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A B S T R A C T   

We proposed the design of coupling terahertz wave into a plasmonic waveguide via using two alumina ribbon 
waveguides. The dispersion relation of fundamental alumina waveguide mode shows that it has intersections 
with plasmonic modes, resulting in the power transferred efficiently from dielectric waveguide to the structures. 
In experiment, a dual band metallic waveguide with two different groove depths associated with input and 
output alumina strips coated by polypropylene is fabricated and measured. Two plasmonic mode bands sup
ported by plasmonic waveguide can be found because the terahertz radiation has been coupled from free space to 
dielectric ribbon waveguide at resonance frequencies of 0.28 THz and 0.47 THz. This coupling approach opens a 
novel avenue for coupling terahertz radiation and can be used for developing novel terahertz planar wave de
vices and circuits.   

Introduction 

Terahertz (THz) waveguides has recently received widespread 
attention based on the various application such as sensing, nonde
structive testing, security check and high speed communication. There 
are several designs that can achieve THz waveguides and confinement 
such as parallel plate waveguides [1–3], plasmonic waveguides [4–8] 
etc. In the low frequency regime, the structural metal surface can sup
port spoof plasmons [9,10], which can be further used as THz plasmonic 
waveguides. The plasmonic waveguides have many advantages 
compared with parallel plate waveguides. For example, the arrays are 
miniaturized and can be integrated into other functional devices easily. 
They can also detect small changes of surrounding medium, have highly 
confinement for THz spoof surface plasmons polaritons (SPPs), and low 
loss in transmission [11]. Yet, there are several challenges for the 
coupling of THz wave from free space to plasmonic waveguide due to the 
mismatch wave vectors between them. In order to explore the propa
gation property of THz spoof SPPs, it’s critical to find a convenient and 
efficient excitation and detection method. 

According to recent research, there are several common excitation 
methods, such as edge scattering coupling, prism coupling, grating 
coupling, waveguide coupling and graphene coupling [12–24]. For 
instance, the edge scattering method is applied to excite larger SPP wave 

vectors. The broadband THz spoof SPPs can be excited by placing a razor 
blade above two-dimensional arrays of subwavelength-periodicity pits. 
The drawbacks of this method are, only small part of wave vector can 
match the vector of spoof SPPs [12] and the additional blade limits the 
integration of devices [5]. Prism coupling is also an effective method to 
excite spoof SPPs with large wave vector. The gap between the base of 
the prism and the textured metal surface made of periodic grooves in
fluence the coupling effect sensitively [13,14]. The method has strict 
requirements on the incidence angle and frequency range. However, it is 
hard to be integrated due to bulk prism. Grating coupling method which 
is also widely used in the optical range, can transfer to THz frequency 
[15–17]. The grating consisting of metal sites is designed to match the 
incident THz wave. The width of metal pillars is also next to the grating 
so as to guide the excited spoof SPPs to the waveguide. But the fabri
cation is complex, which impede the real application. The waveguide 
coupling method can be realized through coupling the THz wave into 
the flat metal sheet that can support SPPs by using field-confined par
allel plate waveguides [18,19]. We note that the SPPs mode shows weak 
confinement and limits its applications [25]. Therefore, it still needs to 
find an efficient and convenient method to couple THz waves into the 
plasmonic waveguide that can support spoof SPPs. 

In this study, a new attempt was made to introduce a highly refrac
tive alumina ribbon waveguide as a bridge to achieve effective coupling 
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from free space to the plasmonic waveguide, which, to our knowledge, 
was not reported before [26]. A thin layer of low loss low-refractive 
polypropylene is coated upon the alumina ribbon to enhance the 
localized field and achieve the mode field matching [27–30]. Two pieces 
of alumina waveguide are placed next to the surface of the metal film as 
a dielectric coupling waveguide. The main TM0 mode is activated to 
ensure that only single mode propagates along the waveguide by con
trolling the thickness of the alumina [19]. The merits of this proposed 
structure is the efficient control of THz wave at the circuit level. When 
the incident wave is coupled to the alumina ribbon waveguide from the 
input surface of the waveguide, it propagates along the waveguide and 
transmits energy to the nearby plasmonic waveguide through near-field 
coupling. Another alumina ribbon waveguide is placed on the opposite 
side of the plasma waveguide to couple and output THz waves from the 
plasmonic waveguide. A periodic perforated metal film with composite 
periodic grooves was fabricated and used as a plasmonic waveguide, 
which can support dual-band transmission in one waveguide. We 
investigate the dispersion relation and experimentally observe the 
transmission properties of the proposed device. From the result we can 
observed experimentally in the transmissivity spectra with the coupling 
efficiency is 33% at 0.28 THz and 30% at 0.47 THz normalized by that of 
ribbon waveguide. Their mode fields are also studied. It is expected to 
have important application value in microscopic THz transmission and 
integrated circuit. 

Coupling design and discussion 

The schematic diagram of the dielectric ribbon along with the 
double-periodic corrugated metal is showed in Fig. 1(a). Two pieces of 
alumina (εr ≈ 9.6) as well as the cladding material which is made of 

polypropylene (εr ≈ 2.28) were placed alongside the surface of the metal 
film and became a dielectric ribbon waveguide. The thickness of the 
alumina and the polypropylene are approximately 20 μm and 1 mm, 
respectively, and both of their length and width are 5 mm and 2 mm. The 
detailed discussion of optimum thicknesses of the alumina and the 
polypropylene can be found in the Supplementary materials [31]. The 
whole metallic film is made of aluminum (Al) with 12.5 mm long, 4.7 
mm wide and 5 mm thick. The aluminum at THz frequencies behaves 
almost like perfect conductor compared to visible region [32]. The 
rectangular apertures were fabricated using conventional laser micro
machining techniques. 

One unit of our corrugated metal film is displayed in the inset of 
Fig. 1(a), of which the dimensions are: h1 = 350 μm, h2 = 150 μm, w =
60 μm, t1 = 65 μm, D = 700 μm, p = 250 μm, respectively. We simulated 
the transmitted THz wave forms in the FDTD simulations. The normal
ized transmissivity of hybrid structure divided by that of ribbon wave
guide is plotted in Fig. 2. The two resonance peaks occur at 0.255 THz 

Fig. 1. (a) Three whole view of the planar THz waveguide, two pieces of our so- 
called ribbon was placed alongside the surface of the metal film to couple the 
THz radiation into and out of the device. One period of our corrugated metal 
film, of which the dimensions are: h1 = 350 μm, h2 = 150 μm, w = 60 μm, t1 =

65 μm, D = 700 μm, p = 250 μm, respectively. (The inset is a top view image). 
(b) The xz-plane view of the planar THz waveguide, two pieces of our so-called 
ribbon was placed alongside the surface of the metal film to couple the THz 
radiation into and out of the device. 

Fig. 2. Simulated transmission spectrum at the output dielectric waveguide 
port which is normalized by that of ribbon waveguide. 

Fig. 3. The dispersion relations of our proposed structure. The orange line and 
the red line correspond to the first and second modes of the composite-periodic 
metallic structure, for which the cutoff frequencies are approximate to 0.28 THz 
and 0.43 THz, respectively, and the black line is the light line in free space. The 
green and blue line with solid dots corresponds to the dominant mode of two 
single-periodic structures with groove depth h1 = 350 μm and h2 = 150 μm, 
respectively. The purple line is the wave mode through the dielectric ribbon 
waveguide and crosses at 0.27 THz and 0.42 THz. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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and 0.41 THz, respectively. 
To obtain the cutoff frequency of dual-band spoof SPPs modes, the 

dispersion curve of the dual-band grating structure is simulated using 
the Eigenmode solver in the commercial software CST Microwave Stu
dio, as shown in Fig. 3. The unit cell of single period of plasmonic 
waveguide is located in an outer air box. A periodic boundary is used in 
the x direction. The boundaries in the y and z directions are set as perfect 
electric conductor. The size of the air box is the same as the periodic cell 
in the x direction and much larger in the y and z directions. The orange 
line and the red line correspond to the first and second mode of the 
composite-periodic metallic structure, for which the cutoff frequencies 
are approximate to 0.28 THz and 0.43 THz, respectively. The black line 
is the light line in free space. To demonstrate the matching of THz wave 
vectors in the dielectric ribbon and the plasmonic waveguide, we also 
simulated the dispersion relation of fundamental TM0 mode of dielectric 
ribbon waveguide, which is showed as the purple line. The dielectric 
waveguide is able to couple a fundamental mode band in the THz 
spectrum. Its dispersion curve lies to the right of the light line with the 
increase of the frequency. The line crosses the two plasmonic modes at 
0.27 THz and 0.42 THz where the electric field confined tightly around 
the surface and grooves. When the frequency is slightly less than the 
intersection, the spoof SPP mode can propagate along the surface and 
couple into the grating structures. Furthermore, in order to illustrate the 
independence of the two modes, we adjusted h1(h2) to 0 μm, thus turned 
the structure into single-periodic but with the same period. 

The dispersion relations of the dominant modes for the two situations 
are also shown in Fig. 3, in which the green line with solid dots corre
sponds to the dominant mode of a single-periodic structure with aper
ture depth h = 150 μm, and the blue line with the solid dots corresponds 
to h = 350 μm. We notice that the cutoff frequencies of these two modes 
illustrated above are in good match with the original two modes. In 
other words, the first mode of the double-periodic structure is only 

determined by the deep grooves and the second mode by the shallow 
grooves. Since the two THz waves are propagating independently on the 
metal surface, and dual band spoof surface plasmon polaritons should be 
achievable [33]. 

Fig. 4(a)–(c) show the xy-plane view of the electric field. Fig. 4(a) is 
the electric fields at the resonant frequency of 0.255 THz. At the reso
nance, the electric fields remain confinement both near the surface and 
inside the shallow grooves. The same situation goes for the other reso
nant frequency at 0.41 THz, which the fields are confined in the deep 
grooves, as displayed in Fig. 4(b). Fig. 4(c) shows the electric fields at 
0.35 THz, which lies in the gap between the two bands. We clearly 
observe that spoof SPPs cannot be supported at this frequency. 

In order to display the coupling efficiency more intuitive, Fig. 4(d) 
and (e) show the top view of the electric field at 0.255 THz and 0.41 
THz. The gradual conversion was observed from the excited waveguide 
mode to the spoof SPPs eigenmode, as shown in the near-field platform. 
In the beginning of the dielectric waveguide, the input wave propagates 
with mismatch propagation constants. With the increase of the propa
gation length, the waveguide field gradually matches the field of spoof 
SPPs eigenmode. The THz radiation carried by the dielectric waveguide 
can couple into the metallic waveguide effectively. 

The coupling length Lc with respect to the phase difference between 
spoof SPPs mode and the dielectric waveguide at the same frequency, 
which is described as 

Δφ = (kzd − kzm)Lc (1)  

where kzd is the propagation constants of the dielectric waveguide and 
kzm is the propagation constants of the spoof SPPs modes. The TM0 mode 
of dielectric waveguide propagates a distance, when the phase differ
ence Δφ reaches π, the maximum power is shifted from dielectric 
waveguide to the plasmonic waveguide. Then the coupling length can be 
expressed as [18] 

Lπ = π/(kzd − kkm) (2) 

The coupling length as a function of frequency is plotted in Fig. 5. We 
can find that the corresponding coupling length related to the resonant 
frequency in Fig. 2, which two resonant frequencies are observed at 
0.255 THz and 0.41 THz. The propagation constant difference for 0.255 
THz and 0.41 THz are 0.803 mm− 1 and 1.044 mm− 1, as marked in the 
dispersion relation in Fig. 3. Then, by using Eq. (2), Lc is equal to 3.91 
mm at 0.255 THz and 3.01 mm at 0.41 THz, which is consisted with the 
simulated results in Fig. 4. 

The normalized coupling coefficient κ between the dielectric wave
guide and the plasmonic waveguide can be calculated through the 
overlap integral [19]: 

Fig. 4. (a)–(c) The xy-plane view of the normalized electric field calculated at 
0.41 THz, 0.255 THz and 0.35 THz respectively. (d), (e) The normalized top 
view of the electric field at 0.255 THz and 0.41 THz. 

Fig. 5. (a) The coupling length from 0.23 THz to 0.265 THz for the low spoof SPPs mode, which is 3.91 mm at 0.255 THz (b) The coupling length from 0.395 THz to 
0.415 THz for the high spoof SPPs mode, which is 3.01 mm at 0.41 THz. 
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κ =

[ ∫
E→1⋅ E→2*ds

]2

∫
|E1|

2ds
∫
|E2|

2ds
(3)  

where E1 and E2 are the electric field amplitude of dielectric mode and 
spoof SPPs mode, s is the cross section in the integration. 

Fig. 6 plotted the normalized electric field amplitude with respect to 
the y axis. There is the “hole” power distribution in the alumina layer. 
Fig. 7(a) shows the effect of the groove depth on coupling efficiency by t 
= 20 μm. We can see that as h increases, the normalized coupling effi
ciency slightly decreased due to the gradually increased field mismatch 
between dielectric and spoof SPPs. The results for h = 150 μm and 350 
μm fit well with the simulated results. Moreover, if the propagation 
length is fixed, the propagation difference Δk = kzd-kzm is linear to the 
phase difference. So we can monitor phase difference in replace of the 
propagation difference. Fig. 7(b) plotted the normalized coupling effi
ciency with respect to phase difference Δφ. When the phase difference 
reaches π, the maximum mode power can be transferred from the 
dielectric waveguide to the plasmonic waveguide. If the phase differ
ence is 0.5π or 1.5π, THz wave is partly coupled to spoof SPPs, resulting 
in low coupling efficiency [16] (Fig. 7b). 

Experimental details 

The experiment is being operated in our work. A THz time-domain 
spectroscope (FiCO, @Zomega Corp.) was used to test the trans
mittance of the device, with a valid bandwidth from 0.1 to 1.6 THz [34]. 
We impulse the THz radiation from one side of the coupling system 
consisted of plasmonic waveguides with ribbon waveguides and detect 
the outgoing spectra from the other side. Moreover, the dielectric ribbon 
waveguides can guide waves at submillimeter wavelength while main
tain low dielectric loss [28,30]. The reference signal is obtained by 
inputting THz pulse from one side of the ribbon waveguide and 
detecting from the other side. The measured THz time-domain and 
frequency amplitude spectra after propagating through the proposed 
structure (black line) and the ribbon waveguide (blue line) are displayed 
in Fig. 8(a), respectively. The transmission from the ribbon waveguide 
was used as the reference signal Er(ω), and then measurement through 
the coupling structure was used as the sample signal Es(ω). Thus, the 
coupling efficiency of the coupled system η is as follows: 

η = |Es(ω) |/|Er(ω) | (4) 

We substitute the experimental data into Eq. (4) to calculate the 
coupling efficiency, which is 33% at 0.28 THz and 30% at 0.47 THz. In 
Fig. 2, the simulated coupling efficiency is around 51% and 63% at 

Fig. 6. The normalized field amplitude distribution with t = 20 μm at λ0 =

400 μm. 

Fig. 7a. (a) The effect of the groove depth on coupling efficiency by t = 20 μm. (b) The relationship between phase difference and coupling efficiency, reaches 54% 
for h1 and 62% for h2 when the phase difference is π. the coupling length are set as 3.91 mm (0.255 THz) and 3.01 mm (0.41 THz), then find out the coupling effect 
under different phase difference. 

Fig. 7b. The schematic diagram of experimental system, the yellow triangle 
represents the probe, the rectangle between represents the structure. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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0.255 THz and 0.41 THz, respectively. The result of the experiment fit 
well with the simulated result. The deviation of the resonance fre
quencies might be due to the inaccurate size of fabricated metal grating. 
The manufacturing process and the environmental impact also lead to 
experimental data errors. 

Conclusion and prospective 

In conclusion, we have designed, fabricated and characterized a 
coupling structure composed of dual-band plasmonic waveguide and 
dielectric waveguide. We obtained the coupling length through the 
simulated dispersion curve. The coupling efficiency at the resonance 
frequencies have also been investigated. We can observe experimentally 
that the coupling efficiency reaches 33% at 0.28 THz and 30% at 0.47 
THz normalized by that of ribbon waveguide. The proposed method is 
expected to create new and exciting avenues in the development of 
coupling and spoof SPPs transmitting device in the THz spectral range. 
The coupling efficiency of this method still have large space to improve. 
In further research, we can connect the network analyzer through VDI 
extenders to realize better excitation effects [35]. 
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