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Terahertz plasmonic high pass filter
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Metamaterials, which contain engineered subwavelength microstructures, can be designed to have
positive or negative« andm at desired frequencies. In this letter, we demonstrate a metamaterial
which has a ‘‘plasmonic’’ response to electromagnetic waves in the terahertz~THz! range. The sharp
change of reflection and transmission at this plasma frequency makes the structure a high pass filter.
The reflection response is characterized by Fourier transform infrared spectroscopy, and a plasma
frequency at 0.7 THz is observed, which agrees with the theoretical calculation. The metamaterial
is a two-dimensional cubic lattice consisting of thin metal wires, having wire diameter of 30mm,
lattice constant of 120mm, and wire length of 1 mm. The microstereolithography technique is
employed to fabricate the high-aspect-ratio lattice. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1591083#
b
ne
tu
be
ia
of
t

s
ro
th
ri-
on
ve

t
in

o
b

or

b

he

r of

he
o-
by

di-
lic

l
ld
i-

ive

ng
ve-
due
the
re-
wire
ne
ters
an
ll
e
the
d

ient
atedma
Electromagnetic metamaterials, formed by artificial su
wavelength components, are developed to provide desig
with materials with properties that are not available in na
rally existing materials. Many exciting applications can
expected from these microstructured materials. Artific
magnetic material,1 for example, can be realized by arrays
metallic, nonmagnetic split-ring or ‘‘Swiss roll’’ resonan
structures. Left-handed,2,3 or negative refraction material i
another exciting example of metamaterials, which is p
posed to make a so-called ‘‘superlens’’ that can focus
image beyond the diffraction limit. Recently, a few expe
ments reported the existence of a GHz frequency plasm
behavior in thin metal wire structures, with the effecti
plasma frequency much lower than in bulk metals.4,5 Real-
ization of the plasmonic structure in THz ranges may lead
applications such as a high pass filter in the THz imag
system6 to reject thermal radiation signals.7,8 In this letter, we
demonstrate a THz plasmonic high pass filter consisting
high-aspect-ratio micron-sized wire arrays fabricated
microstereo-lithography~mSL!.

For bulk metal materials, the free electron gas the
predicts the response to electromagnetic~EM! wave. The
frequency dependent permittivity of metal is described
the Drude model as

«~v!512
vp

2

v2 , ~1!

where vp is the plasma frequency, which is related to t
electron densityn, electron massme , and chargee as

vp
25

ne2

«0me
. ~2!
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For most metals, the free electron density is at the orde
1022 cm23, and the plasma frequencyvp is in the range of
visible to ultraviolet~UV! wavelength.

Many engineering applications require lowering t
plasma frequency from optical to infrared, THz, and micr
wave range. One way to lower the plasma frequency is
adjusting the electron density of the materials through ‘‘
luting’’ metal, by engineering the subwavelength metal
structures. According to Pendryet al.,4 for a two-
dimensional~2D! subwavelength lattice of thin-wire meta
structures subjected to the EM irradiation with electric fie
parallel to the wires, the collective EM response of the m
crostructured material is characterized by a lower effect
plasma frequency

vp
25

2pc0
2

a2 ln~a/r !
, ~3!

wherec0 is the velocity of light in vacuum,a is the lattice
constant of the 2D wire array,r is the radius of the cylinder
wire. The plasma frequency is not only reduced by diluti
the effective electron density measured in the order of wa
length, but also by increasing the effective electron mass
to the induced current on the wire and, subsequently,
magnetic field around the wire. The effective plasma f
quency strongly depends on the lattice constant and the
radius. This finding provides an interesting method to tu
the plasma frequency by adjusting the geometric parame
of metamaterials. For EM waves with frequency lower th
vp , the effective permittivity of the thin metal structure wi
be negative, according to Eq.~1!, and no propagating mod
exists inside the structure. Above the plasma frequency,
effective permittivity is positive and the EM wave is allowe
to propagate through the structure. The reflection coeffic
at normal incidence of such a metamaterial can be calcul
from the Fresnel equation
il:
© 2003 American Institute of Physics
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R5U S k0 /«02k1 /«1

k0 /«01k1 /«1
D @12exp~22ik1d!#

12S k0 /«02k1 /«1

k0 /«01k1 /«1
D 2

exp~22ik1d!
U 2

, ~4!

wherek0 , «0 andk1 , «1 are the wave vector and permittivit
in air and the metamaterial, respectively,d is the thickness of
the metamaterial. The value of«1 is frequency dependen
and can be calculated from Eqs.~1! and~3!. For example, 2D
cubic lattice witha5120mm, r 515mm, has an effective
plasma frequencyf p5vp/2p calculated from Eq.~3! of
about 0.7 THz. Substituting Eqs.~1! and~3! into Eq.~4! and
taking d as 1.2 mm according to our sample size, the f
quency dependent reflection coefficient is calculated
shown in Fig. 1. A rapid drop of the reflection at the plasm
frequency f p is expected from the calculation. The sma
peaks in the plot result from multiple reflections at the int
faces. The plasmonic behavior of our structure strongly
pends on the polarization of the incident beam. With
electric field perpendicular to the wire, simulations show t
the transmission band of the 2D metal cubic lattice
proaches zero frequency.9

To apply this effective media theory the length of t
wire must be much longer than the wavelength,4 which
means the aspect ratio of the wire is very high. It is diffic
to use traditional silicon micromachining techniques to fa
ricate such structures. We employed amSL system10,11 to
synthesize these high-aspect-ratio cylinders. Figure 2 sh
the working principle of themSL system. The beam shapin
element delivers the mask pattern to the projection le
which focuses the UV light on the surface of the resin. T
liquid resin contains monomer and photoinitiator and th
can be photocross-linked by the UV exposure. Under
exposure, a thin layer of solid polymer structure is formed
the computer generated mask pattern according to the s
cross section of the digital three-dimensional~3D! model. By
stacking the layers sequentially in the course of lowering
elevator, one can fabricate a solid polymer copy of the dig
3D model out of the liquid resin. After themSL fabrication,
the polymerized structure is immersed in acetone to rem
the uncured resin and postcuring in an UV oven is execu

FIG. 1. The reflectivity of the thin wire metal structure calculated from E
~4!. The electric field of normal incident beam is parallel to the wire. T
small peaks come from the multiple reflections from the film interface~film
thickness is 1.2 mm!.
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to enhance the mechanical strength of the wires.12 After post-
curing, the structure is released from the acetone. Cer
deformation of the wires at the outer layer of the 2D lattice
due to the capillary force during release@see the inset scan
ning electron microscope~SEM! picture in Fig. 2#. These
deformations are justified as lattice defects, and may ca
noises in measured EM wave response.

Figure 3 shows the SEM image of the 2D cubic lattice
thin wires. These wires have a lattice constant of 120mm,
diameter of 30mm, and length of 1 mm, corresponding to a
aspect ratio larger than 30. The whole structure has dim
sions of 2.131.231.0 mm. After mSL fabrication, a thin
film of gold is sputtered uniformly on the polymer structur
to ensure adequate conductivity. To reduce the shadow
effects, the sputtering deposition was done in four steps
each step, the sample was tilted 20° and rotated in 0°, 9
180° and 270°, respectively, to ensure the good homogen
of Au coating along the cylinders. Copper electroplating
performed to check the continuity of the Au film on th
polymer structures, although the final structure for Four
transform infrared~FTIR! measurement does not have ele
troplated copper. The gold thickness is about 0.3mm, larger
than the skin depth of the THz radiation in Au~80 nm at 1
THz!. Therefore, in this frequency range we can treat

.

FIG. 2. The 3D structure is fabricated with a layer-by-layer photopolym
ization of the UV curable liquid resin. The cross-section pattern of dig
3D model is delivered by the beam shaping system and focused by
projection lens on the UV resin surface. The elevator will move down a
one layer is exposed, allowing the new layer to be formed on the surfa

FIG. 3. Environmental SEM picture of the 2D cubic lattice fabricated
advancedmSL. Lattice constanta5120mm, wire radiusr 515mm, wire
length l 51 mm; the dimension of whole structure is 2.131.231 mm. ~a!
The original polymer structure before gold coating,~b! after gold coating
and copper electroplating.~b! Indicates the continuity of the gold coatin
along the polymer wires. No shadowing effect is observed.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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whole wire as metallic without considering the contributi
of embedded polymer.

The reflectance measurements were performed usin
FTIR spectroscopy in the range of 0.6–6 THz with a ne
normal incident beam at room temperature. The polari
light was aligned either parallel (E field parallel to the wire!
or perpendicular to the wires. In our FTIR experiment,
used a collimated source~minimum diameter 5 mm! to illu-
minate a freestanding plasmonic filter. The sample size
mm, corresponding to 2–3 wavelengths in the freque
range of interest. From diffraction theory, we estimated t
the intensity within 10° divergence is;60% of the total
reflected intensity. Thus the optical theorem remains a g
approximation, and the scattering effects will not smear
plasmonic edge in the measured reflection signal. Certain
transmission measurement will provide a direct indication
the high pass filtering performance of the plasmonic devic
as demonstrated in Ref. 13 where a focused beam is u
This is not yet available in our setup, and a waveguide ch
acterization system will be developed for future work. Figu
4 shows the reflectance of the THz structure in both orien
tions. For the perpendicular polarization, the reflectance
low within the frequency range measured,~apart from sev-
eral peaks!, indicating a transmission band that agrees w
theory. For the parallel orientation the response is dram
cally different. The reflectance drops rapidly at 0.7 THz
small values comparable to the value in the perpendic

FIG. 4. Reflection signal from FTIR measurement. The solid line co
sponding to the reflection signal forE filed parallel to the wire, and a rapid
drop of the signal is observed above the plasma frequency (;0.7 THz). As
for perpendicular polarization~threaded circles!, the reflectivity is low at
0.7–1.2 THz, indicating a transparent window.
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orientation. This subwavelength structure forms a THz h
pass filter. The observed plasma frequency of 0.7 THz is
good agreement with the theoretical value calculated fr
Eq. ~3!. We also observed some small peaks above
plasma frequency in both parallel and perpendicular po
ization. These small peaks cannot be explained by the m
tiple reflections from the film interface as shown in Fig.
because the peak positions and spacing do not match
other. These small peaks may be due to the effect of lat
deformation from the outer layer of the structure, as m
tioned previously.

In conclusion, we have demonstrated a THz plasmo
high pass filter. The subwavelength 2D cubic lattice of m
tallic wire arrays has a plasma frequency at 0.7 THz. T
reflection signal is measured using FTIR for different pol
izations. The measured plasma frequency agrees well
theory. This plasmonic property of the microstructured m
terial can be used as high pass filters at desired frequenc
designing the geometrical parameters of the structure. Th
2D metal wire arrays can also be used as a high efficie
polarization filter in THz optics by virtue of their anisotrop
response to the EM wave.
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