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Layered THz waveguides for SPPs, filter and sensor applications
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Abstract Theory of five kinds of layered structure THz

waveguides is presented. In these waveguides, the modified

and hybrid THz surface plasmon-polaritons (SPPs) are

researched in detail. On these modes, the effects of material

in each layer are discussed. The anti-resonant reflecting

mechanism is also discussed in these waveguides. The

mode characteristics of both TM mode and TE mode are

analyzed for guiding TM mode with low loss and TE

modes with huge loss in one waveguide: the TE modes

filter application is put forward. The mode characteristics

for one waveguide have useful sensor applications: for TE1

mode, we find that the low cut-off frequency has a sensi-

tivity (S) to the refractive index of the dielectric slab. The

highest S can be 666.7 GHz/RIU when n2 = 1.5, w = 0 and

t = 0.1 mm. We believe these results are very useful for

designing practical THz devices for SPPs, filter and sensor

applications.

Keywords THz waveguides � Surface plasmon-polaritons �
Filters � Sensors

Introduction

Terahertz (THz) wave as surface plasmon-polaritons

(SPPs) has attracted extensive attention over the last sev-

eral years [1–3]. THz SPPs can be guided on metal wires

[1, 4, 5], metal plates [2, 6–8] or metal films [3]. Wang and

Mittleman reported the first THz SPPs on metal wires with

low losses (experimental 1 m-1) and negligible group

velocity dispersion (GVD) [1, 4]. Before Wang’s work, the

SPP mode is only researched on optical ranges.

Researchers have followed to study THz SPPs on metal

wires. The basic demonstration is based on the theory

presented by Sommerfeld in 1899 [9]. In recent years, the

modified SPP modes in optical ranges are discussed in

several papers [10–12]. However, the modified SPPs in

THz range are still not discussed particularly.

The hybrid plasmonic modes in optics are also resear-

ched in several papers [13, 14]. This mode is a hybrid mode

of the SPP mode and dielectric mode, which makes the

hybrid mode with lower loss than the SPP mode and better

confinement than the dielectric mode. However, the hybrid

SPP mode in THz range is only discussed by a few papers

[2] particularly. The hybrid THz SPP mode on double-

dielectric-slab-coated metal plate waveguide (DDSCMPW)

has not been discussed yet.

For ordinary THz waveguides, planar waveguides

[15–17] are acting important roles in many applications

because of their simple structure [17], low loss [18], high

coupling efficiency [19] and good confinement [20]. Planar

THz waveguides, such as parallel-plate waveguides

[18, 21–23], metal film-coated double-dielectric-slab

waveguides [20], single metal plate waveguides [2], and

metal-clad hollow waveguides [24, 25] are reported. Anti-

resonant reflecting mechanism is discovered in the plastic-

coated parallel-plate waveguide [18] and metal-clad hollow
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waveguides [24, 25]. And applications of tunable terahertz

filters based on planar structures are reported by many

papers [20, 23–26].

In this paper, we present five kinds of layered THz

waveguides. In Sect. 2, all the structures and the dispersion

equations are given. In Sect. 3, the modified THz SPPs in

the dielectric-slab-coated metal film waveguide

(DSCMFW) is discussed. In Sect. 4, the triple-layer-di-

electric-slab waveguide (TLDSW) with high–low–high

refractive indices is discussed. In Sect. 5, the mode char-

acteristics of the metal nanofilm-dielectric-plate waveguide

(MNDPW) of both TM mode and TE mode are discussed.

We put forward the application of a TE modes filter of this

waveguide. In Sect. 6, we discuss the mode characteristics

in the single-dielectric-slab-coated parallel-plate waveg-

uide (SDSCPPW). In Sect. 7, the hybrid THz SPPs on the

double-dielectric-slab-coated metal plate waveguide

(DDSCMPW) is presented. At the resonant frequencies, the

hybrid SPP modes transfer to dielectric modes. However,

for the high–low indices coating, the hybrid mode is always

a SPP-like mode. To the best of our knowledge, these

layered THz waveguides are still not researched in detail

and we believe these results are useful in designing THz

waveguides and the according applications such as THz

SPPs, filters and sensors.

The waveguide structures and the dispersion
equations

The structures of these layered THz waveguides are shown

in Fig. 1: (a) is the dielectric-slab-coated metal film

waveguide (DSCMFW); (b) is the triple-layer-dielectric-

slab waveguide (TLDSW); (c) is the metal nanofilm-di-

electric-plate waveguides (MNDPW). They are all five-

layer symmetrical structures. (d) is the single-dielectric-

slab-coated parallel-plate waveguide (SDSCPPW), and

(e) is the double-dielectric-slab-coated metal plate

waveguide (DDSCMPW). They are four-layer structures.

The material of each layer is shown in the figure. n1, n2
and n3 are the refractive index accordingly. In Fig. 1a, d is

the thickness of the coating dielectric slab with a refractive

index of n2, and t is the thickness of the metal film with a

refractive index of n1. In Fig. 1b, the materials of the two

coating slabs are the same and with a refractive index of n2
and a thickness of t. The middle dielectric slab has a dif-

ferent material with a refractive index of n1 and a width of

w. In Fig. 1c, the middle metal film has a thickness of t and

a refractive index of n1; the two-coated dielectric slabs

have a thickness of d and a refractive index of n2; and the

outside metal plates have a refractive index of n1. In

Fig. 1d, t is the thickness of the dielectric slab, w is the

width of the air gap.

The TM mode and TE mode of the THz wave are guided

in z-direction; the width in y-direction is large enough. This

is the well-known two-dimensional analysis [27]. The field

equations of the even guiding mode in each layer are

similar for the first three five-layer structures. Take the

metal nanofilm-dielectric-plate waveguides (MNDPW) as

an example, the mode field equations can be written as

[18, 19, 28]:

The dispersion equations of the guiding modes (five-lay-

ered) can be written as [18, 19, 28]:
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variable, in which the real part b1 is related to the effective

refractive index (neff ¼ b1=k) and the imaginary part a is

the amplitude loss coefficient of the guiding mode. k ¼
2p=k is the wave vector in vacuum. e1 ¼ n21 and e2 ¼ n22 are

relative permittivities of the metal and dielectric slab,

respectively.

For structures in Fig. 1a, b, Eqs. (1)–(4) only need

slightly changes, for example, we should use h3 ¼ ðb2 �
e3k20Þ

1=2
and the according refractive index of the according

materials for (a) and use w to replace t, t replace d for (b).

In similar way, the dispersion equations of the guiding

modes in the single-dielectric-slab-coated parallel-plate

waveguide (SDSCPPW) (4-layered, Fig. 1d) can be written

as [2, 28]:

TMmode: tan h2t ¼
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þ h2
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As shown in Fig. 1e, we can see the structure of the

double-dielectric-slab-coated metal-plate waveguide

(DDSCMPW) has four layers: the first layer is the metal

plate with a refractive index of n1; the second layer is

dielectric slab 1 with a refractive index of n2 and a thick-

ness of a; the third layer is dielectric slab 2 with a

refractive index of n3 and a thickness of t; the fourth layer

is the outside air with a refractive index of n4. The

waveguide has a low–high refractive indices (l–h) coating

(n2\ n3) structure and a high–low refractive indices (h–l)

coating (n2[ n3) structure. The hybrid THz SPPs modes

are transverse magnetic (TM) polarized THz waves and

transmit in z-direction, the width in y-direction is large

enough. The mode field equations of the guiding mode in

each layer can be written as [2, 28]:

As the tangential components of the electromagnetic

fields on interfaces are continuous, we can obtain the dis-

persion equation of the guiding TM mode [2, 28]:

Fig. 1 The structures of these five kinds of layered THz waveguides
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By dispersion Eqs. (3), (4), (5), (6) and (8), we can

calculate the propagation constant b of the waveguide for

TM mode and TE mode, respectively. Pursuantly, we can

get the loss coefficients and effective refractive indices of

these patterns. Further, according to the propagation con-

stant and Eqs. (1), (2), and (7), we can find out the field

distributions of mode patterns.

Modified THz SPPs on dielectric-slab-coated metal
film waveguide (DSCMFW)

The material of the metal is chosen as copper for all the

cases. For this case, the waveguide structure is shown in

Fig. 1a. The parameter of copper film in THz region can be

gotten from the Drude mode [29]:

e3 ¼ e1 �
x2

p

x2 � ixxs
ð9Þ

where e1 is the high frequency permittivity of copper

which is always negligible in THz region, xp-

= 1.1234 * 1016 rad/s [29] is the plasma oscillation fre-

quency of copper, xs = 1.3798 * 1013 rad/s [29] is the

damping frequency of copper, and x is the angular fre-

quency of the THz wave.

The material of the dielectric slab is chosen as the sili-

con here, in Drude mode: e1 ¼ 11:7 is the high frequency

dielectric constant. We adopt the doped silicon which has

parameters of xp = 0.01 * 1012 rad/s, xs = 0.67 * 1012

rad/s. e1 = n1
2 = 1 is the relative permittivity of air. The

modified plasmonic modes are transverse magnetic (TM)

polarized THz waves.

We calculate Eq. (3) at the condition of t = 10 nm and

d = 0.1 mm, and get the changing law of guiding mode

loss (solid line) to THz frequency f, as shown in Fig. 2a.

The corresponding effective refractive index (dashed line)

and group velocity (
vg
c
¼ 1

neff 1þ k0
neff

dneff

dk0

� � [18], dotted line)

are also shown.

From Fig. 2a, we can see that the law of loss to f has

three segments. In the region of 0.1–0.23 THz, the loss

increases sharply as f increases. The changing slopes of

effective refractive index and group velocity to f are much

sharper in this region which tells us that both the phase

velocity dispersion (PVD) and the group velocity disper-

sion (GVD) are much higher in this region. When the THz

frequency is very low, the wavelength is much larger, and

the diffraction limit of the THz wave makes the beam

width larger. As the waveguide size is fixed here, the metal

film and the coated silicon slab cannot cause too much loss.

In this range as the frequency increases, the mode con-

finement will be better and better, and the effects of the

metal film and the coated silicon slab on the mode will

become more and more important.

In the region of 0.23–0.48 THz, the loss decreases as

f increases, and both the PVD and GVD are lower, which

tells us that the effects of metal film are lower. This is

because more energy will be confined in the coated slabs.

According to our calculation by Drude mode, the loss

caused by silicon decreases as f increase in this region.

In the region of higher than 0.48 THz, the loss increases

monotonously and the dispersions are almost zero. When

the THz wavelength becomes even lower, the confinement

of the mode will make even more energy interact with the

metal film. The loss of this dielectric-coated film is extreme

low (lower than 0.016 m-1), which is one order of mag-

nitude lower than the theoretical loss of THz SPPs on metal

wires [5]. This is because the metal film is much thinner

than the penetration depth of THz waves to metal wires

(about 100 nm) even though the THz wavelength is the

same as Ref. [5].

According to Eq. (1), we get the mode field at 0.25 THz

(solid line) and 0.5 THz (dashed line) at the condition of

t = 10 nm and d = 0.1 mm, as shown in Fig. 2b. We can

see that the mode energy is almost concentrated in the

Fig. 2 a The guiding mode loss

(solid line), effective refractive

index (dashed line) and group

velocity (dotted line) of the

dielectric-coated metal film

waveguide as a function of THz

frequency f at the condition of

t = 10 nm and d = 0.1 mm,

b the corresponding mode field

distribution at f = 0.25 THz

(solid line) and f = 0.5 THz

(dashed line)
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dielectric slab and the beam width is only about 0.2 mm,

while the wavelength of THz wave is 1.2 mm at 0.25 THz.

The degree of the energy concentration is higher at the

larger f, as can be seen the mode field at 0.5 THz (dashed

line) in Fig. 2b. For THz metal wires, the mode field

amplitude is still strong at the distance of 10 mm [5] from

the metal wire surface at the same condition.

The silicon coating makes the confinement of this

modified SPP mode much better. After our calculation, we

find that the pure SPP mode on this metal film is very

leaky, the mode confinement is too weak and the mode

cannot be guided effectively, because the wavelength of

THz wave is much larger than the thickness of the metal

film, the diffraction limit makes almost no electric-matter

interaction between TM mode and the much thinner metal

film.

The loss and effective refractive index of modified THz

SPP mode on this waveguide are gotten as a function of d,

as shown in Fig. 3a.

The loss is extreme low when the thickness d of the slab

is much thinner. However, in that case, the effective

refractive index is almost 1, most of the energy is in the air

and the beam width is much larger. When d increases, the

loss has a maximum point and then decreases significantly.

The effective refractive index increases monotonously to

that of the silicon, the energy will be distributed more in

the dielectric slab, and the beam width will be smaller. The

loss is lower for larger d. So the larger the d is, the longer

the THz waves can transmit and the smaller the beam width

is. This is because the effect of the slab on the mode is

more obvious for larger d.

We also get the loss changing as a function of metal film

thickness t, as shown in Fig. 3b. The loss of the modified

THz SPP mode increases monotonously as t increases. The

effects of metal film to the modified THz SPPs will be

obviously larger when t is larger.

THz triple-layer-dielectric-slab waveguide
(TLDSW) with anti-resonant reflecting

The waveguide structure is shown in Fig. 1b. The waveg-

uide has high–low–high refractive indices (n1\ n2) here.

Silicon with Real½n2� ¼
ffiffiffiffiffiffiffiffiffi
11:7

p
¼ 3:42 and an absorption

loss by Drude model (as seen above) is chosen as n2.

Polystyrene (PS) with a parameter of n1 ¼
ffiffiffiffi
e1

p ¼ 1:58�
j0:0036 [30] is chosen as n1. The absorption loss of the PS

Fig. 3 a The changing law of

mode loss (solid line) and

effective refractive index

(dashed line) of the modified

SPP mode to the coated slab

thickness d at the condition of

t = 10 nm and f = 0.5 THz.

b The changing law of mode

loss to the thickness t of the

metal film at the condition of

d = 0.1 mm and f = 0.5 THz

Fig. 4 The loss (a), effective refractive index (b) and group velocity (c) of the triple-layer-dielectric-slab waveguide with high–low–high

refractive indices change as a function of THz frequency f when t = 0.1 mm, w = 0.5 mm

J Opt (December 2019) 48(4):567–581 571

123



is much larger than that of the silicon. We only consider

TM mode here.

By Eq. (3), the loss, effective refractive index and group

velocity are gotten as a function of the THz wave fre-

quency f, as shown in Fig. 4.

The loss of the guiding mode appears nadirs at the fre-

quencies of 0.46 THz, 0.95 THz and 1.45 THz. They are

caused by the anti-resonant reflection mechanism. The loss

nadir points can be predicted by the following relation,

namely the relation of the resonant frequency [18]:

fm ¼ mc

2t
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n22 � n21

p ð10Þ

m = 1, 2, 3… is the resonance order. We substitute

c = 3 * 108 m/s, t = 0.1 mm, n2 = 3.42 and n1 = 1.58 to

Eq. (10) and get f1 = 0.49 THz, f2 = 0.99 THz and

f3 = 1.48 THz. The numerical calculation values appear a

little redshift comparing with the theory values, which is

caused by the approximating of Eq. (10).

When f is at the resonant frequencies, the energy of THz

wave will transmit through the interfaces between the core

PS and the coated silicon, and more energy will distribute

in the lower loss silicon. However, anti-resonant reflections

happen when f is not the resonant frequencies and most of

the energy will be confined in the high loss PS slab. In

Fig. 4b, c, the effective refractive index of the guiding

mode appears peaks and the group velocity of the guiding

mode appears nadirs.

In order to get a better understanding of the mode in the

waveguide with the anti-resonant guiding mechanism, we

calculate the mode field of the guiding mode at the anti-

resonant frequency 0.96 THz and the resonant frequency

1.45 THz when t = 0.1 mm and w = 0.5 mm, as shown in

Fig. 5.

Figure 5 shows the evidence of less energy distributing

in lower loss silicon at the anti-resonant frequency

(0.96 THz) and more at the resonant frequency (1.45 THz).

We can also see that the phase in one coating silicon slab is

about 2p at 0.96 THz (the start frequency of resonant mode

order m = 3) and 3p at 1.45 THz (resonant order m = 3),

which has been discussed in Ref. [18].

At f = 1.0 THz and w = 0.5 mm, the loss (a) and the

corresponding effective refractive index (b) of the guiding

mode are gotten as a function of t, as shown in Fig. 6.

When the thicknesses of the silicon slabs are close to

0.044 mm, 0.096 mm, 0.146 mm and 0.194 mm, the loss

coefficient decreases sharply. When 1.0 THz becomes the

resonant frequency for the coated silicon thickness, much

more energy will distribute in the low loss silicon, and the

effective refractive index will also be larger as can be seen

in Fig. 6b. The resonant silicon thicknesses can be pre-

dicted by the following relation [18]:

tm ¼ mc

2f
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n22 � n21

p ð11Þ

We substitute c = 3 * 108 m/s, f = 1.0 THz, n2 = 3.42 and

n1 = 1.58 to Eq. (11), and get t1 = 0.049 mm,

t2 = 0.099 mm, t3 = 0.148 mm and t4 = 0.198 mm. The

numerical values are in good agreement as the theoretical

values.

When f = 1.0 THz and t = 0.1 mm, the loss and the

corresponding effective refractive index of the guiding

mode are gotten as a function of w, as shown in Fig. 7.

Both the loss and the effective refractive index (to that

of PS) are increasing monotonously. When w is larger, the

energy of the THz wave will distribute more in the high

loss PS slab and less in the low loss silicon and outside air.

According to our calculation, if chosen n1[ n2 the mode

will show total internal reflecting (TIR) which is not so

interesting.

THz wave in metal nanofilm-dielectric-plate
waveguide (MNDPW)

The waveguide structure is shown in Fig. 1c. The material

of the metal nanofilm and the metal plate is chosen as

copper. The material of the two-coated dielectric slabs is

Fig. 5 The mode field

distribution at the anti-resonant

frequency 0.96 THz (a) and the

resonant frequency 1.45 THz

(b) when t = 0.1 mm and

w = 0.5 mm
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chosen as silicon. The parameters of copper and silicon in

THz region are seen above. We consider both TM and TE

mode here.

When the thickness of the nanofilm is t = 10 nm and the

thickness of the two-coated dielectric slabs is d = 0.5 mm,

we calculate Eq. (3) and get the loss (solid line) and the

corresponding effective refractive index (dashed line) of

TM mode in the waveguide as a function of THz frequency

f, as shown in Fig. 8.

The loss of the TM mode of the waveguide increases

monotonously as f increases. In the range of 0.1–0.5 THz,

the loss is below 1.29 m-1 and at 0.1 THz the loss can be

as low as 0.66 m-1. The effective refractive index of the

mode is always about 3.42, the mode is based on most of

the energy propagates in the coated silicon slabs. The slope

of the effective refractive index to the frequency is almost

zero which tells us the GVD of the TM mode is almost 0.

This is because in the waveguide, only the electric field

amplitude will have interaction with the metal. However,

the electric field amplitude in TM mode is very small. So

the interaction of TM mode with metal in this waveguide is

very small.

We calculate Eq. (4) and get the losses (a) and the

corresponding effective refractive indices (b) of TE modes

in the waveguide as a function of THz frequency f when

t = 10 nm and d = 0.5 mm, as shown in Fig. 9.

Multiple TE modes appear in the waveguide since the

losses and the effective refractive indices are discontinuous

at every frequency. The losses of the TE modes can be as

high as 1.42 * 106 m-1 which is 6 orders of magnitude

higher than the loss of TM mode when the waveguide has

the same structure. So this waveguide can be used as a filter

of the TE modes and pass the TM mode. The effective

refractive indices are in the range of 0–1.3, which is much

lower than that of the silicon. This is because that the

modes interaction with the metal is huge for the electric

field amplitude of TE mode (Ey) is very large.

In order to get a better understanding of the TE modes,

we get the mode fields of a TE mode in the waveguide at

f = 0.3 THz, t = 10 nm and d = 0.5 mm according to

Eq. (2), as shown in Fig. 10.

At this condition, the loss of the considered mode is

445,374 m-1, which is more than 5 orders of magnitude

higher than the loss of TM mode. A considerable field is

Fig. 6 The laws of loss (a) and
the corresponding effective

refractive index (b) of the
guiding mode changing as a

function of t when f = 1.0 THz

and w = 0.5 mm

Fig. 7 The law of loss (solid line) of the guiding mode changing as a

function of w when f = 1 THz, t = 0.1 mm. The dashed line is the

corresponding effective refractive index of the guiding mode

Fig. 8 The loss (solid line) and the corresponding effective refractive

index (dashed line) of TM mode in the waveguide change as a

function of THz frequency f when t = 10 nm and d = 0.5 mm
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distributed in the nanofilm, which causes the huge electric-

metal interaction. Figure 10b shows the phase in the coated

silicon slabs which is more than 50p, the order of the mode

is very large.

We also calculate the field of a lower mode at 0.19 THz,

as shown in Fig. 11.

At this condition the loss of the considered mode is

102.89 m-1, which is about only 2 orders of magnitude

higher than the loss of TM mode. From Fig. 11, we can see

the relative percentage of energy in the metal nanofilm is

much lower (the field amplitude is 1 in the metal film but it

is 50 in the silicon slab). The phase in the coated silicon

slab is only 2p, which tells us that the order of the mode is

2.

The TE modes in the parallel-plate waveguide have low

cut-off frequencies, and the losses near the low cut-off

frequencies are huge. The adding of the metal film in the

middle cause the low cut-off frequencies to be complex, so

the losses of TE modes in the metal nanofilm-dielectric-

plate waveguide are huge and multiple modes appear.

When t = 10 nm and f = 0.5 THz, we calculate Eq. (3)

and get the loss of TM mode in the waveguide as a function

of silicon slab thickness d, as shown in Fig. 12a. As d in-

creases, the loss of TM mode decreases monotonously. The

Fig. 9 The losses (a) and the

corresponding effective

refractive indices (b) of TE
modes in the waveguide

changing as a function of THz

frequency f when t = 10 nm and

d = 0.5 mm

Fig. 10 The not normalized

mode field of a TE mode in the

metal nanofilm-dielectric-plate

waveguide at the frequency 0.3

THz and t = 10 nm,

d = 0.5 mm. a The field in the

metal nanofilm, b the field in the

coated silicon slab

Fig. 11 The not normalized

mode field of a TE mode in the

metal nanofilm-dielectric-plate

waveguide at the frequency 0.19

THz and t = 10 nm,

d = 0.5 mm. a The field in the

metal nanofilm, b the field in the

coated silicon slab
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loss change from 63.2 m-1 (at d = 0.01 mm) to 1.29 m-1

(at d = 0.5 mm). The increasing of d have significance

influence on the mode loss, the effects of coated silicon

slabs on the TM mode are larger.

We also get the loss of TM mode in the waveguide as a

function of t according to Eq. (3), at d = 0.5 mm and

f = 0.5 THz, as shown in Fig. 12b. As t increases from

1 nm to 50 nm, the loss increases slightly (from 1.29 m-1

at t = 1 nm to 1.34 m-1 at t = 50 nm), which tells us the

effects of the nanofilm on the TM mode are much lower.

However, as discussed above, the effects of the nanofilm

on the TE modes are huge.

THz single-dielectric-slab-coated parallel-plate
waveguide (SDSCPPW)

Mode characteristics of the waveguide

Figure 1d shows the structure of this case. Copper is

adopted as the material of the metal plates. The material of

the dielectric slab is chosen as the silicon or plastic. When

t = 0.1 mm, w = 0.1 mm, we calculate Eqs. (5) and (6),

and get the loss (solid line) and the effective refractive

index (dashed line) of the different slab materials (silicon

and plastic) waveguide at different THz frequencies, as

Fig. 12 a The loss of TM mode

in the metal nanofilm-dielectric-

plate waveguide changing as a

function of coated silicon

thickness d when t = 10 nm and

f = 0.5 THz; b the loss of TM

mode in the metal nanofilm-

dielectric-plate waveguide

changing as a function of

nanofilm thickness t when

d = 0.5 mm and f = 0.5 THz

Fig. 13 The dependence of loss (solid line), effective refractive index

(dashed line) and group velocity (dotted line) of the waveguide with

the parameters of t = 0.1 mm, w = 0.1 mm on THz frequency. a TM0

mode with a silicon slab, b TM0 mode with a plastic slab, c TE1 mode

with a silicon slab, d is TE1 mode with a plastic slab
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shown in Fig. 13. The group velocity of the guiding modes

is shown in dotted line.

The loss and effective refractive index of TM0 mode,

which is also the transverse-electromagnetic (TEM) mode

of the waveguide, are increasing monotonously. When f is

larger, more THz energy will distribute in the loss dielec-

tric slab and less in the air interval. The loss changing law

of TM0 mode is the same as described in Ref. [21]. After

coating a dielectric slab, the group velocity of TM0 mode

in the waveguide is only 0.23–0.64 (for silicon slab) or

0.64–0.84 (for plastic slab) of the light velocity in vacuum.

The changing slope of group velocity is much sharper in

the lower frequency. For silicon slab-coated waveguide,

the GVD is much larger than that of plastic slab-coated

waveguide in the narrow lower frequency region, which

can be seen from the less sharp and wider sharp region of

the group velocity of the plastic-coated waveguide.

In the region of higher than 0.30 THz (silicon-coated

waveguide) and 0.80 THz (plastic-coated waveguide), the

GVD of the waveguide is much lower. When the GVD of

the waveguide is larger, the changing of the effective

refractive index is also sharper. The refractive index of

silicon is 3.42 (1.5 for plastic), so the effective refractive

index of silicon-coated waveguide is in the region of

1–3.42 (1–1.5 for plastic coating). After coating, the TM

mode loss is in the region 1.5–50 m-1, which is only 1

order of magnitude larger than that of uncoated waveguide.

From Fig. 13c, d, we can see that there appears a low

cut-off frequency for TE1 mode. Both the loss and the

GVD are much larger near the low cut-off frequency. The

low cut-off frequency of silicon-coated waveguide is about

0.28 THz (0.58 THz for plastic coating). According to Ref.

[22], we can know the low cut-off frequency for TE1 mode

of this waveguide is:

fc ¼
c

2ðn2t þ wÞ ð12Þ

where (n2t ? w) is the optical width between the two

parallel plates. We substitute the values (t = 0.1 mm,

w = 0.1 mm, c = 3 * 108 m/s, n2 = 3.42 or 1.5) to Eq. (12)

and get fc = 0.34 THz for silicon-coated waveguide, and

fc = 0.60 THz for plastic-coated waveguide. We can know

that the low cut-off frequency is strongly affected by the

refractive index of the slab.

When f = 1 THz, t = 0.1 mm, we get the loss (solid

line) and the effective refractive index (dashed line) of the

different slab material (silicon and plastic) waveguide at

the different air interval w, as shown in Fig. 14:

For TM0 mode, the loss increases slightly to a

stable value in silicon-coated waveguide, while there is a

minim loss in plastic-coated waveguide when w changes

from 0 to 0.1 mm. The effective refractive index also only

have slightly changes. For the same parameters of the

structure, the optical width between the two parallel plates

of the silicon-coated waveguide is much larger than that of

the plastic-coated waveguide.

For TE1 mode at f = 1 THz, t = 0.1 mm, there is a cut-

off wc for plastic-coated waveguide [wc = 0 mm according

to Eq. (12)], while it is absence for silicon-coated waveg-

uide. We can modify the low cut-off frequency of the

Fig. 14 The dependence of loss

(solid line) and effective

refractive index (dashed line) of

the waveguide with the

parameter of t = 0.1 mm, and

frequency f = 1 THz on air

interval w. a TM0 mode with a

silicon slab, b TM0 mode with a

plastic slab, c TE1 mode with a

silicon slab, d TE1 mode with a

plastic slab
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waveguide by changing the width of the air interval, which

has been discussed in Ref. [20], however the sensitivity is

much lower for silicon-coating waveguide.

When f = 1 THz, w = 0.1 mm, we get the changing

laws of loss (solid line) and the effective refractive index

(dashed line) of the different slab material waveguide to t,

as shown in Fig. 15. There is a loss peak for TM0 mode in

silicon-coated waveguide while it increases monotonously

for plastic-coated waveguide. The effective refractive

index increases monotonously from 1 to the dielectric

refractive index, which is the evidence for more energy in

the dielectric slab, and the GVD will be higher for larger t.

There is a low cut-off tc for TE1 mode [it is 0.015 mm

for silicon waveguide, and 0.033 mm for plastic waveg-

uide, according to Eq. (12)]. However, when w is large

enough, tc will disappear.

Fig. 15 The dependence of loss

(solid line) and effective

refractive index (dashed line) of

the waveguide with the

parameter of w = 0.1 mm, and

frequency f = 1 THz on slab

thickness t. a TM0 mode with a

silicon slab, b TM0 mode with a

plastic slab, c TE1 mode with a

silicon slab, d TE1 mode with a

plastic slab

Fig. 16 a The sensitivities of fc to refractive index n2 of the coating

slab at different values of n2 for different waveguide structure. Solid

line is at the condition of w = 0 mm, dashed line is at the condition of

w = 0.1 mm, dotted line is at the condition of w = 0.2 mm, and

t = 0.1 mm for all cases, b the sensitivities of fc to n2 at different

values of t for different refractive index of the dielectric slab. Solid

line is at the condition of n2 = 1.5, dashed line is at the condition of

n2 = 2.5, dotted line is at the condition of n2 = 3.4, and w = 0.1 mm

for all cases
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The application of refractive index sensing

According to Eq. (12), the low cut-off frequency of TE1

mode is determined by n2, t and w. In case of fixed t and w,

the changing of n2 will move the cut-off frequency. So the

changing of fc has a sensitivity to the changing of n2, and it

can be represented as [20]:

S ¼ ofc

on2

				
				 ¼ ct

2ðn2t þ wÞ2
ð13Þ

According to Eq. (13), I get the sensitivities of fc to n2 at

different value of n2 and t for different waveguide struc-

ture, as shown in Fig. 16. We can know that the sensitivity

decreases monotonously as n2 increases, and it is larger

when w is smaller. When w = 0 mm and n2 = 1.5, the

highest sensitivity is up to S = 666.7 GHz/RIU (refractive-

index-unit). While there is a peak for S changing to t. When

n2 is smaller, the peak of S appears at larger t (for example

the peak appears at t = 0.065 mm for n2 = 1.5, while at

t = 0.03 mm for n2 = 3.4).

Hybrid THz SPPs in double-dielectric-slab-coated
metal plate waveguide (DDSCMPW)

Figure 1e shows the structure of this case. The materials of

the coating dielectric slabs are chosen as Polystyrene (PS)

and silicon. Copper is adopted as the material of metal

plate. When t = 0.1 mm, a = 0.5 mm, we get the loss

(a) and effective refractive index (b) of the l–h coated

(silicon is the out-coating) metal plate waveguide and the

loss [(c) solid line] and effective refractive index

[(c) dashed line] of the h–l coated (silicon is the inner-

coating) metal plate waveguide as a function of the THz

wave frequency f, as shown in Fig. 17.

From Fig. 17a, we can see even though the basic loss

increase monotonously, there are loss nadirs at the fre-

quencies of 0.45 THz, 0.94 THz, 1.42 THz and 1.89 THz.

This is also because THz waves appear anti-resonant

reflecting. The resonance frequency can also be predicted

by Eq. (10). We substitute c = 3 * 108 m/s, t = 0.1 mm,

n3 ¼ 3:42 and n2 ¼ 1:58 to the equation and get

f1 = 0.49 THz, f2 = 0.99 THz, f3 = 1.48 THz and

f4 = 1.98 THz, which show good agreements with the

calculation results. The peaks of the corresponding effec-

tive refractive index at the resonant frequencies (as seen in

Fig. 17b) tell us that much more energy come to the low

loss and high index silicon. However, in the h–l coated

metal plate, the loss (as seen in Fig. 17c solid line) and

effective index (as seen in Fig. 17c dashed line) increase

monotonously. This is because when n2[ n3, THz waves

appear total internal reflecting (TIR) on the interface

between the inner-coating silicon slab and the out-coating

PS slab.

The THz SPPs are the modes confined on the surface of

the metal plate. After double-dielectric coating, the modes

become hybrid THz SPPs. The modes propagate in the

waveguide with the effects of the two coating dielectric

slabs and the metal plate. The effects of the l–h coating on

the hybrid modes are related to the frequencies. When f is

closer to the resonant frequencies, the effects of the out

coating is much stronger than the inner coating and the

hybrid SPP modes transfer to dielectric mode. However,

when f is at the anti-resonant frequencies, the effects of the

inner coating and the metal plate are much stronger than

the out coating and the hybrid modes maintain the char-

acteristics of the SPP-like modes. In the h–l coating metal

plate, the effects of the metal plate and the inner-coating

slab are always higher than the out coating slab, and the

hybrid mode is always the SPP-like mode.

We also get the corresponding group velocity of the

waveguide when t = 0.1 mm, a = 0.5 mm, as a function of

f, as shown in Fig. 18. We can see there are nadirs of the

group velocity of the l–h coated waveguide, while the

group velocity of the h–l coated waveguide changes

slightly. This tells us that the GVD of these two

Fig. 17 The laws of the loss (a) and effective refractive index (b) of the l–h coated metal plate waveguide and the loss (c solid line) and effective
refractive index (c dashed line) of the h–l coated metal plate waveguide changing as a function of the THz wave frequency f
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waveguides is totally different. The GVD of the l–h coated

waveguide is much higher and more complex. This phe-

nomenon is useful for the application as a THz sensor.

In order to get a better understanding of the hybrid

modes, we get the mode fields of both the l–h coated

waveguide and the h–l coated waveguide at f = 1.0 THz or

1.42 THz, t = 0.1 mm and a = 0.5 mm according to

Eq. (7), as shown in Fig. 19.

For the l–h coated waveguide, we can see that at the

anti-resonant frequency 1.0 THz, THz wave amplitude

peak is at the metal plate interface which tells us that at this

condition the metal plate still has significant effects on the

hybrid modes and the hybrid mode is still SPP-like. From

Fig. 19b, we can see at the resonant frequency 1.42 THz,

almost no energy is distributed in the metal plate and only

some in the inner-coating PS slab. Most of the energy is

distributed in the out-coating silicon slab, which tells us

that the hybrid SPPs modes transfer to dielectric mode

totally, and the out-coating has the largest effect at this

condition.

For the h–l coated waveguide, we can see that at the

frequency 1.0 THz, it appears TIR on the interface between

Fig. 18 The law of the group

velocity changing as a function

of f when t = 0.1 mm,

a = 0.5 mm of the l–h coated

waveguide (a) and the h–l

coated waveguide (b)

Fig. 19 The normalized mode field of l–h coated metal plate at the anti-resonant frequency 1.0 THz (a) and resonance frequency 1.42 THz (b),
and the normalized mode field of h–l coated metal plate at 1.0 THz (c)

Fig. 20 The laws of the loss (a) and the corresponding effective refractive index (b) of the guiding mode in the l–h coated metal plate and the

loss in the h–l coated metal plate (c) changing as a function of t
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the inner-coating silicon and the out-coating PS. The waves

in the out-coating PS and the outside air are evanescent

waves, and most of the energy is distributed in the inner-

coating silicon which has the largest effects on the hybrid

modes. For the h–l coating, there is a considerable energy

in the metal plate at every frequency which tells us that the

metal plate always has significant effects on the hybrid

modes and the hybrid mode is always SPP-like.

At f = 1.0 THz and a = 0.5 mm, we get the loss (a) and

the corresponding effective refractive index (b) of the

guiding mode in the l–h coated metal plate and the losses in

the h–l coated metal plate (c) as a function of t, as shown in

Fig. 20:

We can see there are loss nadirs at the thickness of

0.044 mm, 0.094 mm, 0.144 mm and 0.192 mm in

Fig. 20a. When 1.0 THz becomes the resonant frequency

for the out-coating silicon thickness, much more energy

will be distributed in the low loss high index silicon. The

resonant silicon thicknesses can be predicted by Eq. (11).

We substitute c = 3 * 108 m/s, f = 1.0 THz, n2 ¼ 3:42 and

n1 ¼ 1:58 to the equation, and get t1 = 0.049 mm,

t2 = 0.099 mm, t3 = 0.148 mm and t4 = 0.198 mm. The

numerical values are in good agreement with the theoret-

ical values.

We can know the effects of the two coating dielectric

slabs of the l–h coating metal plate on the hybrid THz SPPs

is strongly affected by the out coating silicon thickness. At

the resonant silicon thicknesses, the effects of the out

coating are much more obviously, while at the anti-reso-

nant silicon thicknesses, the effects of the inner coating are

much more obviously. However, the loss of the h–l coated

metal plate decreases monotonously and change slightly, as

can be seen in Fig. 20c, which tells us that even though the

thickness of the out-coating PS slab is increasing, its effects

on the hybrid modes are much smaller. This is because of

the TIR on the interface.

When f = 1.0 THz and t = 0.1 mm, we get the loss

(solid line) of the l–h coated metal plate waveguide (a) and

the h–l coated metal plate waveguide (b) as a function of a,

as shown in Fig. 21. The dashed line is the corresponding

effective refractive index of the guiding mode.

In Fig. 21, the loss of the l–h coated waveguide

increases monotonously while the loss of the h–l coated

waveguide decreases monotonously. And the correspond-

ing effective refractive index increases monotonously to

the effective refractive index of the inner-coating material

(1.58 for PS, 3.42 for silicon). At a = t = 0.1 mm, the

effective refractive index of the l–h coated waveguide is

1.47, and the effective refractive index of the h–l coated

waveguide is 3.34, which tells us that in the range of

a[ 0.1 mm, the effects of the inner coating on the hybrid

THz SPPs is much more important. When a\ 0.1 mm, the

effective refractive index increases sharply as a increases,

which tells us the effects of the inner coating increase

quickly.

Summary

In summary, we have presented five kinds of layered THz

waveguides. The modified THz SPPs on DSCMFW is

discussed in detail. For TLDSW, we find that the waveg-

uide with high–low–high refractive indices guide THz

wave as the anti-resonant reflecting mechanism. The mode

characteristics of both TM mode and TE mode in MNDPW

are presented. The application of a TE modes filter for this

waveguide is put forward. The GVD of TM0 mode in

SDSCPPW is discussed in detail. For TE1 mode, the

characteristics of the low cut-off frequency are given. The

low cut-off frequency have a sensitivity (S) to the refractive

index of the dielectric slab. The highest S can be

666.7 GHz/RIU when n2 = 1.5, w = 0 and t = 0.1 mm.

Moreover, the hybrid THz SPPs on DDSCMPW have been

presented. At the resonant frequencies and resonant silicon

thicknesses, the hybrid SPP modes transfer to dielectric

modes. However, for the h–l coating, the hybrid mode is

always a SPP-like mode. We believe that these results are

very useful for designing of THz waveguides, sensors, and

Fig. 21 The laws of loss (solid

line) of the l–h coated metal

plate waveguide (a) and the h–l

coated metal plate waveguide

(b) changing as a function of a,

the dashed line is the

corresponding effective

refractive index of the guiding

mode
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filters, and for modified and hybrid THz SPPs in

waveguides.
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