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Two-dimensional photonic crystal at THz frequencies constructed
by metal-coated cylinders
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Two-dimensional photonic crystals with photonic bandgaps~PBGs! in the terahertz~THz! frequency
regime have been constructed by arraying metal-coated cylinders. PBGs were observed at 2.2 and
4.7 THz for the samples with lattice constant of 140 and 70mm, respectively. Experimental results
show that the PBGs were realized with only a small number of layers~<10 periods! and they are
robust against positional disorder~about 14%!. Thus, metal-coated cylinders provide us with a
promising approach to create robust PBGs in the THz frequency range. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1573338#
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There has been great interest in the terahertz~THz! fre-
quency region due to the potential applications in med
imaging, chemical detection, and analyses, etc.1–3 The recent
realization of a THz laser2 will undoubtedly benefit these
potential applications. Photonic band gaps~PBGs!, a funda-
mental property of photonic crystals~PCs!, provides the abil-
ity to manipulate the propagation of electromagnetic~EM!
waves, leading to applications in photonic components s
as filter, polarizer, and reflector.4–7 Although most experi-
mental studies of PC materials focused on the microwave7–9

infrared,10,11 and visible light12,13 regions, PCs in the THz
range have been fabricated by laser rapid prototyping14 and
other methods.6,15 Metallic photonic crystals~MPCs! have
been studied intensively recently because they have the
vantage over dielectric PCs in creating larger PBG in a sm
number of lattice periods.16–19However, some recent resul
indicate that the PBG in MPCs can be easily destroyed
disorder,15,20 which would hamper their applications. Th
communication describes a new construction of two dim
sional~2D! PCs with metal-coated silica cylinders which f
cilitate not only the formation of PBGs but also demonstr
robustness against positional disorder.

The 2D PCs were constructed with Ni-coated silica c
inders in air background, whose diameter is 50mm. Metal
coating was introduced to help to create the PBGs. The
inders were confined and aligned between two parallel b
meshes and formed a linear lattice structure which can
repeated to form a 2D PC structure@shown in the inset of
Fig. 1~a!#. The distance between two neighboring mesh ho
is 70 mm. Then the lattice constanta is 70 or 140mm real-
ized by mounting the cylinders in every or every other me
hole, corresponding to a filling ratiof of 40% or 10%, re-
spectively.

a!Author to whom correspondence should be addressed; electronic
luwei@mail.sitp.ac.cn
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Since the diameter of the cylinders is smaller than
size of the mesh hole, it is unable to keep the cylinder
actly at the center of each mesh hole. Thusa can not be
exactly uniform. The fluctuation in the lattice constant, ho
ever, is less than 10mm for both samples witha5140 and
70 mm, corresponding to a positional disorder of 7% a
14%, respectively. Transmission measurements were
formed by using a Fourier transform infrared~FTIR! spec-
trometer. Botĥ10& and^11& directions, the principal symme
try directions of 2D square lattice, can be measured
normal incidence as indicated in the inset of Figs. 1~a! and
1~b!. The spectra in the principal symmetry directions c
reveal the property of complete PBG to some extent.16,19,21

It is well known that the EM wave can be decompos
into transverse magnetic~TM! ~E along the axis of the cyl-
inders! and transverse electric~TE! polarization modes for a
2D structure. A band gap exists for a 2D PC only when ba
gaps in both polarization modes are present and they ove
each other.21 TM and TE polarization modes and total tran
mission spectra have been measured with normal incide
similar to measurement method used in Refs. 19 and
Figure 1~a! presents the results along the^10& direction for a
PC constructed of two layers of metal-coated cylinders w
a570mm. Both the spectra of TM and TE polarizatio
modes have an obvious minimum in transmission and t
overlap each other. A band gap will be located in this ov
lapping frequency region. Therefore, a total transmiss
spectrum without polarization has been measured and an
vious PBG has been detected as shown in Fig. 1~a!. The PBG
along^11& direction has also been observed as shown in F
1~b!. In general, a square lattice of dielectric cylinders in
does not give rise to the complete PBG. However, it helps
create the complete PBG by introducing metal into t
square lattice.16,21 Therefore, the existence of PBG in ou
samples should be ascribed to the metal coating.

To investigate the influence of periodicity along cylind
layers, on the formation and characteristics of the PBGs, n
il:
1 © 2003 American Institute of Physics
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mal incident transmission was measured for various PCs
varying the lattice periods from one to ten witha
5140mm, and from two to eight layers witha570mm.
Figure 2 presents the measured results of PCs witha
5140mm and one, three, and ten periods. For a single r
the structure resembles a linear grating filter with cylinde
which should exhibit a minimum in transmission at the fr
quency where the wavelength is equal to the cylinder
cylinder spacing. The minimum of transmission was fou
near the frequency of 2.2 THz~corresponding to a wave
length of 138mm, very close to the lattice constant of 14
mm! showing good agreement with this simple rule
thumb.9 As the sample thickness increases to three layers
frequency of the transmission dips remains unchanged w
its amplitude decreases from234 to242 dB. It indicates the
effect of increasing the sample thickness, showing that
EM waves have been modulated by the periodicity of diel
tric constant and experienced at least partial Bragg sca
ing. For the crystal with ten layers of Ni-coated cylinde
the PBG centered at 2.2 THz is almost completely realiz

FIG. 1. Spectra propagation along the two principal symmetry direction
^10& and ^11&. ~a! Dash, dot, and solid lines represent the TM polarizatio
TE polarization, and total~without polarization! transmission spectra alon
the^10& direction for PC constructed of two layers of metal-coated cylind
with lattice constant of 70mm, respectively;~b! total ~without polarization!
transmission spectra along the^11& direction for PC constructed of eigh
layers of metal-coated cylinders with lattice constant of 99mm.

FIG. 2. Measured transmission spectra for PCs constructed of one, t
and ten layers~periods! of metal-coated cylinders. Lattice constanta
5140mm, filling ratio f 510%. The calculated center frequencies of PB
are indicated by arrows.
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The attenuation of EM waves in this frequency region
larger than 80 dB, beyond the sensitivity of our FTIR spe
trometer. It is obvious that introducing metal coating on t
silica core facilitates the formation of PBGs. The center f
quencies of the PBGs in different structures have been
culated by using the transfer-matrix method~TMM !.22 They
agree very well with the experimental results, as indicated
arrows in Fig. 2.

We have also constructed other samples with a lat
constant of 70mm, just by shortening the distance betwe
the neighboring cylinders. It should be pointed out that
decrease of the lattice constant is accompanied by increa
the filling ratio from 10% to 40%. The experimental spec
for these samples are presented in Fig. 3. A broad dip
transmission centered around 4.7 THz has been observe
all the structures with thickness of two to eight layers. T
TMM calculated results are indicated in Fig. 3 by arrows.
is noted that the center wavelength is again close to the
tice constant of the structures. The frequency gap around
THz is seen to be present with only two layers. The tra
mission dip becomes deeper with increasing sample th
ness. With eight layers, a PBG with attenuation larger th
80 dB was realized.

It is seen from Figs. 2 and 3 that the calculated cen
frequencies of the PBGs fit the measured dips reason
well. However, the measured transmission in the upper-p
band is somewhat lower than expected. The difference
tween measured and calculated transmission in the up
pass band is attributed to disorder in the structures, simila
the results in Ref. 15. Figure 4 presents the transmiss
difference (DT) as a function of the number of periods fo
both structures witha5140 and 70mm. For a5140mm,
DT increases in dBs with increasing thickness. It chan
from 14 to 37 dB at 4 THz as the thickness varies from o
to ten layers. It is almost an increase of 2.6 dB per lay
indicating that the disorder has not affected the exponen
growth of attenuation with increasing layers. Similar to t
structure of a5140mm, DT for the samples witha
570mm also shows an increase of 6.3 dB/layer. Again
disorder does not seem to affect the exponential trend.
increasing rate ofDT for the sample witha570mm is al-

f
,

s

ee,

FIG. 3. Measured transmission spectra for PCs constructed of two, four
and eight layers~periods! of metal-coated cylinders. Lattice constanta
570mm, filling ratio f 540%. The calculated center frequencies of PB
are indicated by arrows.
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most twice as much as that of a sample witha5140mm.
This is due to the disorder difference between the structu
of a570 and 140mm. By adding a layer, the amount o
disorder introduced into the structure ofa570mm is twice
as much as that ofa5140mm. SinceDT ascribes to disor-
der in the structures, its increasing rate for the former str
ture is consequently faster than that of the latter. We
served that if the Bragg-like multiple scattering is t
dominant mechanism for PBG functions, the PBG should
very sensitive to positional disorder. On the other hand, if
dominant mechanism is the Mie resonances, the PBG
survive even for large amounts of disorder, similar to wh
the electronic band gap survives in an amorpho
semiconductor.20 With our results, we expect the domina
mechanism for the formation of the PBG to be Mie res
nances for the PCs constructed of metal-coated silica cy
ders. Therefore, PBG in such structures can be realized
only a few lattice periods, and survives even for a relativ
large amount of disorder.

In conclusion, 2D PCs in THz frequencies have be
constructed by arraying the Ni-coated silica cylinders in l
ear lattice structures as well as repeating the layer wita
5140 and 70mm. The PBGs were realized in less than t
layers for both structures. They are only slightly influenc
by the positional disorder of the structures. With met

FIG. 4. The difference between measured~with disorder! and calculated
~without disorder! transmission (DT) in the upper-pass band, as a functio
of periodicity for both lattice constant of 140 and 70mm at 4 and 8 THz,
respectively. The lines are only to guide the eyes.
Downloaded 06 Sep 2004 to 150.134.221.6. Redistribution subject to AIP
es

c-
-

e
e
ay
t
s

-
n-
ith
y

n
-

d
-

coated cylinders in the construction of PCs, it takes adv
tage of the metal in creating larger PBG while avoiding t
destruction of PBGs induced by disorder effects. Our
proach is thus advantageous for fabrication and applicat
of PCs in the THz frequency regime.

Some of the FIR spectra were measured by W. Ko¨nig of
MPI für Festkörperforschung in Stuttgart. This work wa
partly supported by a grant from the State Key Program
Basic Research of China, National Natural Science Foun
tion of China and One-hundred-person Project of the C
nese Academy of Sciences.
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