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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 [1] 
and photoconductive antennas (PCA).   

In the following sections, firstly we report EO 
sampling of THz waves by using a GaAs crystal inserted 
in a TPPWG structure, which consisted of a parallel plate 
waveguide (PPWG) and a tapered parallel plate. By 
using GaAs crystal coupled with the TPPWG we could 
detect THz waves with a slightly lower sensitivity 
compared to LiNbO3 (LN) crystal coupled with a similar 
TPPWG but with a wider detection bandwidth.  
Secondly, we report CW-THz wave detection with a 
bowtie PCA coupled with a TPPWG.  We observed 
significant signal enhancement compared with the same 
PCA coupled with a hyper-hemispherical Si lens.  
These results indicate clearly the usefulness of the 
TPPWG as the coupling device for THz detectors. 

EO SAMPLING OF THZ WAVES WITH GAAS 
COUPLED WITH TPPWG 

We have developed the non-collinear Cherenkov 
phase-matching technique, in which the velocity phase 
matching in the EO sampling for THz waves is achieved 
by adjusting the crossing angle between the THz beam 
and the optical sampling beam in the EO crystal.  By 
using Cherenkov phase-matching we are able to use 
LiNbO3 (LN) crystal, which has a large EO coefficient 
but a large refractive index difference between the 
optical and THz region, as the EO crystal.  However, 
because of the  large refractive index difference 
between the optical and THz region and also the strong 
absorption in THz region, a Si prism needs to be used as 

the coupling optical device for the Cherenkov-phase 
matching EO sampling with LN crystal.  On the other 
hand, GaAs has a small refractive index difference 
between the optical and THz region, and its absorption in 
THz region is small.  Therefore, when we use GaAs in 
the Cherenkov-phase matched EO sampling, no coupling 
optics is required. Figure 1 (a) shows a schematic 
structure of the EO sampling device using GaAs and 
TPPWG (GaAs/TPPWG). Figure 1 (b) shows a 
schematic structure of the EO sampling device using LN, 
Si prism and TPPWG (LN/Si/TPPWG), which was used 
for comparison. Figure 2 shows the THz waveform 
measured by the "Heterodyne EO- sampling" [2] with 
GaAs/TPPWG and also that measured by ordinary 
Cherenkov phase-matched EO sampling with 
LN/Si/TPPWG [3].  The same dipole PCA was used as 
the THz emitter, and the wavelength of the fs-laser used 
as the sampling beam was 1.55 μm.  The signal 
magnitude with GaAs/TPPWG is smaller that of 
LN/Si/TPPWG.  This result is reasonable when we 
consider the figure of merit of GaAs EO sampling is 

41
3rn =69 [pm/V] , which is smaller than that of LN 

heterodyne EO sampling 41
3rne = 115 [pm/V]. It should 

be noted that the detection bandwidth of GaAs EO 
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Fig. 1. (a) Structure of GaAs/TPPWG and (b) 
that of LN/Si/TPPWG used of EO sampling of 
THz waves. 
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Fig. 2. THz waveforms with GaAs/TPPWG 
(thick line) and LN/Si/TPPWG (thin line). 

 
sampling (~2.5 THz) is much better than that of LN 
(~1.5 THz).  The broader detection bandwidth is 
explained by the small Cherenkov phase matching angle 

Chθ = 10O for GaAs  while Chθ = 62O for LN. 
 

PHOTOCONDUCTIVE DETECTION OF CW-THZ 
WAVES USING TPPWG AS THZ WASE 
COUPLING DEVICE 

A PCA is usually coupled with a substrate lens, such as a 
hemi-spherical Si lens, to enhance the coupling 
efficiency of THz waves from free space to the antenna 
and to reduce the multiple reflection effect in the 
substrate.  We have investigated the effect of a TPPWG 
coupled with a photoconductive bowtie antenna used as 
the detector of CW-THz waves generated by the 
photomixing technique.  Figure 3 shows the peak signal 
detected with a photoconductive bowtie antenna coupled 
with a TPPWG, which is similar to that used for GaAs 
EO sampling (but without the part of the PPWG), at 
various the distances from the focal point of a parabolic 
mirror used to focus CW-THz waves generated by 
another PCA. The pump and probe optical source was a 
multi-mode semiconductor laser operated in a chaos 
oscillation mode. For comparison, the result with the 
same PCA but coupled with a hyper-hemispherical Si 
lens was also shown.  We can see that at a distance of 
-30 mm from the focal point of the parabolic mirror, the 
THz peak signal detected with the PCA coupled with the  
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Fig. 3.  Peak signal dependence on the 
distance from the focal point of a parabolic 
mirror detected with a PCA coupled with a 
TPPWG (open circles and solide line) and a 
hyper-hemispherical Si lens (open squares and 
dashed line). 

TPPWG is almost doubled compared to that with Si 
hyper-hemispherical Si lens. 

SUMMARY 

We have demonstrated EO sampling using GaAs in the 
Cherenkov phase matching scheme. The advantage of 
this technique is no necessity of a Si coupling prism and 
relatively larger detection bandwidth compared with the 
LN Cherenkov phase-matching EO sampling.  We have 
also demonstrated CW-THz wave detection with a 
bowtie PCA coupled with the TPPWG.  The detection 
efficiency was doubled compared with the case using a 
Si hyper-hemispherical lens.  
   In addition to these experimental studies, we have 
also prepared an experimental setup to visualize the THz 
field enhancement by the TPPWG using a "Coherer 
sheet," which consists of copper particles aggregated on 
a polymer sheet [4].  We expect the THz field imprinted 
on the Coherer sheet is visualized by measuring the THz 
transmittance through the sheet. We hope we can report 
the detail of this study in the next communication. 
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