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We experimentally and numerically demonstrate dodecagonal and decagonal quasiperiodic photonic crystals
in the microwave region. The results show that only a small number of rows are needed to create a frequency
gap in the transmission spectrum, and that the gap position is insensitive to the incident angle. In particular,
there is no defect state at the first gap of a dodecagonal quasiperiodic photonic crystal when there is a cavity
in the center region, even though the cavity volume is much larger than the square of the wavelength. The
decagonal quasiperiodic crystal can offer great possibilities for creating defect states. These quasiperiodic
photonic crystals may find some important applications in photoelectric devices.

I. INTRODUCTION radius alumina cylinders with circular cross sections in the
vertices of two-dimensional dodecagonal and decagonal qua-
Photonic band-gapPBG) materials have received much siperiodic lattices, illustrated in Figs(d and 1b), respec-
attention due to their remarkable property that the periodicitytively. The DD quasiperiodic pattern is tiled with squares
gives rise to gaps in the frequency spectrum of electromagand rhombusegwith an acute angle of 30%with the equal
netic waves-? From a materials point of view, PBG materi- side length =11 mm. The structure is composed of 333 cyl-
als are a typical example of material by design. The exisinders. There are 51 rows of cylinders in the incident direc-
tence of the band gap opens up many potential applicationson. Meanwhile, the DC quasiperiodic pattern is tiled with
for, for example, quantum electronic devicesjstributed  squares and rhombusésith an acute angle of 36f the
feedback _mirrors, light-emitting  diodés, optical  same side length=11 mm. The crystal is constituted of 339
waveguides, microwave antennae substrafeand so on. cylinders. There are 55 rows of cylinders in the incident

Rfecently, Chan, Chr(])n, and Liu, have proposed a new clasgection. The dielectric constant of the aluminum cylinder is
of quasiperiodic photonic crystalQPO." Quasiperiodic g g The filling fractions of the cylinders are about 13.55%

crystals_ have a nonperiodic lattice with Iong-_range bond-and 13.27% in a Styrofoam templateet 1.04 for the dode-
orientational order, so that they have only rotational symme- i .

try, while a periodic photonic crystal can have both transla—cagonaI and decagonal quasiperiodic photonic crystals, re-
tional and rotational symmetries. It was predicted
theoretically that an octagonal QPC constructed with dielec-
tric cylinders could have several band gaps $andP po-
larized waves, respectivefy,and that the defect modes
would be structure dependent. These properties were then
demonstrated experimentafly® Moreover, the phenomenon
that the band gaps were independent of the incident direction
was observed in an octagonal QPC. To know whether these
characteristics are common to all kinds of QPC, the photonic
properties of both dodecagonal and decagonal QPC'’s have
been systematically studied. We find that a significant attenu-
ation (>40 dB) in the gap region can be achieved for these
crystals composed of just a small number of cylinders, and

(a)

the gaps in the spectrum are independent of the incident A
angle. Various defect states can be created in the first gap of
the decagonalDC) quasiperiodic photonic crystal, while for
the dodecagondDD) quasiperiodic photonic crystal, no cor- D1 v

responding defect modes are observed in the first gap. —
Our investigation confirms that QPC’s are a valuable new

photonic structure that possesses many different characteris-

tics from periodic structures. >

(b)

II. EXPERIMENT o . o
FIG. 1. Schematic figures showing the quasiperiodic arrange-

Dodecagonal and decagonal quasiperiodic photonic crysnent of cylinders:(a) Dodecagonal quasiperiodic patteii) De-
tals used in the experiment are formed by placing 2.044 mnsagonal quasiperiodic pattern.
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FIG. 2. TM transmission spectra with normal inciden@:a dodecagonal quasiperiodic photonic crystal;a decagonal quasiperiodic
photonic crystal.

spectively. It should be noted that for the DC QPC we use T=|1+ (27l kow)e ™ 0)|?,
D1 andD2 to denote two different normal directions, shown

in Fig. 1(b). A detailed description of the measurement sys-wheref(0) is the total scattering amplitude a0 in the
tem can be found elsewheleHere we give a brief explana- far field, which can be calculated by a multiple-scattering
tion. We measure the transmission spectrum of the QPC’method'>*3
between 7 and 15 GHz in a wide scattering aluminum cham-

ber using a Hewlett-Packard 8510C vector network analysis

system. The chamber is composed of wide waveguides 250

mm wide and 300 mm long, and two H-type 8—12 GHz A. Transmission spectra of perfect quasiperiodic crystals
trumpets that are connected to the back and front ports of the Figures 2a) and 2b) show the transmission spectra of the

wide waveguides. The photonic crystal is placed in thejogecagonal and decagonal quasiperiodic photonic crystals,
middle of the wide waveguide scattering chamber. All of therespectively, with normal incidence. The solid and dashed

transmission spectra are measured under TM polarized wayges denote the measured transmission and simulations, re-
incidence. spectively. In the case of the DD QPC, there is a band gap
from 9.8 to 13.49 GHz in the experiment, while the simu-
Ill. METHOD OF CALCULATION lated band gap is from 9.9 to 13.2 GHz. For the transmission
We have calculated the transmission spectra of quasiperf| the DC QPC in theD1 direction, the measured band gap
odic photonic crystals. In our simulations, we assume thalS from 9.8 o 13.36 GHz and the simulated one is between
the incident beam passes through a slit with a width lof 6 9.5 and 13.36 G'Hz. T_he deviation between t_he experiments
which is positioned in front of the sample with a distance of@nd simulations is estimated to be 5%. The difference of the
51 between the center of the slit and the surface of thd?@nd gap position between experiment and calculation is
sample, and then illuminates the sample. In this case thgaused mainly by the small dlfferenge pf the cylinder radllus.
incident field can be obtained from the Kirchhoff integral Ve further measured the transmission spectra for various
formula. In two dimensions, for a plane wave ekg) inci- incident directions, shown in Figs(& and 3b) for the DD

IV. RESULTS

dent fromx<0, the diffracted wave in the region>0 aris- and DC quasiperiodic photonic crystals, respectively. It
width w in they direction is given by has a twelvefold symmetry, and in each 30° sector the dis-

tribution of the cylinders has mirror symmetry with respect

kO wl2 o X

uinc(XyY)z(Z) Jl /2dy, Ho(kop") +i ?Hl(kop') ; measure the transmission at incident angles between 0 and

¢ 15°. The DC quasiperiodic structure possesses tenfold sym-

the first kind. A generalized transmission coefficient is de-18° of the incident angle are adequate to reflect the transmis-
fined as the ratio of energy flux to that of the incident wavesion properties of the whole72range of incident angles.

ing from a slit centered at the origin with an opening of should be noted that the dodecagonal quasiperiodic structure

to the line of 15°. Therefore, for the DD QPC, we need only
wherep’ = X2+ (y—y’)?, andH,, is a Hankel function of metry, so that transmission spectra measured between 0 and
at =0, From Figs. 8a and 3b), it is seen that the location and
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FIG. 3. TM transmission spectra with various incident angl@s:a dodecagonal quasiperiodic photonic crysta), a decagonal
quasiperiodic photonic crystal.

width of the band gaps do not shift either in the dodecagonal It is well known that a periodic two-dimensional photonic
photonic crystal or in the decagonal photonic crystal as therystal with a few rows of cylinders in the incident direction
incident angle varies. This phenomenon has been found ioan still have a photonic band gap; the same phenomenon is
octagonal quasiperiodic photonic crystaBased on the pre- found in QPC'’s. First, we examine DD quasiperiodic photo-
vious and present experiments, it may be confirmed that in aic crystals. We remove 12 rows from the forward and back-
two-dimensional2D) QPC the band gaps of TM waves are ward sides of the DD QPC. Therefore, the remainder of the
independent of the incident direction. This is a quite interestphotonic crystal has 27 rows of cylinders, instead of the pre-
ing effect. In a one-dimensional system, the band gaps of theious 51 rows, and is 92 mm long in the incident direction,
Fibonacci series exhibit a self-similar property as the numbewhich is equal to only about three wavelengths at the lower
of layers increases. Here, in the 2D QPC system, the photdsand gap edge, as shown in the inset of Fig. 4. The corre-
nic band gaps possess direction-independent characteristicponding transmission spectrum is plotted in Fig. 4. Both the
This implies that aperiodic structures are an exciting areavidth and the depth of the gap are the same as in the com-
where various photonic properties may be expected. plete QPC. It is quite surprising that the extinction inside the
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FIG. 4. The experimental and simulated transmission spectra of FIG. 5. The experimental and simulated transmission spectra of
a photonic crystal. The inset is the schematic pattern of the dodea photonic crystal. The inset is the schematic pattern of the decago-
cagonal quasiperiodic photonic crystal with 24 rows removed. nal quasiperiodic photonic crystal with 24 rows removed.
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0 FIG. 7. The experimental transmission spectrum of a photonic
| crystal. The inset is a decagonal quasiperiodic photonic crystal with
Aok 21 cylinders removed at the center zone.

der is different from the othefsThe defect modes formed by

removing different single cylinders are quite complicated.
Here we examine a new kind of defect, which can form a
large cavity in QPC’s. From the structure of QPC'’s, it is

found that a QPC grows ring upon ring from the center point
to the outermost ring. Because of the rotational symmetry of
QPC'’s, the cylinders with the same distance to the center
may be identical, while those with different distances are

Transmission (dB)

-60 | simulation distinguishable. Defects are then created by removing the

a— 1'0 : 141 : 1'2 : Té my whole ring(the cylinders have the same distance to the cen-
ter). Here, we observe such defect states of the decagonal
Frequency (GHz) quasiperiodic photonic crystal in the first band gap. In our
experiment, the electromagnetic wave is incident upon the
(b) photonic crystal along thB2 direction.

FIG. 6. (8) Experimental andb) simulated transmission spectra We remove 11 cylinders that include the center one and

of a photonic crystal. The inset i@) is a decagonal quasiperiodic Epr]e ”e?‘resé lfO cylinders, a;’ ShOi/\(l)nolgéme Insgt ?f FG%'_G
photonic crystal with 11 cylinders removed at the center zone. ere Is a defect state at abauit=10. Z to be found In

gap can reach 40 dB when the length of the DD QPC is just
three wavelengths. The extinction inside the gap is also near
40 dB in the simulation. I e

The measurement has been carried out also for the DC —
QPC. Twelve rows of cylinders are removed simultaneously
from the front and back of the DC QPC. The remains of the
crystal are only three wavelengths long, which is schemati-
cally shown in the inset of Fig. 5. The measured and simu-
lated spectra are given in Fig. 5; a similar result as for the
DD QPC is obtained.

From Figs. 4, 5, and previous work on an octagonal
QPC? it can be concluded that these quasiperiodic photonic
crystals with a few rows in the incident direction can still
have photonic band gaps. This characteristic is the same as
for a periodic photonic crystal, and is important for applica- -80
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tions in photonic devices. 9 10 11 12 13 14

Frequency (GHz)
B. Point-defect ti
_ oint-cetect properties o FIG. 8. The experimental transmission spectrum of a photonic
It has been predicted that an octagonal quasiperiodic pharystal. The inset is a decagonal quasiperiodic photonic crystal with
tonic crystal can have rich defect modes because each cylir31 cylinders removed at the center zone.
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FIG. 10. The experimental and simulated transmission spectra
(a) of a photonic crystal. The inset is the schematic pattern of a DD
QPC with seven rows removed around the central line.

When all cylinders within the third circle are removed,

. . shown in the inset of Fig.(@), no defect mode appears in the
simulation . . o

experimental and simulated transmission spectra, as shown
in Figs. 9a) and 9b). We also removed cylinders at different
positions in the center region; even when the volume of the
microcavity constructed by the defect is more thax?3
where\ is the wavelength at the midgap, we do not find any
obvious defect state in the first gap. This marked phenom-
enon is different from that in a periodic photonic crystal,
where when a relatively large volume of material is removed
in a unit cell, the acceptor level is de&bThis phenomenon
has not been found in other QPC's, such as decagonal and

Transmission (dB)

ol ) L . octagonal quasiperiodic photonic crystals. It seems that the
8 9 10 " 12 13 14 number of rotational axes has a vital effect on this character-

Frequency ( GHz) istic. This is a quite useful effect in device application; for

example, for cavities and reflectors.
(b)
FIG. 9. (a) Experimental andb) simulated transmission spectra C. Line defect
ofa_lphotonlc c_rystal. Th_e inset is a dodecagonal quasiperiodic pho- It is well known that a line defect in a photonic crystal
tonic crystal with 31 cylinders removed at the center zone.

that is parallel to the propagation of the light beam can form

a waveguide. These photonic crystal waveguides can guide
the transmission spectrum of Fig.ah The simulated defect

state appears at abowt=10.15 GHz, as shown in Fig (1.

When all the cylinders located within the second circle 0
from the center(21 cylinderg are removed, shown in the
inset of Fig. 7, two defect states at abaut 10.03 and 10.64
GHz are observed. When the cylinders in the center four
circles (31 cylinders are all removed, we find two defect
states at aboub=10.15 and 10.44 GHz as shown in Fig. 8.
From these transmission spectra, it is clear that the decagonal
quasiperiodic structure can offer a great variety of possibili-
ties for creating defect states in different frequency regions
in addition to the cavity configuration. “ m

In DD quasiperiodic photonic crystals, however, our mea- L stl:;i’:e”t "
surement shows a different phenomenon. As for the DC
QPC, the cylinders of the DD QPC are gradually removed = 0 T 12 13 4 s
from the center region. We examine three_ d_efect structures, Frequency ( GHz )

i.e., the center cylinder, all cylinders within the second ) _ .
circle, and all cylinders within the third circle are removed, FIG. 11. The experimental and simulated transmission spectra

and no defect modes can be found in the first photonic ban f a ph.otonlc crystal. The inset is the schematic pattern of a DC
gap PC with three rows removed around the central line.
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o o o V. SUMMARY
waves around a sharp corner with high efficiency within the

region of the photonic band gaps® Here we study a line ~ We have experimentally and numerically studied decago-
defect that is perpendicular to the propagation of the lighf1al and dodecagonal photonic crystals in the microwave fre-
beam rather than a waveguide. This line defect can tell u§uency region. We found that the band gap does not shift
whether a piece of a QPC without the central region can havi¥en the incident angle changes, and onl)_/ a few rows are
the properties of a photonic crystal. needed to form the frequency gap, even without the central
For the DD QPC of the inset of Fig. 4 we remove 7 rows "egion. This is the same as in a periodic photonic cr_ysta_l. _
around the central line. The remaining 20 rows are shown in For @he case of point defects, the qecagonal qggs_|per|od|c
the inset of Fig. 10. The measurement spectrum of this QP@hotqnlc crystal can.oﬁer a great variety of possibilities for
is plotted in Fig. 10 by the solid line. It can be seen that acreatlng and controlllr)g the number of defect modes as well
photonic band gap still exists, and as in the original DD QPC’jls th_e fo_rm .Of the cavity. On the othe_r hand, the dodecagonal
the attenuation is over 40 dB within the gap. The simulationquas'pe”()d'c. photonic crystal exhibits an unusual phenom-
has a similar result, as shown in Fig. 10 by the dotted line.€MON- '_I'here is no defect state at the first band gap when a
For the DC QPC of the inset of Fig. 5 three rows areCavity is formed by removing c_ylm_ders at the center, even
removed around the central line, as shown in the inset of Figt.hough the volume of the cavity is much larger than the
11. The experimental transmission spectrum of the QPC jgquare of the wavelength.
shown in Fig. 11 by the solid line, while the simulation is
denoted by the dotted line. From Fig. 11, it is obvious that
this crystal can realize 40 dB attenuation in the frequency The authors acknowledge useful discussions with Dr. Lie-
gap zone. The location of the gap does not change when thaing Li. One of the authors, Chongjun Jin, thanks Dr. Jien-
crystal is shortened and without the central region. Bothng Lai for offering the Prose pattern. This work was sup-
Figs. 10 and 11 show that a piece of a QPC without theported by the NNSFC under Grant No. 19804018. The sup-
central region can have the same photonic properties as @ort of the CSTNET for computer time is acknowledged
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