:814 � 10�2 �1:192 � 10�2 � j19:97

0:1�0 PEC 1 �j9:950
0:1�0 Al (30 THz) 1:018 � j4:732 � 10�3 9:484 � 10�4 � j9:946

0:1�0 Al (50 THz) 1:028 � j6:079 � 10�3 1:195 � 10�3 � j9:944

0:1�0 Al (200 THz) 1:103 � j9:891 � 10�3 3:236 � 10�4 � j9:934

0:2�0 PEC 1 �j4:899
0:2�0 Al (30 THz) 1:008 � j2:392 � 10�3 9:777 � 10�4 � j4:895

0:2�0 Al (50 THz) 1:014 � j3:092 � 10�3 1:259 � 10�3 � j4:893

0:2�0 Al (200 THz) 1:053 � j5:249 � 10�3 1:824 � 10�3 � j4:878

0:2�0 Ag (30THz) 1:012 � j2:348 � 10�3 9:576 � 10�4 � j4:894

0:2�0 Ag (50THz) 1:020 � j2:401 � 10�3 9:684 � 10�4 � j4:891

0:2�0 Ag (200THz) 1:081 � j3:235 � 10�3 7:831 � 10�4 � j4:870
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