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Generation of terahertz radiation using zinc oxide as photoconductive
material excited by ultraviolet pulses
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Terahertz �THz� radiation generated from photoconductive antenna fabricated on a single crystal
zinc oxide �ZnO� is presented. The THz-radiation power is saturated at bias voltages above
800 V/cm and the obtained spectrum extends up to 1 THz. Moreover, ZnO is found to be highly
transparent in the visible, near-infrared, mid-infrared and THz frequency regions. The results
depicted here will categorically unravel the prospects of using ZnO as a material for integrated
active optics. © 2005 American Institute of Physics. �DOI: 10.1063/1.2158514�
The generation of terahertz �THz� pulses from a photo-
conductive switch was initially demonstrated for the first
time using radiation-damaged silicon on sapphire crystals.1

Subsequently, various materials have been used for photo-
conductive antennas such as low temperature grown GaAs.2,3

Simply increasing the applied bias voltage improves the out-
put power from a photoconductive switch since the electric
fields acting on the photoexcited carriers are enhanced. How-
ever, this THz enhancement method is constrained by the
maximum applied bias voltage, which is limited by the di-
electric breakdown of the material. For this reason, wide
band gap materials with higher breakdown voltages are po-
tential candidates for photoconductive antennas that operate
as high power THz radiation emitters. Recently, high-power
THz radiation emitted from a diamond photoconductive an-
tenna array was demonstrated.4 The results show that the
breakdown electric field of diamond was 2 MV/cm. A dia-
mond photoconductive switch requires a KrF excimer laser
as an excitation source since its band gap is located in the
deep ultraviolet �UV� region �5.5 eV�.5 The excitation source
is disadvantageous due to the size, running cost, and stability.
In addition, a chemical vapor deposited polycrystalline dia-
mond has a smaller mobility �1–70 cm2/V s� than single dia-
mond crystal �1800 cm2/V s�.4 Unlike diamond, ZnO can be
excited by the second or third harmonics of a Ti: sapphire
laser. Due to the recent developments of new nonlinear
crystals such as CsLiB6O10, Li2B4O7, BaB2O4, and
LiB4O7,6–8 this laser system is significantly efficient.
Additionally, efficient UV gain media, which include
Ce3+ :LiCaAlF6�Ce:LiCAF� and Ce3+ :LiLuF4, have been
developed.9–12 All these works demonstrate that a solid-state
UV excitation source is indeed well established.
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In this letter, we report on the THz generation from a
ZnO photoconductive antenna excited by UV pulses. Due to
its highly transparent nature in the visible, near-infrared,
mid-infrared, and THz frequency regions, this work demon-
strates that ZnO is a suitable hybrid optical material for in-
tegrated active optics.

ZnO has attracted considerable interest in the develop-
ment of blue and UV light emitting devices.13,14 Large-sized
and high quality crystals are essential for substrates in light
emitting devices. Recently, the improved crystal growth
techniques have led to the fabrication of substantially large
single crystals. In particular, the hydrothermal method has
arrowed large-sized ZnO single crystals to be grown,15 which
allows flexibility when designing optics in the THz region,
including focusing optics and lens duct.16 As shown in Fig.
1�a�, a ZnO crystal has a high transmittance in the THz re-
gion. And the periodic structure is attributed to the interfer-
ence of the signals, which originate from the front and back
surfaces of the ZnO crystal. The solid circles indicate the
refractive index of ZnO calculated by the fringe gap. A
strong dispersion of refractive index is not observed in the
0.3–1.1 THz frequency regions. Assuming refractive index
n=2.9, the dotted curve is the least-square fitting solution for
the transmittance T expressed as17

T =
�1 − R0�2e−�d

�1 − R0e−�d�2 + 4R0e−�d sin22�

�
nd

, �1�

where R0=
�n−1�2+�2

�n+1�2+�2 is the reflectance and �= � 4��
�

� is the

absorption coefficient. Here, the sample thickness is
d=0.5 mm,� is the attenuation coefficient and � is the wave-
length. From this result, � as fitting parameter is evaluated to
be 0.0018. The THz radiation used to obtain the transmission
spectrum of ZnO was generated from an InAs semiconductor
surface irradiated with femtosecond pulses under a magnetic
field with a spectrum central frequency of 0.3 THz.18,19 The

absorption coefficient at 0.3 THz was evaluated to be
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0.23 cm−1. In addition to its high transmission characteristic
in the THz region, ZnO is also transparent in the visible,
near-infrared and mid-infrared regions as shown in Fig. 1�b�.
Unlike silicon and germanium, such high transparency sug-
gests the possibility of using this material for integrated hy-
brid optics and waveguide. Previously, we demonstrated the
THz pigtail that consists of a THz emitter, lens duct, and
photonic crystal fiber.16,20 For the lens duct, the material
should have a high transparency in the near-infrared and THz
regions along with a high refractive index. TPX, a polymer
based on poly 4-methyl pentene-1, was used as a material of
lens duct. The refractive index of TPX is 1.4 in the THz
region.16 It was found that ZnO is better than TPX, which is
reasonable since a material with a higher refractive index is
more ideal for lens ducts.

The ZnO crystals are of interest as photoconductive ma-
terial for THz generation due to the ease of fabrication, wide
band gap character and relatively high mobility and resistiv-
ity. In terms of mobility, ZnO �200 cm2/V s�21 is one order
of magnitude greater than that of polycrystalline diamond
�1–70 cm2/V s�.4 ZnO also has the capacity to be excited by
the second harmonics of a Ti: sapphire laser since its trans-
mission edge is at 390 nm �3.2 eV band gap�. All these
qualities make ZnO a suitable candidate for a high power
THz emitter.

In our experiment, the frequency tripling of the
Ti: sapphire regenerative amplifier output, which has a 290
nm wavelength, was used as the excitation source. High peak
power laser pulses can be easily obtained in the 280–330 nm
region using a Ce:LiCAF crystal as a gain medium. Femto-
second pulses with a 1 kHz repetition rate had an average

FIG. 1. �a� Transmission spectrum of a ZnO single crystal in the THz
region. The periodic structure is due to the interference from the front and
back surfaces of the ZnO crystal. �b� Transmission spectrum in the visible,
near-infrared and mid-infrared regions.
output power of 25 mW with a pulse duration of 200 fs. The
oaded 27 Aug 2010 to 133.68.192.94. Redistribution subject to AIP lic
ZnO single crystals, which were substrates for photoconduc-
tive antennas, had dimensions of 10�10�0.5 mm and the
crystallographic c axis of the crystals was oriented parallel to
the excitation laser. Two parallel 5-mm-long and 1-mm-wide
coplanar silver strip lines were fabricated onto these sub-
strates. The gap between the transmission lines was 1 mm.
The excitation laser was focused on the anode side using a
100 mm focal length cylindrical lens. The laser spot size on
the sample surface was about 1 mm�5 mm. A liquid-
helium-cooled germanium bolometer was used to detect the
total transmitted THz-radiation power.

Figure 2 shows that the THz-radiation power quadrati-
cally depends on the electric field. The sample is biased up to
2000 kV/cm and is saturated above 800 V/cm. The satura-
tion is attributed to the increased dark current. It is predicted
that the dark current will decrease under high bias voltage
and the THz-radiation power will increase as the crystal
quality is improved. Figure 3 is the spectrum of the THz
radiation obtained by using a polarizing-Michelson interfer-
ometer and clearly shows that the spectrum extends up to 1
THz with a peak frequency centered at around 0.35 THz.
Clear water vapor absorption lines are observed.22 The main
lines are shown as solid lozenge.

In conclusion, we have successfully generated THz
pulses from a photoconductive antenna fabricated on ZnO
single crystals. Using an all-solid state UV femtosecond laser
as the excitation source for ZnO reveals that the THz-
radiation power is saturated above 800 V/cm and that the
spectrum range extends up to 1 THz. Furthermore, the high
transparent nature of ZnO is manifested in the near-infrared
and THz frequency regions. These observed characteristics
open up the possibility of using ZnO in integrated active
optics.

FIG. 2. THz-radiation power dependence on the electric field. Saturation is
observed above 800 V/cm.
FIG. 3. THz radiation spectrum from a ZnO photoconductive switch.
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