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Based on the numerical finding of a two-dimensional photonic material which has large complete
photonic gaps and structural uniformity, we propose a photonic plate which can be used to design
arbitrarily shaped photonic mirrors and microcavities on a wavelength scale. This paper describes a
wavelength-sized parabolic mirror that can collect light very efficiently without loss. In addition, we
present circular microcavities of tunable resonance frequencies with high values of qualityfactor

© 2004 American Institute of Physic§DOI: 10.1063/1.1691484

I. INTRODUCTION and sidewalls, which we call a UDPS plate, enables us to
design two-dimensional curved mirrors and microcavities of

Photonic crystal¢PhC's are artificial photonic materials 5 pirary shape whose size can be reduced to the wavelength
whose periodic structure engenders photonic gaS's),  ,rder.

ranges of frequencies at which light cannot propagate within

the PhC'’s. Using these PG’s, PhC'’s can be used to confine or

guide light within the wavelength scale. Their increased usél- UDPS PLATES

is anticigated for wide technological applications in the near Figure Xa) shows an example of UDPS's plates. Peri-
futu.re.l' One example is an optical waveguide, which is ogic rods of radius and dielectric constant=12 surround a
ordinarily formed by removing periodic elements along Arectangular region ofx|<80a and —26.67a<y<0. Each
certain line. Consequently, its structure should be commeny, g represented by a white circle. Then, we fill the sur-
surate with the periodicity of the host PhC. This characteris; nded region with UDPS's. We generate more than one
tic is different from the conventional waveguides of micro- mijion random sets of rod positions within the rectangular
waves, which are made of metal plates. Metals can refleGlgion and place rods successively so that the distances be-

microwa_tves of arpitrary incidence angle without loss. Thereeen a rod and those already placed are always greater than
fore optical materials that have both complete PG and strucDmm_ This procedure yields extremely uniform and dense

tural flexibility in the wavelength scale are necessary to cre;,q distribution if the number of randomly generated rod

ate such an arbitrarily shaped waveguide in the opticalssitions is sufficiently large. In this study, we commonly

region. _ _ _ chooseD,,,=4a. TransmittanceT is obtained for plane-
We recently proposed a two-dimensional photonic matey,ave incidence of the TM or TEE or Hl rod axiy mode

. . . H H H Q 4

rial: uniformly distributed photonic scatteret®DPS'S." o the positivey axis by calculating the energy flow at the
UDPS's are formed by randomly placing parallel dielectric ;o using the multiple-scattering methdd.

rods under the condition that distanié — R;| between the Average transmittances over five rod configurations in-
centers oith_ andjth rods,R; andR;, is larger than a cgr?am cluding Fig. 1a) are shown by blu¢TM) and red(TE) lines
valueD yp, i.e., |Ri—Rj|>Din. When rods have sufficient Fig. 1(c) as a function of size parametét=2mal/\.
density and dielectric contrast, UDPS’s have large Completﬁdopting the gap condition d3|<0.01, we find the PG of
PG's. Our study also demonstrated the highly efficient transge Tm mode as 0.3620<0.508 with ’average penetration
mission of light in arbitrarily shaped waveguides that is COM-genth of about 4. The PG of the TE mode is 0.732)
parable with wav,elength. Such efficiency is achieved by g 782 Figure (a) shows distributions of total electric-field
combining UDPS’s and smooth sidewalls made of per'Od'Cintensity and energy floiwhite arrows for the TM mode
rods. The present study shows that combined use of UDPSi§ijence at)=0.40 (\=15.71). One can see the yellow-
red region of large intensity lying parallel to the upper side-
¥Electronic mail: hmiyazak@olive.apph.tohoku.ac.jp wall. Its periodicity equals the wavelength. Therefore the
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FIG. 1. (Colon (a), (b) Examples of UPDS plates. @), dielectric rods of
radiusa ande=12 are arranged periodically within the vacuum as sidewalls
along the rectangular region pf|<80a and —26.67a<y<0, whereas the
upper sidewall is removed iflb). Their periods are 4@and 4.44 along the

x andy axes, respectively. The rectangle interior is filled with rods satisfying
the condition that rod distance be larger ttizg,=4a. Volume fractionsV

are 0.174 and 0.164 i@) and(b), respectively. Distributions are also shown
of the total electric field intensity and energy fldwhite arrows at 2=0.40

for the TM mode incidence of the plane wave from the positvexis.
Intensity increases from blue to red with maxima of 4.73 and 7.58)iand

(b), respectively.(c) Transmittance as a function of size paramefer
=2mal\ at the lineL of length 5.6a placed aty=—28.17a. The plane
wave of the TM or TE mode is incident from the positiyaxis. Transmit-
tance is the average of five configurations includfagor (b).

UDPS plate in Fig. (@) can be regarded as an ideal flat

mirror without loss. Detailed calculation reveals that we can

effectively replace this UDPS plate with a perfectly reflect-
ing flat mirror aty=0.7a.
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FIG. 2. (Color (a) Parabola mirror made of the UDPS platk) Transmit-
tance of the TM mode at liné. Plane wave of the TM mode is incident
from the positivey axis. Rods are placed along the rectangular region of
|x|<44.8( and —20a<y<30.13. The lower and right or left sidewalls
are made with period 4.@7and 4.59, respectively. The upper sidewall is
formed by putting rods with periodatalong the parabolg=x?/4f with f
=16.67a. The volume fractiorV; is 0.189. In addition(a) shows the dis-
tribution of scattered field intensity &=0.45 in the regionx|<66.67 and
—40a<y<93.33 with maximum intensity of 24.67.

To illustrate the importance of the upper sidewall, Fig.
1(b) shows an example of incomplete UDPS plates in which
the upper sidewall is removed from Figaland UDPS's are
filled in. Average transmittance of the TM mode over five
cases including Fig. (b) is shown in Fig. 1c) by the green
line. As shown, the gap position and depth are almost iden-
tical to the blue line, indicating that gap structure is indepen-
dent of the presence of the upper sidewall. However, the
reflected electric field differs completely. We show in Fig.
1(b) the distributions of total electric-field intensity and en-
ergy flow at()=0.40. The irregular presence of large inten-
sity regions is shown by the yellow or red dots in front of the
incomplete UDPS plate. This distribution demonstrates that
the smoothness of sidewalls is an essential prerequisite for
the UDPS plate to work as an ideal mirror. A recent indepen-
dent report has indicated the importance of sidewalls for ef-
ficient transmission in the waveguide of Ph€’s.

lll. UDPS MICROMIRRORS AND CAVITIES

Figure 1 illustrates the simple procedure for producing a
UDPS plate of arbitrary shape: first decide the sidewall
shape; then fill the surrounding region with UDPS’s.
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FIG. 3. (Color) (a)—(c) Circular cavities of inner radiug;, and outer radiuRy,;. Ri,=13.3%, R,,=40a, and V;=0.169 in(a) and (b) while R;,
=5.66, R,,;=32.3%, andV;=0.171 in(c). The plane wave of the TM mode is incident from the positvaxis. Also shown are distributions of total
electric field intensity and energy flow &) Q=0.405 86(b) ()=0.430 54, andc) 1=0.455 27. Maximum field intensity i&) 9.19x 10°, (b) 3.44x 1¢f, and
(c) 1.42x10°. (d) Normalized energyJ stored within cavities for the TM mode incidence. Red and green lines correspond to @ty (b) and (c),
respectively.

Thereby, if we place periodic rods along a curve, we carelectromagnetic energy stored within the cavity in Figs.
produce a curved mirror of arbitrary shape and dimension3(a) or (b) for plane wave incidence of the TM mode from
Figure 2a) shows such an example in which the upper sidethe positivey axis. Sharp peaks appear &=0.405 86,
wall consists of equidistant rodgeriod=4a) on the pa- 0.40702, 0.43054, 0.48318, and 0.48580 within PG’s.
rabola y=x?/(4f) with f=16.67a. Here, we relaxed the These states are resonance states of the cavity. Correspond-
UDPS conditionD ,»<<|R, — R;| at right and left corners of ing values of quality facto at these peaks are 14907,
upper sidewalls for simplicity of construction. Figuréb®  1.37x10°, 2.56x10’, 2.95<10°, and 3.7% 10°.
shows the TM mode transmittance of plane wave incidence Figures 3a) and(b) also show distributions of total elec-
from positivey axis. Obviously, we observe the same PGtric field intensity and energy flow af0=0.40586 and
with that in Fig. Xc). Distribution of scattered electric field 0.43054, respectively. The intensity distribution inside the
intensity at()=0.45 is also plotted in Fig.(2). The incident cavity, shown in Fig. 8, has fourfold symmetry indicating
plane wave from positivg axis is collected reasonably well that this peak corresponds to the state with azimuthal quan-
at the focal point Xx=0, y=f) of a parabolic mirror in the tum numberm=2, whereas that in Fig.(B) represents the
geometrical optics. This fact indicates that the UDPS plate irstate withm=0. The peak af)=0.407 02 also shows four-
Fig. 2(a) can be regarded as an almost ideal parabolic mirrorfold symmetry, but its distribution is rotated bi/4 from that
Structural flexibility of the UDPS plate allows formation in Fig. 3(@. This rotation is also evident for peaks at
of a two-dimensional microcavifyof arbitrary shape with =0.48318 and 0.48580, which represent the resonance
great ease. Figurega@—(c) show circular cavities of inner states withm=3. We can also observe smooth energy flow
and outer radiuR;, and R,,; between which we fill the around the outer circle. This flow smoothness indicates that
UDPS's. The red line in Fig. @) is a plot of normalized the outer sidewall plays the role of a circular mirror.
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Resonance frequencies of the present circular cavity cadlude that PG’s of UDPS’s result from interaction of Mie
be obtained approximately from the condition that the elecresonance states. However, an important difference exists be-
tric field vanishes at the inner boundaR=R;,. Corre- tween electrons and photons: resonance wave functions of
sponding size parameters are given in terms of the zeroes photons are not localized exponentially. Rather, they decay
the Bessel functiond,(jmd=0 (m=0, k=1) as Q. in inverse power and have a long-range nature. This long-
=jm@/Rin . For Rj;=13.33, we have nondegenerate level range nature of wave functions is responsible for formation
Q—ok=2=0.4140, and two doubly degenerate levelsof PG's in UDPS’s which do not require even a short-range
Q—2k=1=0.3852 and Q_3x-1=0.4785 within PG’s. order. Consequently, UDPS’s can acquire tremendous struc-
These values concur well with those in FigdB To achieve tural flexibility that is free from either long-range or short-
better agreement, we simply reduce the cavity raéligsby  range ordering.
the order of rod radiug, which is consistent with the posi-
tion of perfectly reflecting flat mirror in Fig.(&). The lift of  IV. SUMMARY

d_eggneracy is caused by local non_uniformity of rod Qistribu— We have proposed a two-dimensional photonic material
tion in the UDPS's. The resonant field has exponentially detajied a UDPS plate. It is a combination of smooth sidewalls
caying amplitude within the UDPS region. Because the fieldyng ypps filling material. The UDPS plate allows the de-
distributions a1=0.405 86 and 0.407 02 differ by/4 rota-  gjgn of arbitrarily curved mirrors of wavelength size and cir-
tion, they are influenced by the difference of the rod distri-cjar microcavity of requested resonance frequencies. Be-
bution within the UDPS'’s, as shown in Fig(e8. cause the UDPS cavity shape is not limited to that of a circle,
~ From a practical point of view, it is desirable 10 use {he UDPS plate provides an intriguing research field of vari-
single mode cavity with, say, the=0 andk=1 mode. Such 4,5 microcavities of complicated shapes. A detailed discus-

a single mode cavity can be designed easily using a UDPSion of various characteristics of UDPS plates will be under-
cavity. If this mode is chosen to appear in the middle of a PG5ken in future studies.

at, e.g.,Q2=0.425, the cavity radius is determined Bs,
=5-66afbﬁcauseim:o,T:1=d2-405 a(ré;jRinh:jmka/QmSk- IA ACKNOWLEDGMENTS
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