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We have fabricated GaP two-dimensional photonic crystals (PCs) for terahertz (THz) wave generation by a reactive ion etching in Ar/Cl2
gas chemistries. We performed 75-mm-deep etching of GaP, in which Al2O3 layer is applied as a hard mask with its selectivity as high as 125.
We demonstrated the THz-wave generation from the fabricated GaP slab waveguide with the PC structure as a cladding layer under a collinear
phase-matched difference frequency generation. In the frequency dependence of THz output power for the PC slab waveguide is seen at around
1.1 THz. From the in-plane transmission spectrum of THz-wave, we confirmed that the THz output characteristics had relation with the photonic
structure for THz wave. [doi:10.2320/matertrans.MAW200728]
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1. Introduction

Terahertz (THz) frequency region between the radio and
infrared frequencies has attracted a great deal of attention due
to a number of important potential applications in medical
and imaging fields.1,2) Recent technological developments of
coherent THz wave sources has realized these applications.
The most THz-wave sources are based on photoconductive
antenna, quantum cascade lasers, or non-linear optical effects
such as difference frequency generation (DFG), optical
parametric oscillation, and optical rectification.3–17) The
DFG can produce tunable, narrow linewidth, and high power
THz-waves with ns-pulsed as well as CW operation.18,19) The
THz-waves can be generated at room temperature. The DFG
is suitable for THz wave source of telecommunication, in-situ
security screening.

A GaP crystal has been used to generated coherent THz-
waves via the DFG process because of its transparent
properties in the infrared and THz regions, while maintaining
a relatively high efficiency for conversion due to a phonon-
polariton excitation.7–10,12–14,20) In addition, our previous
works have generated THz-waves with bulk GaP crystals
under a small-angle non-collinear phase matched DFG
condition.7–9) By using the THz wave source, a frequency-
tunable THz spectrometer has constructed, and the THz
spectra of important biomolecules (e.g. sugars, nucleosides,
nucleotides, amino acids, etc.) were obtained.21–23) By using
GaP with waveguide structure as large as the wavelength of
the THz wave, it is possible to generate THz-waves under a
collinear �ð2Þ phase-matching configuration with a simple
optical system. Semiconductor Raman laser and amplifiers
have also been demonstrated by using the waveguide effect.
The waveguide structure allows to decrease the threshold
pump power as low as 50mW and a Raman gain is achieved
to be g ¼ 12:3� 10�8 W�cm�1 via the confinement of the
phonon mode restricted in the GaP waveguides.24,25) In THz-
wave generation from GaP, we have also confirmed the

enhancement of conversion efficiency by using the wave-
guide effect.26)

Another effective method to improve conversion efficien-
cy is to use artificial periodic structures. Recently, photonic
crystals (PCs) have investigated due to their interesting
properties and wide applications in many areas of science and
industry. The PCs have been developed in the wide frequency
from visible to microwave regions. For the optical region,
PCs have been utilized in waveguides, high-Q filters, lasers,
and fibers.27–30) In THz region, PCs are also of interest, as
they could contribute to improvement of THz technology.
Comparing to applications of passive devices such as filters,
waveguides and PC fibers, there are few active devices.31–35)

In this study, we have fabricated GaP waveguide with two-
dimensional photonic structure and demonstrated the THz-
wave generation from the GaP slab waveguide with the PC
structure as a cladding layer.

2. Fabrication of GaP PC Slab Waveguide

The GaP photonic crystal slab waveguide was fabricated in
three steps as follows:
1) Al2O3 mask fabrication: An Al2O3 film of 500 nm

thickness was deposited by electron-beam evaporation
on the (001) semi-insulating GaP substrate with 300 mm
thickness. This layer acts as a hard mask against a
reactive ion etching of the GaP. Subsequently, a PC
pattern was formed by lithography process with a g-line
light.

2) Reactive ion etching: The GaP was etched using
reactive ion etching in parallel plate discharge plasma.
Plasma was generated by supplying 13.56MHz rf
power to the sample stage. A rf power of 100W was
supplied. Ar and Cl2 gas chemistries were used as an
etching gas. The flow rates of 0.5 (Ar) and 2.0 sccm
(Cl2) were controlled by mass flow controllers, respec-
tively. The pressure of the process chamber became
4 Pa (30mTorr).

3) Removal of Al2O3 mask: Using the buffered HF*Graduate Student, Tohoku University
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solution, the Al2O3 masking layer was removed and the
sample was cleaved into the rectangle with 5mm long
in h110i direction and 10mm wide in h110i direction.

Figure 1 shows the fabricated GaP photonic crystal slab
waveguide. Figure 1 (a) is a top view of the surface. Air holes
were arranged in a triangular lattice with a lattice constant a
of 200 mm. The radius of air holes r was 80 mm. Figure 1 (b)
is the cross-sectional view of the sample. A 30 minutes
etching yielded an air hole depth of 75 mm. The etch rate
reached 2.5 mm/min, and the etching selectivity was over
125. From the calculated result by a plane-wave expansion
method, the photonic band gap was estimated in the
frequency from 0.35 to 0.6 THz.

3. Experimental

Figure 2 shows the schematic of the experimental setup
used for the THz-wave generation. A Q-switched Nd:YAG
laser (1064-nm, 11 ns-pulse witdth,10-Hz repetition rate) was
used as a signal beam, and a �-BaB2O4 (BBO)-based optical
parametric oscillator (OPO) was used as the pump beam
(6 ns-pulse width) in the DFG experiment. The OPO was
tuned over the 1058–1063 nm range. The YAG and OPO
input beams were carefully attenuated to 1.0mJ and 0.5mJ,
respectively. In addition, the input beams were collimated to
1-mm diameter and directed along the h110i direction of GaP
waveguide. The E-field polarization of the signal and pump
beams was adjusted parallel to the h110i and h001i direction,
respectively (TE and TM, respectively). The generated THz-
wave was detected by a liquid helium cooled bolometer
(Infrared Laboratories, Inc. USA) that had a typical response
time of 100 ms and a sensitivity of 2:57� 105 V/W. The
bolometer signal was collected and measured with a digital
oscilloscope.

4. Results and Discussion

The THz-wave generation was carried out under collinear

phase-matched DFG in GaP slab PC and non-PC waveguides.
Figure 3 shows the output characteristics of the THz-wave
generated from GaP slab waveguides, respectively. The
frequency of OPO was varied against the fixed-frequency of
the YAG source, THz output peak was observed around
0.8 THz for an unprocessed (non-PC) GaP slab waveguide.
The bandwidth for half the maximum THz-wave output
power was about 800GHz. This bandwidth originated from
the phase mismatch in the DFG process. The peak position
and bandwidth were good agreement with calculated results
based on waveguide theory.36) On the other hand, the THz
output showed different features for the PC patterned GaP
slab waveguide: THz output peak was observed around
1.1 THz. The calculated peak frequency position is estimated
1.0 THz in case that PC layer is uniform cladding layer.

Figure 4 shows the in-plane THz-wave transmission
characteristics of PC patterned waveguide along �-M
direction. This measurement was carried out by the spec-
trometer using the GaP THz wave source.21,22) The polar-
ization of the incident THz wave was TE polarization. The
transmission spectrum was normalized by that of the
unprocessed GaP substrate. Solid curve is the result of a
finite-difference time-domain (FDTD) simulation.

Several low transmission regions were appeared in this
THz spectrum. One region from 0.4 to 0.6 THz is corre-
sponding to the stop band in the PC structure. Around
0.9 THz, the photonic band gap is theoretically existed. It is
noted that THz transmission increased around 1.1 THz. The

Fig. 1 Top (a) and cross-sectional (b) view of the fabricated GaP PC slab

waveguide.

Fig. 2 Schematic drawing of the experimental set-up used for THz wave

generation in GaP waveguides.

(non-PC)

Fig. 3 Frequency dependence of the THz output power for unprocessed

GaP slab waveguide (open circles) and PC patterned waveguide (solid

triangles).
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enhancement of THz wave generation shown in Fig. 3 is
possible due to the higher transmission features around
1.1 THz. Some photonic band structure with low group
velocity exists in this frequency region. These photonic bands
affect the THz conversion efficiency.

5. Conclusions

We have fabricated GaP slab waveguide based two-
dimensional photonic crystals (PCs) by the reactive ion
etching in Ar/Cl2 plasma chemistries. 75-mm-deep etching of
GaP was performed by applying the Al2O3 hard mask with
their selectivity as high as 125. THz wave generated from the
fabricated GaP slab waveguide with the PC structure as a
cladding layer. THz output power had relation with the
transmittance of photonic waveguide for THz wave.
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Fig. 4 THz transmission spectrum of the PC waveguide. Dashed curve is

the FDTD simulation assuming the infinite PC thickness.
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