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INTRODUCTION 

The purpose of our research is to develop new nonlinear 
optical devices using sub-wavelength metallic structures 
(metamaterials) and/or plasmonic effect of metals for 
efficient generation and detection of terahertz (THz) 
waves. Recently, tapered parallel plate waveguide 
(TPPWG) structures are attracting much interest because 
the structures can focus the THz waves into an area 
much smaller than the wavelength without significant 
loss (super focusing).  This super focusing effect is 
considered to be associated with the surface plasmon 
modes coupled with the free-space THz waves and to be 
useful to enhance the sensitivity of THz detection 
devices, such as electro-optic (EO) sampling devices and 
photoconductive antennas.   

In the following sections, firstly we report the 
enhancement of EO sampling signal of THz waves by 
using a metallic waveguide structure, which is consisted 
of a parallel plate waveguide (PPWG) coupled with a 
tapered parallel plate.  Secondly we report the influence 
of surface roughness to the propagation of THz waves in 
the parallel plate waveguide.  Through the study of the 
parallel plate waveguide, we found that the surface 
roughness (considered to be a sub-wavelength random 
structure) of the waveguide influence the phase velocity 
of the THz wave propagating through the waveguide.  
This means that we can control the phase velocity of 
THz wave by adjusting the surface roughness of the 
waveguide. 

ENHANCEMENT OF THZ EO SAMPLING 
SENSITIVITY BY USING V-GROOVE/PPWG 

The EO sampling is based on the refractive index change 
in nonlinear crystal (EO crystal) induced by electric field 
incident on the crystal.  If we can enhance the THz field 
incident on the EO crystal, we can enhance the EO 
sampling signal.  Therefore, we focus the THz beam by 
using a lens or a concave mirror (parabolic mirror or 
elliptic mirror) to the EO crystal.  However, the field 
enhancement is limited by the diffraction when we use 
the ordinary focusing optics.  We have demonstrated 
that by using a tapered parallel plate waveguide 

(V-groove) we can focus the THz beam beyond the 
diffraction limit and enhance the EO sampling sensitivity 
for THz waves significantly. 

Figure 1 shows the parallel plate waveguide 
structure coupled with a V-Groove (V-Groove/PPWG) 
used to enhance the EO sampling signal for detection of 
THz waves.  At the end of the waveguide structure, a 
thin (40 µm-thick) LiNbO3 (LN) crystal on a substrate 
was attached.  The end face of the waveguide is tilted 
against the THz wave propagation direction so that 
Cherenkov phase-matching [1] is achieved in the LN 
crystal. Further enhancement is expected to insert the EO 
crystal in the PPWG, and a new waveguide structure is 
now under development. 

 

 
 
Fig. 1. The parallel plate waveguide structure 
coupled with a V-Groove used to enhance the 
EO sampling signal for detection of THz 
waves. 
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Fig. 2. THz waveforms with and without 
V-Groove/PPWG. 



Figure 2 shows THz waveforms detected by 
heterodyne EO sampling [1] with V-groove/PPWG 
structure. The EO signal was enhanced by about 20 times, 
compared to that without the waveguide structure, for the 
gap of 100 µm in the PPWG.  This result clearly shows 
the effect of super focusing of the THz waves and 
enhanced THz field in the waveguide structure. 

INFULUENCE OF SURAFCE ROUGHNESS TO 
PROPAGATION OF THZ WAVE IN PARALLEL 
PLATE WAVEGUIDE 

The TEM mode of THz waves in a parallel plate 
waveguide travels at the same speed of the light in the air 
(or vacuum) when we assume the waveguide is a perfect 
conductor.  However, if the surface has sub-wavelength 
structures, the assumption of the perfect conductor is not 
valid any more.  It was shown by Pendry that a surface 
with sub-wavelength structures can support propagation 
modes which are coupled with surface plasmon (Spoof 
plasmon) [3] and the surface cannot be considered to be 
a perfect conductor.  The structured surface has an 
effective complex dielectric constant depending on the 
structure.  The concept of the spoof plasmon was 
suggested for a periodic sub-wavelength structure on a 
metallic surface but it might be valid also for disordered 
structured surfaces, that is, surfaces with roughness. 

We have measured THz waveforms transmitted 
through parallel plate waveguides with various levels of 
surface roughness by using THz time-domain 
spectroscopy.  The surface roughness was measured 
with a surface roughness measurement tool with a 
contact needle (Mitutoyo SURFTEST SJ-310).  As the 
index of surface roughness, we used the “Rz” parameter 
defined by JIS B 0601: 2001.  Figure 3 shows the 
results for parallel plate waveguides with a constant gap 
of 30 µm with the reference waveform (without the 
waveguide).  It shows clearly the THz wave is shifted in 
time and the time-shift is larger for higher roughness. 
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Fig. 3.  THz waveforms transmitted through 
30-mm gap parallel plate waveguides with 
various roughnesses and the THz waveform 
without the waveguide.  
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Fig. 4. Dependence of effective refractive 
index of parallel plate waveguide on surface 
roughness for the waveguide gap D = 10, 20 
and 30 µm. 
 
The effective refractive indices of parallel plate 

waveguides with surface roughness were calculated from 
the phase shift of the THz waveforms at 0.5 THz for 
waveguide gap D = 10, 20 and 30 µm.  The result was 
summarized in Fig. 4.  From this results, we conclude 
that i) the larger the surface roughness, the THz phase 
velocity in PPWG becomes slower, ii) the influence of 
surface roughness is larger for the smaller gap of PPWGs.   
Figure 4 also tells us the influence of surface roughness 
is negligible for the roughness Rz below 2 µm at 0.5 THz.  
The effective refractive index increases more than 10 % 
when the surface roughness is close to the gap of PPWG 
although a large surface roughness accompanies with a 
large propagation loss in the waveguide. 

This finding indicates that we can make novel THz 
waveguide devices, in which the phase velocity of THz 
wave is controlled by the surface roughness level. 

SUMMARY 

We have demonstrated a large enhancement of the EO 
sampling sensitivity by using the super focusing effect in 	 
a V-Groove/PPWG structure.  It was also shown that 
we can control the phase velocity of THz waves in 
PPWGs with a small gap by the surface roughness of the 
waveguide.  These results will lead us realization of 
novel nonlinear optical devices useful for THz 
spectroscopy and imaging. 
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