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Abstract: We propose a metal film coated double-dielectric-slab waveguide for guiding THz wave.
Detailed comparisons of transmission characteristics of the coated and uncoated double-dielectric-slab
waveguides are given. The comparisons of different slab materials are also given. We put forward
using the measureable cut-off frequency of the coated waveguides for tunable filter. The tunable
sensitivities to the thickness of the slab t and the air interval w are discussed. We find that for
Polystyrene slab at t = 0.0380 mm, the theoretical tunable sensitivity of cut-off frequency on w can be
7.65 THz/mm.
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1. Introduction

In recent years, THz waveguides [1,2,3] have been widely studied, such as metal wire waveguides
[4-6], dielectric pipe waveguides [7-10], ultra-thin metal pipe waveguides [11]. Since they are first
proposed, various applications of them have been studied and reported, such as transmission, sensing
[12,13], filtering. Among these cylindrical waveguides, the metal waveguides are most based on
surface plasmon and the dielectric pipe waveguides are based on anti-resonant reflecting. However,
both these two kinds of waveguide are based on the propagation of a large portion of field in air, and
the coupling efficiency of metal wire waveguides is low (43.5% in reference [14]). Recently, research
interests on planar THz waveguides [2,3] have been paid much attention, such as parallel plate
waveguides [15-17], metal nanofilm waveguides [18], metal-clad hollow waveguides [19], and single
metal plate waveguides [20-23]. For their simple structure, low loss, high coupling efficiency and good
confinement of mode field, such waveguides are more commonly used in transmission [15-17], sensing
[20-25], filtering [19, 26-28]. For the development to applications, THz filters are important devices,
there still needs more filters on THz field, and the detecting of metal films on dielectric surface is not
discussed yet.

In this paper, we propose using metal film coated double-dielectric-slab waveguide for guiding THz
wave. We have derived the dispersion equation of the TE mode of the waveguides and numerically
study the relationships between the propagating characteristics and the THz wave frequency, as well as
the waveguide structure. The mode field distribution characteristics of the TE mode are also studied. In
transmission aspects, the detailed comparing between coated and uncoated Polystyrene (PS) waveguide
is given and the detecting of metal films on dielectric slab surfaces is also discussed. The comparisons
of different slab materials are also given. In aspects of applications, we put forward using the
measureable cut-off frequency of the coated waveguide for tunable filter. The tunable sensitivities to
the thickness of the slab t and the air interval w are discussed. We believe that these results are very
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useful for designing of THz waveguides, sensors, and filters.
2. The dispersion equation of metal film coated double-dielectric-slab waveguide
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Fig. 1 The structure of the metal film coated double-dielectric-slab waveguide
TE mode of THz wave transmits in the z-direction in metal film coated double-dielectric-slab
waveguide, as shown in Fig. 1. w = 2a is the air interval between the two dielectric slabs. t = b —a is
the thickness of each slab. d = ¢ - b is the thickness of metal film. The metal films coated here are very
thin and lower than the penetration depth of THz wave to metal, so the mode field in the 7 layers
should be considered as an unity. We only consider the boundary of the x-direction, and the width on
y-direction is big enough, thus the TE mode field components can be written as [29]:
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Where h1 — (anKOZ _ﬁ2)1/2 , h2 — (n22k02 _ﬂ2)112 , h3 — (ﬂZ _ n32k02)1/2 , and h4 — (,32 _ n42k02)1l2 .
B =B —j*a is the complex variable, in which the real part g is related to the effective refractive

index ng =/, /k, and the imaginary part « is the loss coefficient of the guiding mode which
include all the losses in the 7 layers. k, =2m/A is the wave vector in vacuum, and n,, n,, n,,

and n, are refractive indices of air, PS slab, metal film and air, respectively. According to the

boundary conditions of the waveguide, the dispersion equation of TE mode can be derived as [29]:
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Copper is adopted as the material of the metal film, and its relative permittivity &, = n32 can be

gotten according to the Drude model [30]. The materials of dielectric slabs are chosen as Polystyrene

(PS) with a refractive index of n, =1.58— j0.0036 [31] or silicon. The refractive index of air is

n=n,=1
3. The transmission characteristics of metal film coated double-dielectric-slab waveguide

3.1 Relationships between transmission characteristics and THz frequency (PS slabs)

When the metal film thickness is d = 1 nm, the air interval between two slabs is w = 0.3 mm, and the
thickness of a slab is t = 0.5 mm, we numerically calculate the dependence of the loss coefficient on the
THz frequency by Eg. (2), as shown in Fig. 2(a) solid line, and the dashed line is corresponding to d =
0. We find that not only the loss has been increased after coating but also the change law is
significantly different. The loss of uncoated double-dielectric-slab waveguide increases monotonously
with the increasing of frequency. This is because when the THz wavelength is smaller, more energy
will distribute in the high loss PS slabs, and less in the air. While there is a low frequency cut-off in the
coated waveguide. Losses near the cut-off frequency have increased dramatically and at the middle

frequency of f = 0.25 THz, there appears a minimum loss & = 0.392cm™. The minimum loss

happens because at this point, the energy in the metal films is the least. In the parallel plate waveguides
there is a low cut-off frequency of TE mode [15, 16]. Here the cause of cut-off frequency of the coated
waveguide has a similar mechanism. As shown in the inset, inside the waveguide, the propagation

. Y mc
constant can be written as [ = \/,B 2+ B2 and[15]: cos@="X=———"  wherem=1,
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2,3.., =3x10®m/sis the speed of light in vacuum, nat is the optical thickness of a PS slab. When

the propagation constant only has x components, the mode will be cut-off and € =0. So we get the
cut-off frequency of TEn mode as:
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By using Eq. (3), we get the TE; mode cut-off frequency of this conditionis f., =0.08 THz , and at



this frequency, the loss is o =8.15cm™ which is about 21 times of the minimum loss. Further

reducing the frequency, the loss will increase dramatically (such as the loss is o =19.5cm™ at0.05

THz). However, the loss of the uncoated waveguide at this low frequency is extremely low. With the
increase of frequency, after the minimum loss point, the loss of the coated and uncoated waveguides
are coming to the same law, which tells us that the effect of metal films on the loss of
double-dielectric-slab waveguides is weaker in the higher frequency. Because when the THz
wavelength is smaller, the waveguide structure is much larger than the THz wavelength, and the effects
of dielectric slabs will be more obvious for the size of the slabs is much bigger than the metal films.

C
According to the equation Vy = g , We obtain the relationship of the group
k an
Ny | 1+ —2 dk8ﬁ
neff 0

velocity varying with the frequency of both the two kinds of waveguides, as shown in Fig. 2 (b). We
can know that the group velocity dispersion (GVD) increases sharply near the cut-off frequency after
coating, for much more energy distributing in the metal films. While the GVD of the uncoated
waveguide is relatively uniform in the given range of THz frequency. The group velocity of the
uncoated waveguide is decreasing as the frequency increasing, which is also because there is more THz
wave energy distributing in the PS slabs as the frequency increasing. The group velocity of the coated
waveguide is smaller, for after coating there will be more energy in the PS slabs and some in the metal
films, which causes less energy in the low loss air. The effect of metal films on group velocity of the
waveguide is also much lower in higher frequencies. Based on the high GVD near the cut-off
frequency after coating, we can detect the thin metal films on the dielectric slab surface.
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Fig.2 (a) The dependence of loss on THz frequency of coated (solid line) and uncoated (dashed line) waveguides,
inset is the longitudinal cross section of the coated waveguide depicting the bouncing plane wave. (b) The

dependence of group velocity on THz frequency of coated (solid line) and uncoated (dashed line) waveguides.

3.2 Relationships between transmission characteristics and the thickness of metal film (PS slabs)
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Fig.3 (a) The dependence of loss on the thickness of metal film (solid line) and the corresponding effective
refractive index (dashed line), inset is mode field distribution in the metal film of d = 500 nm. (b) The mode field
distribution of coated (solid line) and uncoated (dashed line) waveguides, the gray regions are the positions of the
slabs.
When THz frequency is f = 0.25 THz, the air interval between the two slabs is w = 0.3 mm, and the
thickness of the slab is t = 0.5 mm, we get the relationship between the loss and the film thickness, as
shown in Fig. 3 (a) solid line, dashed line is the corresponding effective refractive index. The figure
shows that when the coated films are very thin, the loss is very big and reduces sharply with the
increase of film thickness. This is because even though the films are thinner, the amplitude of the mode
field in the metal films is larger (for example it is more than 0.04 for d = 1 nm, however, it is only
0.0005 for d = 500nm, as shown in the inset). When the films are thicker, the loss tends to be an
unchanged value. According to Eq. (1), we get the mode field distribution in the metal films when d =
500 nm, as shown in the inset. By the inset, we can see that the penetration depth of THz wave to the
metal is small, at the film thickness of 500 nm, THz wave cannot penetrate through the metal films.

Figure 3 (b) is derived when THz frequency is f = 0.25 THz, the air interval between the two
slabs is w = 0.3 mm, the thickness of the slab is t = 0.5 mm, and the metal film thickness is d = 10 nm
(solid line) and d = 0 (dashed line). Fig. 3 (b) illustrates that the mode field width decreases after
coating, however the loss increases only a little for thick slab (here t = 0.5 mm), and they are

a=0.198cm™ (d = 10 nm), @ =0.172cm™ (d = 0 nm), respectively. Because the slab is

relatively thicker and the absorption loss of the PS is high, the adding of metal films causes relatively
lower loss, which also tells us that the effects of metal films are also lower for this case.

3.3 Relationships between transmission characteristics and the air interval between the two slabs (PS
slabs)

When the THz frequency is f = 0.25 THz, film thickness is d = 10 nm, and the thickness of a slab is t =
0.5 mm, the law of the loss changing with air interval between the coated (solid line) and uncoated
(dashed line) two slabs are derived and shown in Fig. 4 (a). By the figure we can know that for the
thick slab (here t = 0.5 mm), the law of loss changing with w is basically the same of both the coated
and the uncoated waveguides. They both have a minimum loss point, and it is at about w = 0.26 mm in
this case. Because the adding of metal films has little effect on the distribution of the field in the air
interval between the two slabs. It is worth to point out that in this case at w = 0.26 mm, the effects of
metal films on the loss of the double-dielectric-slab are the weakest, this is important for designing the
structure of the waveguide. In order to explain this phenomenon, we get the mode field distribution of
the coated waveguide at w = 0.26 mm (solid line) and w = 0.6 mm (dashed line) when f=0.25 THz, d =
10 nm, and t = 0.5 mm, as shown in Fig. 4 (b). Fig. 4 (c), (d) are the mode field in the metal films



respectively. By the figure, we can see when the air interval between two slabs is w = 0.26 mm, not
only the percentage of mode energy in the air interval increases but also the percentage of mode energy
in the metal film decreases, so the loss is lower. When w is smaller, the cut-off frequency of the
waveguide increases, which makes 0.25 THz closer to the cut-off frequency, thus the loss increases.
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Fig.4 (a) The dependence of loss on air interval between two slabs of coated (solid line) and uncoated (dashed line)
waveguides. (b) The mode field distribution of w = 0.26 mm (solid line) and w = 0.6 mm (dashed line) in the

waveguides, (c) (d) are mode field distributions in the metal films of w= 0.26 mm and w = 0.6 mm, respectively.

3.4 Relationships between transmission characteristics and the thickness of a slab (PS slabs)

When the THz frequency is f = 0.25 THz, the film thickness is d = 10 nm, the interval between two
slabs is w = 0.3 mm, the laws of the loss changing with the thickness of a slab of coated (solid line) and
uncoated (dashed line) waveguides are derived and shown in Fig. 5 (a). We can see that the loss of the
coated waveguide decreases monotonously with the increasing of the slab thickness (the loss is

a=0.197cm™ fort=06 mm), while the loss of the uncoated waveguide increases monotonously

with the increase of the slab thickness for more energy in thicker slabs. It is worth to point out that the
effects of the metal films are much weaker when the thickness of the slab is thicker. This is because the
thicker the PS slabs are, the effects of PS slabs are more obvious. After coating, there appears a cut-off
slab thickness, its value can be derived by Eq. (3) as:

N I 4
o, 4f, 2

Substituting the values into Eq. (4), we get the cut-off thickness is 0.095 mm in this case, at this point
its loss is & =31.23cm™, which is 158 times of the loss of t = 0.6 mm.

We also get the mode distribution at a lower slab thickness (t = 0.01 mm) of coated (solid line) d =
10 nm and uncoated (dashed line) d = 0 nm waveguides when f = 0.25 THz, and w = 0.3 mm, as shown
in Fig. 5 (b). Figure illustrates that the difference of mode field width (amplitude decay as 1/e) is huge.
In the uncoated waveguide, the mode field has a great extension in the outside air, and the mode field
width is about 6 mm. However, after coating, the mode field is confined in the air interval between the
two slabs, and the mode field width is about 0.3 mm, which is only 1/20 of the uncoated waveguide.
On the basis of this, we can detect the presence of metal films on the surface of the thin dielectric slabs
through the significance difference on energy concentration. And in this case, the uncoated loss is

a =0.00205cm ™. However, the loss of the coated waveguide is o =83.0cm™ which is more

than 40000 times larger. So based on the huge differences on the loss, we can also detect the presence
of metal films on thin slabs. Fig. 5(c) shows that a significant increased mode field energy is in the



metal films compared with t = 0.5 mm (Fig. 4 (c) and (d)) which contributes the huge loss. In the case

of very thin dielectric slabs, we can change w, if we can get a huge loss, it can be concluded a presence
of metal films on dielectric slabs.
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Fig.5 (a) The dependence of loss on slab thickness of coated (solid line) and uncoated (dashed line) waveguides. (b)

The mode field distribution of t = 0.01 mm in coated (solid line) and uncoated (dashed line) waveguides. (c) is the
mode field distribution in the metal film.

3.5 Relationships between transmission characteristics and the THz frequency for silicon slabs

We keep the parameters of the waveguide the same as Section 3.1 (d =1 nm, w =0.3 mm, t =0.5 mm),
however, we choose silicon as the material of the two slabs, and we get the change law of loss to THz

frequency and the corresponding mode field distribution, as shown in Fig 6. The refractive index of the

siliconis n, = ,/52 , and the relative dielectric constant of silicon &, can be calculated by the Drude

model [30]:

w,’
& =&, ——5— Q)
o —ivw,

where & =11.71is the high frequency dielectric constant, , is the plasma oscillation frequency,
@, is the damping frequency, and @ is the angular frequency of the THz wave. Here we adopt the low

doped silicon which has a parameter as @, = 0.01x 10" Hz, . =0.67 *10" Hz .
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Fig.6 (a) The dependence of loss on THz frequency of coated silicon slab waveguides, from left to right the curves

(b)

are corresponding to the TEi1, TE2, TEs, TE4 mode, respectively. (b) and (c) are the mode field distribution of
coated silicon slab waveguides when f = 0.5 THz, m = 2 or 3, respectively, the gray regions are the positions of the
slabs.

Figure 6 (a) shows that even though the parameters of the silicon waveguide is the same as the PS
waveguide in Section 3.1, multiple modes appear in the range from 0 — 0.5 THz in the silicon



waveguide, and the single mode transmission range is narrower. For the refractive index of the silicon
is N, =+/11.7 = 3.42, which is much larger than that of the PS slab, the optical interval between the

two metal films is much larger and the cut-off frequency of TEi, TE,, TEs, TE4 mode is much smaller
(0.04 THz, 0.08 THz, 0.12 THz, 0.16 THz, respectively). Moreover, the mode loss is much larger than
the PS waveguide, even though the absorption coefficient (the imaginary part of the relative dielectric

constant) of this low doped silicon is only ~ 10°® which is more than 4 orders of magnitude larger

than the absorption coefficient of PS. The high refractive index of the silicon makes the THz wave
much easier for total internal reflection on the interface of the silicon slab, which makes much more
energy distribute in the silicon slabs (as shown in Fig. 6 (b) and (c)). As the tangential components of
the electromagnetic fields on interfaces are continuous, the energy distributing in the metal films will
also be much larger, which contributes the larger loss. Figure 6 (b) and (c) also show that the number of
field peaks are 2 and 3 for m = 2 and 3, respectively.

4. The tunable filter applications

Because the loss will increase sharply and be huge at the cut-off frequency, and the cut-off frequency
can be modified by changeable w, the waveguide can be used for tunable high-pass filter. According to
Eqg. (3), the cutoff frequency is determined by both t and w. In case of a fixed t, the changing of w will

move the cut-off frequency. So the changing of 1‘Cl has a tunable sensitivity to w, and it can be

represented as:

df,| c
dw|  2(2n,t+w)?

= (6)
In the case of t = 0.316 mm (optical thickness n.t = 0.5 mm), according to Eq. (3) and Eq. (6), we have
gotten the cut-off frequency and the tunable sensitivity of cut-off frequency on w, as shown in Fig 7
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Fig. 7 (a) The dependence of cut-off frequency (solid line) and tunable sensitivity of cut-off frequency (dashed line)
on air interval w between the two slabs. (b) The dependence of tunable sensitivity of cut-off frequency on w when t
=0.1 mm (solid line) and t = 0.06 mm (dashed line).

By Fig. 7 (a), we can see that both the cut-off frequency and the tunable sensitivity of cut-off frequency
on w decrease with the increasing of w. For t = 0.316 mm, the changing of cut-off frequency is not big,
and the tunable sensitivity is below 0.144 THz/mm. In order to know the influence of t on the tunable
sensitivity, we also get the tunable sensitivity at t = 0.0633 mm (nzt = 0.1 mm, solid line) and 0.0380
mm (nzt = 0.06 mm, dashed line) as a function of w, as shown in Fig. 7 (b). The figure shows that when



the slab thickness is reduced, the tunable sensitivity increases significantly, and at t = 0.0380 mm the
tunable sensitivity can reach 7.65 THz/mm at w = 0.02 mm. It is worth to point out that single mode
transmission is much better for filter application, so PS is more proper than silicon to be chosen as the
material of the slabs.

5. Conclusions

In conclusion, we propose using metal film coated double-dielectric-slab waveguide for guiding THz
wave. In transmission aspects, we find that after coating, the TE modes of the waveguide appear a low
cut-off frequency which is nonexistent before coating. Both the loss and the dispersion increase sharply
near the low cut-off frequency. For thick PS slab the loss increase a little but the mode field width
reduces significance after coating. For thin PS slab, the mode field width decreases greatly and the loss
can be more than 40000 times larger after coating. The material of silicon for dielectric slabs is also
discussed. The In aspects of applications, We find that the theoretical tunable sensitivity of cut-off
frequency on w decreases with the increase of w, and obviously increases with the decrease of t. Att =
0.0380 mm, the tunable sensitivity of cut-off frequency on w can be 7.65 THz/mm.
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