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We demonstrate how micromachined photonic crystals can be used to negatively refract terahertz frequency light.
The photonic crystals, which are constructed from conventional dielectric materials, manipulate the incident beam
via interaction with their photonic bands. Consequently, we show that different components of a broadband beam
incident on the structure may be positively or negatively refracted, depending upon its frequency and that the
structure can be used as an effective spectral filter of THz radiation. © 2011 Optical Society of America
OCIS codes: 160.5293, 300.6495.

In recent years, advances in terahertz (THz) radiation
techniques [1] have been applied to a wide variety of
problems, including art conservation [2], biomedicine
[3], and process control [4]. This has led to a demand
for the development of components that can guide, focus,
and filter THz radiation. Hence, as in optics more gener-
ally, there is a role for artificial optical materials that
make possible negative refraction, where a refracted
beam is on the same side of the normal to the interface
as the incident beam [5]. The phenomenon of negative
refraction was first theoretically proposed by Veselago
in 1968 [6]. More recently, it has been observed in
many systems, including those containing homogeneous
materials [7], metamaterials based on split-ring resona-
tors [8], and photonic crystals [9]. There has been intense
interest in the phenomenon, because negatively refract-
ing materials make possible new physical effects with
many remarkable potential applications, including both
the “superlens” [10] and the “cloak of invisibility” [11].
Since Isaac Newton first decomposed white light in
1667 [12], prisms have become a familiar optical tool,
and in this Letter, we report an investigation of a prism
that can cause both positive and negative refraction of
THz radiation and, as a result, can provide exceptionally
large angular dispersion of adjacent frequency bands.
For a material to have a negative refractive index, it

must possess both a negative electromagnetic permeabil-
ity and permittivity [6]. Recently, direct experimental evi-
dence of the achievement of a negative refractive index
at THz frequencies in a wedge-type metamaterial has
been reported [13]. However, the condition of a negative
refractive index is not necessary for the observation
of negative refraction. The phenomenon of negative re-
fraction simply requires that, in refraction at an interface,
the refracted ray is on the same side of the normal as the
incident ray; and this can occur, for example, at the sur-
face of a conventional photonic crystal as a consequence
of the nature of its band structure [14]. In this Letter, we
show that strong negative refraction of THz radiation can
be achieved at the surface of a simple metallic photonic
crystal providing that its photonic band structure is
suitably engineered [15]. Such photonic crystals are

relatively easy to fabricate, and here we report measure-
ments on a sample in the form of a prism, with particular
attention to its potential as a spectral filter.

Micromachining can be used to produce three-
dimensional structures (for example, pillars and holes)
on a submicrometer to millimeter scale, dimensions that
correspond to THz wavelengths. The technique is thus
ideal for producing photonic devices that operate in the
THz region of the electromagnetic spectrum. In recent
work, we have shown how such devices can be used
to filter THz radiation at normal incidence [16], and
further theoretical developments of these ideas have
considered waves that are obliquely incident on a prism
structure of metallic pillars arranged on a hexagonal
lattice [15]. The first two photonic bands of the basic hex-
agonal lattice system, with the electric field polarized
parallel to the pillars’ axis, are shown in Fig. 1(a); these

Fig. 1. (Color online) (a) Schematic diagram of the band struc-
ture of a photonic crystal having metallic pillars arranged on a
hexagonal lattice. f P and f J denote the effective plasma fre-
quency and frequency at the J symmetry point. If a wave with
a frequency within the first band, lying between f P and f J , is
incident on the prism, it should be positively refracted. On
the other hand, if an incident wave has a frequency higher than
f J , and it lies within the second band, it should undergo nega-
tive refraction. (b) Scanning electron microscope image of the
hexagonal metallic photonic crystal prism. The arrow on the
right depicts the incident beam, while the arrows emerging
from the surfaces labeled PRF and NRF show the directions
of the positively and negatively refracted beams.
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were obtained by employing the complex band structure
method [17]. The structure possesses an effective plasma
frequency, f P , below which an electromagnetic wave
cannot propagate, and a demarcation between the two
bands occurs at the J point, at frequency f J . The lowest
band, with frequencies lying between f P and f J , is char-
acterized by a group velocity parallel to the wave vector,
but the second band, lying above f J , is characterized by
a group velocity antiparallel to the wave vector [15]. Be-
cause the group velocity of the transmitted wave must
propagate into the medium, waves of frequency within
the first band are positively refracted, while those in
the second band are negatively refracted. Lower fill fac-
tors, and hence larger periods or smaller radii, reduce
these frequencies, allowing devices to be developed that
operate in differing frequency ranges.
The photonic crystal studied in our experiments con-

sists of metallic pillars of diameter 80 μm arranged in a
periodic hexagonal array of lattice constant 200 μm.
The band structure calculations show an effective plas-
ma frequency of f P ¼ 1:02THz and a J point frequency of
f J ¼ 1:28THz. However, we note that these values are
calculated with the neglect of losses within the metal.
With losses included, it is no longer possible to define
f P , precisely because all wave vectors are of a complex
nature, and there is no clear-cut demarcation between
propagating and nonpropagating states. The inclusion
of a loss term has the additional effect of reducing the
value of f J by a few percent. Details of the basic fabrica-
tion methods employed have been published elsewhere
[16], but in brief, high-aspect-ratio polymer pillars are
formed by backside UV exposure of SU-8 50 on a glass
substrate, before being sputtered with gold. Because
the gold thickness is greater than the electromagnetic
radiation skin depth, the pillars behave in effect like solid
metallic rods.
Figure 1(b) is a photograph of the photonic crystal

together with superimposed arrows indicating the direc-
tions of the incident and negatively and positively
refracted beams. A wave of frequency within the first
band, and thus having parallel group velocity and wave
vector, should undergo positive refraction, to emerge
from the “positive refraction facet” (PRF) as indicated.
Conversely, an incident wave of frequency within the
second band, hence having antiparallel group velocity
and wave vector, should experience negative refraction,
emerging from the “negative refraction facet” (NRF), as
predicted in [15].
Refraction of THz light by a photonic crystal can be

experimentally measured using a conventional broad-
band spectrometer configured in an appropriate reflec-
tion geometry. Figure 2 illustrates the system used to
measure the negatively refracted components of the in-
cident broadband beam, while the positively refracted
components were detected using a system whose second
pair of parabolic mirrors and collection optics had been
rotated clockwise by an angle of 120°. The THz radiation
was generated using a photoconductive switch, fabri-
cated on low temperature grown GaAs and detected
electro-optically using a balanced scheme. The IR pulse
used for generation and detection was produced from a
Ti:sapphire laser of wavelength 780 nm, pulse duration
20 fs, average power 600mW, and repetition rate

76MHz. After generation, the THz radiation was col-
lected and focused onto the sample or a reflecting refer-
ence mirror (see below) using a pair of parabolic mirrors.
Modeling [18] of the system shows that the best coupling
of the incident wave to the refracted wave is provided for
an incidence angle in the interval of 20°–30°, because the
matching of the propagation constants in the structure
and in the vacuum minimizes reflections of the beam
at the sample interface. Therefore, in the experimental
setup, an incidence angle of 25° was chosen. For both
the cases of negative and positive refraction, a plane
mirror placed at the THz beam focus allowed reference
measurements to be undertaken to check the system
alignment and performance. Another pair of parabolic
mirrors, placed in an appropriate angular position, col-
lected the radiation from the sample, which was then

Fig. 2. (Color online) Schematic diagram of the reflection THz
time domain spectrometer used to measure negative refraction.
To measure positive refraction, the second pair of parabolic
mirrors and detection optics were rotated through an appropri-
ate angle. The inset shows the orientations of the two refracted
beams relative to the incident and a (hypothetical) directly
transmitted beams. For waves undergoing negative refraction,
the beam emerging from the NRF forms an angle of about 70°
with the incident beam, while for positive refraction, the exit
beam is deflected by approximately 15° from the incident beam
path. Therefore, the two beams are separated by an angle of the
order of 120°.

Fig. 3. (Color online) (a) Reference pulse in the time domain
showing system performance. Inset, spectral content of this
pulse. (b) THz pulse in the time domain that has interacted with
the sample before emerging from the NRF.
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focused onto the detector. It should be noted that the
parabolic mirrors focused the broadband THz beam onto,
and collected the narrowband refracted beam from, the
sample over an angular range of approximately 10°—this
is much smaller than the angular separation of the
refracted beams.
Figure 3(a) shows the typical temporal dependence of

the reference signal obtained from the spectrometer. The
Fourier transform, which is shown in the inset, indicates
a usable bandwidth of approximately 3THz with maxi-
mum power being output around frequencies of 1THz,
which corresponds to the operating frequency of the de-
vice. Figure 3(b) shows the pulse that emerges from the
NRF. Even though the amplitude is much reduced in the
time domain, the negatively refracted pulse contains
numerous oscillations. This pulse ringing is clear initial
evidence that only a limited range of frequency compo-
nents are steered by the device to emerge from the NRF.
The THz beam emerging from the PRF is of a similar
structure. The Fourier transforms of the pulses (Fig. 4)
show the spectral content contained in both the nega-
tively and positively refracted components of the origi-
nal, incident THz beam, the rest being filtered away by
the device.
It is clear that while there is some overlap of the tails of

the spectral peaks, there are distinct passbands for the
negatively and positively refracted waves, which corre-
spond to the photonic bands having a positive and nega-
tive group velocity. The positive refraction band extends
from 0.73 to 0:91THz, while the negatively refracted band
covers the spectral range of 0.91 to 1:24THz, when de-
fined by their FWHM. In both bands, approximately
10% of the incident beam power is refracted. The general
form of these results is consistent with our theoretical
band structure analysis, which should be recognized
as being for a system consisting of an infinite array of
pillars using a finite number of plane waves, whereas

in the experiment a focused beam is incident on a finite
structure. When losses are included, the value of f P is no
longer clear-cut and, as noted, losses also reduce the
value of f J , and both these trends are consistent with
the experimental observations. Also, limitations on the
micromachining processes used to construct the prism
mean that the pillar diameters are somewhat more
narrow toward their tops, and this will further reduce
the predicted frequencies.

In summary, we have demonstrated, for the first time
to our knowledge, the ability of a metallic photonic crys-
tal prism to filter a broadband THz beam in such a way
that two angularly resolved beams at different frequen-
cies emerge. Essentially, the device works by positively
refracting the frequency components in one interval and
negatively refracting the frequency components in an
adjacent interval by making use of the properties of
the two lowest photonic bands of the crystal. It should
also be noted that the top-hat shape of the transmission
spectrum for the negatively refracted wave makes such a
device attractive for use as a spectral filter.
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Fig. 4. (Color online) Spectral intensity of the two compo-
nents of the THz pulse that are transmitted by the prism,
corresponding to positive refraction when emerging from the
PRF and negative refraction in the case of the NRF. The hor-
izontal bars indicate the FWHM frequency ranges of the first
(0:7–0:91THz) and second (0:91–1:24THz) photonic bands as
determined experimentally.
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