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2-D Terahertz Metallic Photonic Crystals
in Parallel-Plate Waveguides
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Abstract—2-D metallic photonic crystals without defects, with
point defects, and with a Fabry–Perot (F–P) defect are characterized by terahertz time-domain spectroscopy. The metal parallelplate waveguide (PPWG) with single TEM-mode propagation is
used as a tool to simulate 2-D photonic crystals in free space. The
2-D metallic photonic-crystal structures were fabricated by coating
Au on an SU-8 polymer cylinder array. Wide terahertz bandgaps
were observed in the photonic crystals within the PPWG. The experimental measurements have excellent agreement to 2-D photonic-crystal theory without defects. Defect modes are observed in
the samples with defects and show the F–P defect has a strong localization effect.
Index Terms—Photonic crystals, submillimeter-wave spectroscopy, terahertz, waveguides.

I. INTRODUCTION

S

TARTING WITH the pioneering work of Yablonovitch [1]
and John [2], photonic crystals in both the microwave and
terahertz range have been studied experimentally [3]–[40] for
over a decade. It has become especially important to connect the
recent terahertz work to the extensive microwave literature because all of the terahertz guided wave demonstrations have their
microwave counterparts and because, for both terahertz and microwaves, the real part of metal conductivity can be considered
to be frequency independent and to be equal to the handbook
dc value, in contrast to metallic conductivity at optical frequencies. Compared to microwaves, terahertz phenomena occur at
a smaller spatial scale proportional to the shorter wavelengths.
The corresponding frequency-dependent losses are higher and
the skin depths are smaller, but the basic phenomena are the
same. The smaller terahertz spatial scale is especially convenient for the use of quasi-optics and associated techniques. Microwave engineers are well trained to handle terahertz propagation and interconnect design issues on the smaller single chip
scale. The growing interest in terahertz applications presents a
unique opportunity for the microwave community.
In contrast to the optical frequency range [41], [42], where
submicrometer technology is needed to fabricate photonic
structures, the microwave range allows for precise hand assembly of photonic crystals composed of identical millimeter-
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to centimeter-sized components on repetitive lattice spacings
with similar dimensions [3]–[40]. Most microwave photonic
crystals have consisted of arrays of dielectric or metal spheres,
arrays of cylinders, or arrays of square rods, sometimes supported by dielectric templates. These techniques have enabled
the construction and experimental characterization of both
2-D [5]–[10], [17], [20], [23]–[26], [28], [29], [31] and 3-D
[11], [12], [14]–[16], [18], [19], [22], [27], [30], [37] photonic
crystals. Typical photonic crystals are of the order of ten lattice
spacings long by 20 spacings wide with lattice spacings of
the order of the wavelength. Although point source excitation
and detection of the transmitted microwaves through a 3-D
photonic crystal was initially used with excellent results [4],
the crystals were more commonly characterized by input microwave beams with diameters smaller than the input face of
the photonic crystal and radii of curvatures of several times the
beam diameters.
An early 3-D terahertz photonic crystal utilized the orderly
stacking of dielectric rods and showed a 30-dB photonic
bandgap from 0.37 to 0.52 THz [13]. A subsequent 2-D
metallic photonic crystal, consisting of a 2-D honeycomb of
metal 80- m-diameter cylinders threaded through two supporting meshes separated by 3 cm, showed strong 10-dB frequency dependence from 0.8 to 1.7 THz [23]. Ten-period-long
metal 2-D photonic crystals, constructed with nickel-coated
50- m-diameter silica cylinders arrayed between parallel
70- m-square meshes, showed a 90-dB photonic bandgap at
2.2 THz [32]. Deep reactive ion etching has been used to etch
80- m-square holes on a 100- m-square lattice through a
500- m-thick high-resistivity Si wafer [34], which showed a
13-dB photonic bandgap from 0.9 to 1.2 THz [34]. Terahertz
time-domain spectroscopy (THz-TDS) transmission studies
from 0.2 to 0.4 THz of a hexagonal array of 360- m-diameter
air holes with a 400- m lattice constant in a 300- m-thick
high-resistivity Si slab within a parallel-plate metal waveguide
showed photonic-bandgap features together with an observable defect mode [36]. An air-spaced modular parallel-plate
structure with one plate having periodic grooves was developed
for biosensing from 0.3 to 0.6 THz [43], and showed sharp
value defect resonance.
transmission features and a
More recently, asynchronous optical sampling for such sensors
was demonstrated [44].
With respect to our goal of eliminating the above-described
arrays of long cylinders to achieve 2-D photonic crystals, we
have experimentally demonstrated that the parallel-plate waveguide (PPWG) can be generalized to enable effectively 2-D
terahertz embodiments within the bounded space formed by
the narrow separation between the two metal plates [45]–[48].
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The usual formulation of the electromagnetic wave equation in
rectangular coordinates, as applied to the PPWG with the plate
separation along the -axis, shows that TEM mode propagation
is preserved with included 2-D-shaped (
) components
[45]–[48]. Within this bounded space, 2-D reflective [47],
refractive, and diffractive [48] quasi-optical components have
been experimentally demonstrated. The resulting TEM wave
propagation is analytically described as 2-D waves (with no
dependence) propagating in the – -plane; 2-D circular waves
are analogous to 3-D spherical waves, and 2-D line waves are
analogous to 3-D plane waves. This situation allows for the
effective experimental realization of 2-D situations that can
only be approximated in free space.
Here, we report on the adaptation of the above-described
cylindrical photonic-crystal microwave structures to 2-D photonic-crystal terahertz structures within the bounded space
of the PPWG. These terahertz metallic 2-D photonic crystals
were realized by using semiconductor lithographic technology.
For our experiments, the previously handcrafted macroscopic photonic-crystal microwave cylindrical structures were
transformed into microscopic 2-D photonic-crystal terahertz
structures using cleanroom-based lithography to reduce the
spatial dimensions by as much as 1/100, corresponding to the
increased terahertz frequency. The consequent 70- m-diameter
80- m-high metal-coated dielectric cylinders standing on a
160- m periodic square lattice were ideal for microscopically
precise lithographic processing, as shown in Fig. 1.
Our observations of the strongly varying frequency-dependent terahertz transmission through the resulting metallic 2-D
photonic-crystal structures were fit with excellent agreement by
the transfer matrix method (TMM) theory [49]–[51] for 3-D
infinite cylindrical geometry photonic-crystal structures, scaled
down in size for terahertz frequencies. The software used for the
TMM calculation can only treat nondefect metallic structures
[51]. Due to the 2-D embodiment within the bounded space, no
correction was needed due to the finite thickness. The excellent
agreement also confirms the fabrication quality of the 2-D photonic crystals.
One set of applications of the work presented here would
be based on the ability to engineer parallel-plate components
with desired transmission properties. These components could
be used as narrowband filters with selective transmission or
rejection properties. An important application of such highfiltering is for biological [43] and chemical sensing. In addition, 2-D photonic-crystal structures within the confines of the
PPWG could possibly be used as a high-performance interconnect layer based on 2-D TEM propagation [45]–[48] or a 2-D
guided-wave network.
II. FABRICATION AND EXPERIMENT
For fabricating high-quality terahertz 2-D metallic photonic-crystal structures, microelectromechanical systems
(MEMS) [52] and metallization technologies were employed
[36], [38]. First, SU-8 2025 negative photoresist from MicroChem Inc., Newton, MA, was spun onto a 3-in Al coated
silicon wafer to form an 80- m-thick film. With a custom
designed lithographic mask, the SU-8 film was exposed and
developed. After the lithography, the soft SU-8 structures on
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Fig. 1. (a) Not-to-scale schematic diagram of the samples. (b) SEM image of
m
m
Sample B, where the total length across the 5-C array is
: mm. The sample chip size is 25-mm wide 10-mm long (terahertz path)
0.4-mm thick. The centered 5-C arrays of the samples extend the full 25-mm
width of the sample chip and are 0.71-mm long. The 2.5-mm-wide 10-mmlong spacer arrays, best shown on the reference chip, have the same pattern and
80-m height as the sample arrays.
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Fig. 2. Cross-sectional view of the PPWG assembly. The centered 5-C’s of
the 10-mm-long sample chip are shown together with the two silicon lenses
used to couple the terahertz pulse into and out of the PPWG formed by the top
metal plate and the top metallized surface (Au on Al) of the sample or reference chip, separated by the 80-m height of the cylinders. There is no terahertz
propagation through the Si substrate of the sample or reference chip. The length
of the entire structure along the terahertz beam direction is [6.56 mm (input
: mm long.
lens) 10.00 mm (sample chip) 6.56 mm (output lens)]
The height of assembly is [8 mm (top metal plate) 80 m (column height)
0.4 mm (sample chip thickness) 8 mm (bottom metal plate)]
: mm.
The lenses extend 15.0 mm perpendicular to the plane of the figure and the metal
plates and the sample plates extend 25.0 mm.
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the wafer were baked at 150 C, which transformed them into
permanent hard polymer structures. The 0.4-mm-thick wafer
was diced into 25-mm-wide 10.00-mm-long chips to fit the
PPWG setup, as shown in Fig. 2. The 400-nm-thick Au film
metallization of the chips was then conducted in an Au sputter
coater. The good step coverage property of sputtering provided
the required Au film quality on the sidewall of the cylinders.
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The metallic photonic crystals consist of a square array of
rows and columns of cylinders in air with lattice conm, diameter
m, and height
stant
m. The number
of rows in the columns was
mm
m
. Three different samples with five-column
(5-C) arrays of cylinders were fabricated. As shown in Fig. 1(a),
Sample A has 5-C cylinders without any defects, Sample B has
5-C cylinders with the removal of one cylinder every five rows
from the center column, and Sample C has 5-C cylinders with
the removal of the center column to form the Fabry–Perot (F–P)
defect cavity. Fig. 1(b) shows a scanning electron microscope
(SEM) image of Sample B. The structures on the two sides of
the chips were used as the spacers, which have the same height
as the cylinders in the center. The reference chip has the same
spacer structures, but no cylinders in the center [see Fig. 1(a)].
The 2-D terahertz photonic crystals were completed by sandwiching a sample chip between the two polished Al plates of the
original PPWG. The 80- m spacers separated the top Al plate
and the regions of unstructured metal surface of the sample or
reference chip. As shown in Figs. 1 and 2, the terahertz pulse
propagation was perpendicular to the columns of cylinders, with
the polarization parallel to the cylinders. The resulting 2-D photonic crystals, centered within the 10.00-mm-long waveguide
assembly, were characterized by the THz-TDS system [53].
To initiate the THz-TDS characterization, the terahertz reference pulse transmitted through the waveguide assembly with the
reference chip installed was measured. The terahertz reference
pulse propagated in the TEM mode through the 10.00-mm-long
80- m air-spaced PPWG formed by the top metal plate and the
metallized unstructured surface of the reference chip. The reference chip was then replaced by the sample chip and the transmitted terahertz sample pulse was measured. For THz-TDS,
the terahertz sample pulses are quantitatively compared to the
terahertz reference pulse. From the comparison of the corresponding complex amplitude spectra, the linear transfer funcdescribing the complex filtering effect of the sample
tion
is obtained. In the measurement, the in-coupled terahertz pulse
first propagates through 4.65 mm of the unstructured PPWG before entering the 5-C pattern of the sample chip. After traversing
the 0.71-mm path length of the 5-C sample pattern, the terahertz pulse traverses another 4.65-mm length of the unstructured
PPWG before out-coupling to the receiver. The terahertz receiver is polarization sensitive with an amplitude rejection ratio
of approximately 5 : 1.
Two plano-cylindrical high-resistivity uncoated silicon lenses
(Fig. 2) were used to couple the terahertz pulse into and out of
the PPWG structures of reference or samples. The lenses are 15
mm 10 mm 6.56 mm with a 5-mm radius of curvature. The
input Si lens focuses the incoming terahertz pulse to an elliptical
spot with the minor axis of 150 m, perpendicular to the waveguide plates, and the linearly wavelength-dependent major axis
of 9 mm at 1 THz, parallel to the waveguide plates, compared
to the 20-mm clear width of the sample chips.
The quasi-optical coupling of a freely propagating terahertz
beam into the PPWG at the beam waist of a confocal terahertz
system is surprisingly efficient over the entire bandwidth. Compared to the free-space system, the insertion of only the two
cylindrical lenses separated by their focal lengths reduces the

amplitude of the transmitted terahertz pulse by the multiplica, where 0.5 is the Fresnel transmistive factor
sion through the uncoated Si lenses (due to the reflective losses
of four surfaces), and 0.8 is the quasi-optical amplitude coupling (transmission) through the two confocal lenses. In the initial demonstration [45], when the foci of the two lenses were
separated by a 12.6-mm-long 108- m air-spaced Cu PPWG, the
amplitude transmission was reduced to
,
similar to the situation for the experiment described here. The
additional factor of 0.8 is mainly due to the waveguide coupling
loss with a smaller loss due to waveguide absorption. In comparison to the received terahertz power of the free-space system, the
waveguide assembly of Fig. 2 with the reference plate installed
reduces the received power by 10 dB, where 6 dB is due to the
Fresnel reflection losses from the lenses and the remaining 4 dB
is the quasi-optical coupling loss. Clearly, reducing the reflective losses would be helpful. As suggested by one of the referees
of this paper, a thin parylene antireflection coating on the lenses
could prove effective to reduce these losses [54].
At the confocal beam waist of the employed THz-TDS
system, there are 30 wavelengths across the 9-mm-diameter
beam at 1 THz, similar to the 30–50 in the microwave experiments [9]. The frequency-independent 2-D THz beam
divergence is 0.033 rad, which is also the angular acceptance of
the terahertz receiver. This narrow acceptance angle of the terahertz receiver is important for accurate measurements because
the forward (zeroth order) transmission through the photonic
crystals is expected to be sharply angular dependent, similar
to a transmission grating, requiring good angular resolution to
obtain the proper on-axis signal strength.
III. RESULTS AND DISCUSSION
Fig. 3 shows the transmitted TEM-mode terahertz pulse with
the reference chip installed in the waveguide assembly and the
corresponding amplitude spectrum, which are similar to the terahertz pulse and spectrum in free space. The reference pulse
is only shown to 10 ps to detail the pulse shape; the complete
scan extended to 30 ps. As discussed above, the incoming terahertz beam, focused by the cylindrical Si lens, has been shown
mode
to couple with exceptional efficiency to the TEM
of the PPWG [45]–[48].
-mode selectivity is due to the following properThis
ties. For the linear terahertz polarization perpendicular to the
waveguide plates, coupling is possible only to the TM modes.
For the 80- m plate separation, the cutoff frequencies of the
and
modes are 1.88, 3.75, and 5.62 THz,
respectively. By symmetry arguments, the overlap integral of
mode at
the focused incoming terahertz beam with the
the waveguide face is zero, thereby giving no coupling. Furthermore, the terahertz beam at focus is broad enough so that
mode, and couthe overlap integral is very small for the
pling is negligible. Finally, our spectral range is below cutoff
mode. For completeness and comparison, we note
for the
the comprehensive work on micromachined rectangular waveguides for millimeter-wave and terahertz frequencies [55], [56].
Fig. 4(a) and (b) shows the transmitted terahertz pulse with
the Sample A chip and the corresponding amplitude spectrum.
The transmitted pulse from the sample has a ringing structure
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Fig. 3. Transmitted terahertz pulse with the reference chip in place and the
corresponding amplitude spectrum. The measured terahertz pulse amplitude expressed in picoamperes [53] is linearly proportional to the electric field amplitude.

extending to 25 ps. There is a small 0.2-ps propagation delay of
the sample pulse with respect to the reference pulse. From the
spectrum, it is clear that the first two bandgaps extend from low
frequency to 1.0 THz and from 1.2 to 1.6 THz.
To enable our theoretical modeling of these results, we will
now show that within the approximations of the simple Drude
model, the real part of the dielectric constant of metal is a negative constant, while the much larger imaginary part is, to a good
first-order approximation, proportional to the wavelength. The
simple Drude model [57] treats the free carriers in a metal as
classical point charges subject to random collisions for which
the collision damping is independent of the carrier velocity. According to the model, the frequency-dependent complex dielectric constant (the square of the complex index of refraction
) is given in SI units as

Fig. 4. (a) Transmitted terahertz pulse with the Sample A chip in place.
(b) Amplitude spectrum of transmitted terahertz pulse. (c) Power transmission
in decibels with Sample A (dots) and numerical simulation (solid line). The
power transmission is the square of the ratio of the measured spectral amplitude
of (b) to the measured spectral amplitude of the reference pulse of Fig. 3(b),
i.e., Fig. 4(b)/Fig. 3(b).

The above expression for can be rewritten in the form
(3)

(1)
where the corresponding Drude complex conductivity is given
by

For the microwave and terahertz frequency ranges, the ratio
, and the above expression for is, to a good first-order
approximation, given by

(2)

(4)

For the above relationships,
is the contribution of the bound
is the damping rate, where is the avelectrons, and
erage collision time. The plasma angular frequency
is de, where is the number density of
fined by
carriers, is the electronic charge, is the free-space permittivity, and is the effective carrier mass. The dc conductivity
is given by
N with the mobility
.

For the case of conducting metals
proximation, be further reduced to

can, to an excellent ap-

(5)
It is important to note that even though the conductivity is
considered to be frequency independent and equal to the dc
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value
, the above argument shows in (5) that the resulting dielectric constant for conducting metals has a negative constant
real part and a much larger frequency-dependent imaginary part.
It is possible to consider microwave and terahertz pulse propagation within a conducting metal, by rewriting the dielectric
constant in the equivalent form involving the complex index
as follows:
of refraction
(6)
Within the approximation, good for microwave and terahertz
, (5) yields the relationship
frequencies, that
(7)
which is consistent with the similar result for metals obtained
from optical theory [58]. The standard Fresnel relations in
complex form describe the reflection and transmission coefficients for the metal [58]. Propagation within the metal is
, where
described by the simple relationship
. The skin depth is seen in the rela. Using (7), the skin
tionship
depth is obtained as
(8)
which is the usual microwave result [59], [60].
To perform the TMM numerical simulation [49]–[51], we
need the plasma frequency
and the damping rate , which
by
. Given the measurement of
are related to
THz for gold [61], and the handbook Au conducm [60],
is calculated by the
tivity of
relationship
to be
THz.
Fig. 4(c) compares the measured power transmission for
Sample A and the simulated power transmission of a 5-C,
infinitely long, and wide array of solid Au cylinders similar to
Sample A. Beyond 1 THz, the results fit very well. However,
below 1 THz, there is significant difference considered to be
due to the 40-dB dynamic range capability of the THz-TDS
measurement. If we take 30 dB as the threshold, the measured
bandgaps are from 0.25 to 1.04 THz and from 1.20 to 1.62 THz.
In comparison, the calculated bandgaps are from 0 to 1.03 THz
and from 1.19 to 1.60 THz. The corresponding positions of
the dips and peaks of the experimental results are in good
agreement with the theory.
Fig. 5(a) and (b) shows the transmitted terahertz pulse and
the corresponding amplitude spectrum with Sample B. Fig. 5(c)
compares the power transmission for Sample B with Sample
A. The transmissions are similar, except that for Sample B, the
power transmission at 1.1 THz has been reduced by approximately the multiplicative factor 0.2 compared to Sample A. This
reduction is considered to be due to scattering by the point defects of Sample B. The defect of Sample B is responsible for the
relatively weak peak (defect mode) at 1.42 THz in the second
bandgap from 1.2 to 1.6 THz. The peak has 0.2% power transmission. This small value is considered to be caused by the point
symmetry of the defect not being compatible with the propagating line wave. Similar metallic photonic structures (solid
) have been theoretically studied using
copper rods,

Fig. 5. (a) Transmitted terahertz pulse with the Sample B chip in place.
(b) Amplitude spectrum of transmitted pulse. (c) Power transmission with
Sample B (solid line) compared to the power transmission with Sample A
(dotted line).

the finite-difference time-domain method [62]. In [62], the resonant frequency for one defect mode is given by the numer(c/L), where c is the speed of light. For
ical result
our case, the corresponding theoretical frequency is 1.412 THz,
which is in good agreement with our observation of 1.42 THz
).
(gold coated rods,
To gain higher transmission of the defect mode, Sample C
with the F–P defect was measured. Fig. 6(a) and (b) shows
the transmitted terahertz pulse and the corresponding amplitude spectrum for Sample C. Here, the peak pulse amplitude
and peak transmitted spectra are clearly larger than for Sample
A, demonstrating the transmission enhancement of the F–P defect. Fig. 6(c) shows the comparison of the power transmission
for Sample A and Sample C. Compared to the power transmission peak of Sample A centered at 1.13 THz with a full
GHz and a peak
width at half maximum (FWHM) of
value of 5%, for Sample C, this peak has shifted to 1.10 THz,
GHz and increased to 18.5%. The
narrowed to
value of this transmission maximum is evaluated as
THz/0.020THz
. Similar to Sample B, there is a peak
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Fig. 6. (a) Transmitted terahertz pulse with the Sample C chip in place.
(b) Amplitude spectrum of transmitted pulse. (c) Power transmission with
Sample C (solid line) compared to the power transmission of Sample A (dotted
line). (d) Power transmission in decibels with Sample C.

(defect mode) in the second bandgap from 1.2 to 1.6 THz of
Sample C. The position of this peak at 1.46 THz has shifted approximately 0.04 THz from Sample B because of mode coupling effects [24] and experimental variation. The peak with
17% power transmission shows very strong localization compared with the point defect of Sample B. This peak at 1.46 THz
GHz, corresponding to
has a FWHM linewidth of
the relatively high- value of 133. The high strength and high
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of this F–P defect is thought to arise from the compatible
symmetry with the propagating 2-D line wave. We consider that
value may be limited by the small number (only
the
two) of columns on either side of the defect. One can also observe a sharp transmission minimum centered at 1.69 THz with
a FWHM linewidth of 30 GHz and with the peak power transmission falling from 33% to 1% on the line center. In order
to present the dynamic range of the transmission resonances
for Sample C, the observations were replotted in decibels in
Fig. 6(d), showing the 24-dB transmission peak at 1.10 THz,
the 20-dB F–P defect transmission resonance peak at 1.46 THz,
and the 17-dB transmission minimum at 1.69 THz.
The defect mode frequency in the F–P defect can be calcu,
lated by the F–P resonance condition
where is the mode number, is the total phase contribution
of two mirrors, and is the separation between the mirrors [16].
m is the width of one column
Here, the separation
spacing. There is no separation for the full column structure
(Sample A). When one column is removed, the separation is
equal to the column spacing. For the defect mode at 1.46 THz,
is evaluated as 2 and as 159 .
For completeness, we compare these results with our unsuccessful first attempt to create and characterize 2-D metallic photonic crystals [38]. Initially, we used a 2-D photonic crystal of
sputtered metal coated cylinders, 70- m tall, 70- m diameter,
and arranged on a 160- m-square lattice, lithographically fabricated on a 25.4-mm-square Si plate, which filled the space
between the plates of the longer PPWG. However, due to the
, there was
large number of metal coated columns
no observable terahertz transmission through this structure. In
order to obtain some transmission, we broke the 2-D symmetry
by increasing the space between the waveguide plates to let the
tops of the metal coated cylinders form a 100- m airgap to the
second plate. This (theoretically undescribed) photonic waveguide showed strong photonic transmission effects, with stopbands or transmission features having instrument-limited 40-dB
contrasts [38].
We then studied the more transparent dielectric 2-D photonic
crystals incorporated into the PPWG [40]. The dielectric 2-D
crystals consisted of 65- m-diameter 70- m-high dielectric
cylinders standing on a 160- m-square lattice and were characterized by THz-TDS from 0.2 to 3 THz. These dielectric
2-D photonic crystals of four-, eight-, and 60-column arrays of
cylinders (with no defects) showed high dynamic range, and
complex frequency response, including well-formed 40-dB
photonic bandgaps in exceptional agreement with 2-D theory
[51].
IV. CONCLUSION
The measurements and characterizations of effective 2-D
metallic photonic crystals have been presented in the terahertz
range. Wide bandgaps from 0 to 1.0 THz and from 1.2 to
1.6 THz were realized in the metallic photonic crystals, which
fit well with the simulation results. Strong localizations of
the point defect mode and the F–P defect were also observed.
The convenient fabrication method and powerful metal PPWG
setup may enable applications, such as terahertz metallic photonic-crystal cavities and photonic networks.
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The fact that these 2-D photonic-crystal structures were
lithographically fabricated using custom designed lithographic
masks demonstrates that any 2-D photonic-crystal geometry
consistent with the broad applicability of lithography can be
achieved. Furthermore, the fact that the theoretical simulations
agree with experiment will allow for accurate simulations
of proposed structures before mask design and fabrication.
Consequently, this study has shown the possibility of design
and fabrication of 2-D photonic crystals within the PPWG with
specified frequency-dependent transmission.
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