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Optical properties of monolayer lattice and three-dimensional photonic crystals
using dielectric spheres

S. Yand and Y. Segawa
Photodynamics Research Center, The Institute of Physical and Chemical Research (RIKEN), Sendai 980-0845, Japan

J. S. Bae and K. Mizuno
Research Institute of Electrical Communication, Tohoku University, Sendai 980-8577, Japan

S. Yamaguchi and K. Ohtaka
Department of Applied Physics, Faculty of Engineering, Chiba University, Chiba 263-0022, Japan
(Received 14 March 2002; published 26 August 2002

The transmittance spectra for the monolayer triangle lattice using millimeter-sizid §heres are mea-
sured and calculated at various incident angles of electromagnetic waves. From the results, the dispersion of
photonic bands for the monolayer triangle lattice is obtained. Furthermore, the transmittance spectra of three-
dimensional layered photonic crystals are measured for different layer numbers and different air gaps. Theo-
retical analysis shows that the photonic band gaps refer to the anticrossing between heavy photon bands and
light photon bands. Finally, we discuss the future prospect of the photonic crystals using dielectric spheres.
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. INTRODUCTION tals using dielectric spheres have been repditett.in in-

vestigating these 3D photonic crystals, the most important

There has been large interest in photonic crystals consisproblem is the distortion and imperfections in crystals, be-
ing of spatially periodic dielectric structures to bring aboutcause it is difficult to control the sphere’s positions due to the

band structures for photonis? whereas the full three- visible wavelength region. Moreover, the effect of absorption
dimensional(3D) photonic crystal exhibits much more pro- and the size dispersion of the spheres may obscure the intrin-
found effects such as much stronger confinement effect angic properties. Therefore theoretical analysis was important
stop-band characteristics over a broader range of angles g explain the observed phenomena. However, the experi-
even in all directions of I|ght similar to the electronic band menta| Spectra have not been Compared W|th theoretica' Ca'_

gaps in semiconductors. _ _culations, and the effects of the photonic bands in the 3D
The properties of photonic crystals based on dielectrighotonic crystals have not been discussed in detail.
spheres have been studied theoretiéaly and In this paper, the optical properties of the monolayer tri-

experimentally:>~**The important advantage of the arrayed ange lattice and 3D photonic crystals built by!$j spheres
spheres is that the behavior of the liglelectromagnetic have been investigated. To discuss the effect of the loss, the
wave) in these photonic crystals is understood by the analogyyperimental results are compared with the theoretical spec-
of an electron in solid-state crystals, because the dielectriga ysing the complex dielectric constant. In order to analyze
spheres are regarded as “optical” atoms. In this concept, théhe data of the monolayer lattice, the difference between the
photonic crystals based on the arrayed dielectric spheres aggperimental dispersion curves and theoretical calculations is
fundamental systems to understand their optical properties compared and the reasons of missing photonic bands are dis-
Recently, we have studied the photonic band effect of &yssed. Moreover, the photonic band effects of the 3D pho-
2D monolayer lattice arranged in 1/8 inch;8j spheres®  tonic crystals are discussed. Finally, we discuss future pros-
The SgN, has a fairly high dielectric constargt=8.67 (0 pects of photonic crystals using dielectric spheres.
=2.95) and a very small loss of 4802 mm™! of the
electromagneti¢EM) field in the millimeter wavelength re-
gion. The SiN, balls are used for high-precision ball bear- Il. EXPERIMENTAL SETUP
ings and are therefore guaranteed to possess a perfect spheri-
cal shape and quite uniform size. Therefore it was expected Spherical balls of SN, (made by Toshiba Tungaloy. Co.,
that the experimental results were reproduced by theoreticdltd.) with diameterd=1/8 in.(3.175 mm were used for the
calculations. In fact, a major part of the calculations is inbuilding blocks for the monolayer photonic crystal. Figure
agreement with the experimental results, but there are smalla) shows the photograph of the monolayer triangle lattice
differences between experimental results and calculationsnade by SjN, spheres. The lattice constaat is equal to
for example, missing photonic bands in dispersion curvesthe sphere diameter. And the 3D photonic crystal was fabri-
the intensity of the transmittance in the high-frequency recated by arranging the monolayer periodic arfayangle
gion, and the width of the structure in the spectra. Theséattice) of Si;N, beads. Figure (b) shows the illustration of
differences have been found in previous reports, which dealthe 3D photonic crystal for eight layers. ThegSj are fixed
with the monolayer lattice using polyvinyltoluengatex) by the frame with thickness 3.175 mm. The air gaps are
sphereg’ 18 controlled by putting the plates with various thicknesses be-
Furthermore, the optical properties of 3D photonic crys-tween frames. The thickness of the plate is varied between
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lattice constant, i.e., the diameter of thes;MNbi sphere
(=3.175 mm). Therefore the observed frequency range cor-
responds to the normalized frequency range from 0.37 to
0.55. An incident wave then excites two kind of photonic
band mode of the monolayer lattice whds@ectors are on
the symmetry axi$'-K andI'-M of the 2D Brillouin zone as
shown in Fig. 1a). Measurements were performed ®and

P polarized EM waves for th&-K andI'-M direction. The
incident angle was varied frold=0° to 30° with a step
width of 3°. The transmittance spectra of the 3D photonic
crystals were also measured by same network analyzer for
normal incidence. The polarization of the EM wave is paral-
lel to theI'-M direction for the monolayer lattice as shown
AN in Fig. 1(b).

The experimental results are compared with theoretical
calculations. Calculations were performed fod
=3.175 mm anch=2.95+0.01. In this calculation, a com-
plex refractive index was used since thgNgj causes a loss

SiaN; (absorption of the EM wave. The value of the imaginary
part was estimated from the loss #5032 mm™ . The de-
tailed methods of the theoretical calculations were reported
in a previous papér

(a)

FIG. 1. (a) Photograph of the monolayer triangle lattice. The
diameter of SN, is 1/8 inch(3.175 mm. The dielectric constant is
8.67 and the loss is 451072 mm™1. (b) The illustration of 3D
p_hc_)tonlc cry_stal of eight layers. The space between 2D lattices is Il RESULT AND DISCUSSION
divided by air.

A. Photonic band effect of monolayer triangle lattice

0.3 and 3.1 mm, that is, the distance of the air gag,{, and The transmittance spectra are shown in Fig. 2 FeM
represents the shortest distance between two monolayergviP andMS) andI'-K (KP andKS) directions. In Figs.
The SN, balls in a plane lattice are located on the top of2(b) and (c), the interference was observed at the high-
balls in the next lattice. Therefore the crystal structure isfrequency region at small angles. Although it is difficult to
simple hexagonallig). And the lattice constard=b+c. distinguish the fine structure from the transmittance spectra

The transmittance spectra of the monolayer lattice wergn the high-frequency region, one can distinguish the broad
measured by using a network analy#éfILTRON 360B) as  humps from the spectra. Since the only broad humps were
a function of the millimeter wave frequency for various found in Figs. 2a) and (d), the fine structures were not
angles of incidence of the EM wave. The experimental conpicked up in the high-frequency region in FiggbRand (c).
figuration of the measurement was shown in a previougxcept the interference, remarkable dependence of angle was
paper® The frequency range is from 40 to 60 GHz. The found in different polarizations and directions with increase
frequency ¢) is normalized by 2/\/3a, . Here,a, is the  of the incident angles.
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Here, the fine structures in transmittance spectra are ex- From the frequency of observed dips and humps in all
amined. The two dips were found at 0.41 and 0.46 dor directions, the experimental dispersion relatiomsk) are
=0° in each spectrum. And widths and frequencies of theplotted in Figs. 4a) and(b) using filled circles, open circles,
dips were changed with increasiny Moreover, the new and crosses, which stand for the deep, intermediate, and shal-
dips appeared for off-normal incident angles. Comparingow dips, respectively. Upper and bottom figures showRhe
with the spectra shown Figs(&—(d), it is concluded that andS-polarized wave, respectively. The photonic bandE-of
the fine dips in the all spectra are quite independent of eacK direction are shown on the right-hand side, and thodé-of
other. This means that the photonic band structures of thi#l are on the left-hand side. As compared with Figs) 4nd
monolayer lattice for two directions and two polarizations (b), it is found that the similarity between the photonic band
differ from each other. The calculation curves are shown irstructure ofMP (KP) and MS (KP) at theI' point is
Figs. 3a)—(d) for all directions and polarizations. The inten- quickly lost ask increases. In Fig. (4) and (d), theoretical
sity and shape of the transmittance are well reproduced bghotonic band structures are shown by crosses and open
the theoretical calculation. Because of the usage of the consquares as a function of wave vectorTwo kinds of marks
plex refractive index, this agreement is much better than thahdicate the parities of the photonic bands. However, it is too

reported in our previous papét. difficult to distinguish the parities from experimental results.
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Comparing the experimental results and the calculation, it i$>50 GH2 are not clear. From the shapes of all high reflec-
seen that the photonic bands at about 0.41, 0.46, and 0.53 aiee regions, it is found that four or eight times periodicity is
in good agreement with the calculation. The agreement ignough to make photonic band gaps. In order to investigate
remarkable if we consider the fact that we used only twothe experimental results, the transmission spectra for the 3D
material parameters of the diameter a; and the dielectric  photonic crystal were calculated using the same parameters
constante. a,=3.175 mm anah=2.95+0.01 as the monolayer lattice.

Nevertheless, some photonic bands are not observed Mhe results are shown in Fig(l5. As compared with Fig.
experiment and theoretical spectra. For example, photonig(a), the intensity and shape agree well with the experimen-
bands coming from 0.50 or upper frequency atlthgointin  tal spectra. However, the dip near 46 GHz is not found in the
Figs. 4c) and (d) are not observed. The missing photonic calculation. It is considered that the dip was observed be-
bands have been explained by the inactivity of the mode ofause of the distortion of the lattice or/and the off-normal
the photonic band for the polarity of the incoming EM incidence of the EM wave.
wave?® In the current paper, we propose another reason Next, the distance of air gapl;,) was changed 0.3, 0.8,
based on the analysis of the theoretical transmittance spectra0, 1.6, 2.0, 2.6, and 3.1 mm. The transmission spectra are
As shown in Fig. 3, the sharp dips and peaks are not found ishown in Fig. 6:(a) shows experimental results afio) is
the theoretical transmittance spectra using the complex diheoretical calculations. The number of layers is 16. The high
electric constant. However, if the loss of the EM wave isreflective region at 36—40 GHz for 0.3 mm is shifted to the
neglected in the calculated curves, several sharp dips dow-frequency region(long-wavelength region with in-
peaks appear at the high-frequency region, as reported in@ease of the distance of the air gap. And the width of the
previous papel? It is suggested that the photonic bands es-high reflective region became wider undil;,=1.6 mm and
timated by the sharp dips or peaks are obscured by the loggeyond that number narrower. In contrast, the band gap near
(absorption of the EM wave. These phenomena are ex-43 GHz kept its frequency and width. Moreover, the other
plained as follows: If there is a loss in the photonic crystal,high reflective region is found at 47 GHz fod,;,
the lifetime of the mode of the photonic band becomes=1.6 mm. This region is shifted to lower frequency with
longer. Due to the longer lifetime of the mode, broadening ofincrease of the distance of air gaps. It is overlapped with the
the dips and peaks take place. Therefore the sharp dips amigh reflective region at 43 GHz observed fat,;,
peaks are smoothed and merged by the absorption and sora€) .3 mm when the air gap is 2.6 mm. Furthermore, it is
of photonic bands are difficult to observe in the transmittancehifted to 42 GHz wheul,;, is 3.1 mm. This shift is similar
spectra. to the high reflective region observed at 36—40 GHz for 0.3
mm.

In Figs. 5a) and Ga), the transmittance in the higher fre-
quency region is almost zero and the fine structure is not

Figure a) shows the transmission spectra of differentobserved clearly. In this paper, only a small imaginary part of
layered 3D photonic crystals for the distance of air gapghe refractive index was assumed; the intensity and the shape
dar=0.3 mm. The incident EM waves were normal and theof the observed transmittance spectra agree very well with
transmitted EM waves were detected in the rangehe calculation. The decrease of the transmittance intensity in
26—60 GHz. It seems that the broad high reflective region ikigh frequency was also observed for the monolayer
at 36—40 GHz. In this region, the edge is sharper and théattice!’ These phenomena are explained by the loss of the
transmittance is decreased to nearly zero with increase of tHeM wave. As mentioned above, the lifetime of the mode of
number of layers. The other high reflective region is found athe photonic band becomes longer by absorption. In general,
43 and 46 GHz. The widths of these regions are narrowethe mode lifetime with larger angular momenturbecomes
than that at 36—40 GHz. The structures at high frequencjonger than that with smaller one. Additionally, the density of

B. Transmittance spectra of 3D layered photonic crystals
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modes in the high-frequency region is larger than that in theyntil d,;,=1.6 mm, and after then it becomes narrow. In
low-frequency region. From these effects therefore the transgeneral, it is expected that the width of the first band gap
mitted EM wave in the high-frequency region is weaker thanpbecomes narrower with increase of the distance of air gap,
that in the low-frequency region and its intensity rapidly de-because the average dielectric constant is close to unity. In
creases with increase of the thickn@ssmber of layerslike  contrast, the change of the width of the higher-ordered band
the spectra shown in Fig. 5. gap is complicated because the amount of shift at the upper

C. Origin of the photonic band gaps for 3D photonic crystals VT 7T JSELEN B L

Here, we discuss the origin of the high reflective regions _
observed in transmittance spectra. In order to investigate the
relation of the high reflective region and the photonic band
gap, the transmittance spectra were compared with theoreti-
cal photonic band structures. Figure 7 shows photonic band
structures and experimental and calculated transmittance
spectra. From this figure, the observed high reflective regions
show good agreement with the band gap. This means that the
observed high reflective regions are considered as the photo- .
nic band gaps. In the observed photonic band gaps, as shown
in Fig. 6, the photonic band gap at 36—40 GHz fby;,
=0.3 mm changes its frequency and width with increase of
the space of air gaps. On the other hand, the photonic band
gap at 43 GHz does not change its frequency and width. The
shift of band gap is explained as follows. If the distance of
the air gap becomes wider, the Brillouin zone is smaller.
Then, the turning wave number of the Brillouin zone is
changed to lower frequency, and the frequency at the edge of
the Brillouin zone as decreasing. Therefore the band gaps are
changed in the lower energy range with increasing of the
distance of the air gap. In contrast, as compared with trans-
mittance spectra shown in Fig. 2€0°), it is expected that
the band gap as related to the photonic band effect of the
monolayer lattice since the fine dip was also observed at the
same frequency for the monolayer triangle lattice. In fact, r X
one can see that two photonic bands are anticrossing near 44 k
GHz in both band structures for 0.3 mm, and that for 3.1 5 7. photonic band structures and experimental and calcu-

mm, as shown in Fig. 7. In other words, the band of light|yeq transmittance spectra. The upper and lower spectra have been
photons and that of heavy photons are interacting and antjneasured with an air gap of 0.3 and 3.1 mm, respectively. The
crossing near 44 GHz. As a result, the photonic band gapgures on the left-hand side show the transmittance spectra. The
opens near 43 GHz and does not change its frequency ardiid lines are theoretical calculations and the large circles are the
width. experimental results. The figures on the right-hand side show the

Moreover, the width of the band gap is discussed. Asphotonic band structure in the direction normal to the lattice plane.
mentioned above, the width of the stop band becomes wid&he band structure is calculated for infinite periodicity.
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photonic band is different from that at the lower band. Thisspheres. From this viewpoint, photonic crystals using dielec-

behavior is similar to that of 2D photonic crystals. In gen-tric spheres are not expected to deliver useful hosts for opti-

eral, the band gaps were calculated by changing the fillingal applications, but considering the good agreement be-
factor and showed that the width of the band gap dependetiveen the experimental results and the theoretical

on the filling factor. Here, if the filling factor corresponds to calculations, the system of arranged dielectric spheres is use-
the distance of air gap in our experiment, the change of théul for analysis of the physical properties.

band gap is understood.

D. Future prospect of photonic crystals using dielectric V. SUMMARY

spheres A monolayer triangle lattice was fabricated by millimeter-

Finally, we consider the future prospect of the photonicSized SiN4 spheres. The transmittance spectra were mea-
crystals using dielectric spheres. Recently, photonic crystaigured for different angles in the normalized frequency range
with full band gaps were fabricated using a GaAs wood piIe0-37—0-55 and many dips in the transmittance were o_bservgd
structure by Nodat al2>2® This crystal has a full band gap and calculateq using the diameter and th_e complex dielectric
in the infrared region, and beyond the analysis of opticafonstant of §N,. Independent of photonic band effects the
properties, applications for optoelectric devices are expecte@Pserved dips exhibit an angle dependence for all spectra. As
Furthermore, an interesting method that is called the auto? esult of the comparison with the dispersion relation of the
cloning technique was used to produce 3D photonioomton'c bands in the infinite triangle lattice, it is conS|dereq
crystals?’2 Although these crystals do not have a full bandthat'sever'al photonic bands are merged due to the ab_sorptlon
gap, they are used to study the optical properties for deviceRf dielectric spheres. Furtherm_ore, 3D Ia_lyered photonic crys-
because of good periodicity and the photonic bands in théals were fabm_:ated and their tran_sm|ttanc_e spectra were
infrared to visible spectral region. Thus photonic crystalsmeasured for different layers and different air gaps by nor-
whose unit size is submicrometer are fabricated by differenfn@l incidence of the EM wave. From these spectra, the for-
techniques. These crystals have a good periodicity and tn@ation of the photonic band gaps was observed and the ef-
photonic bands are located in the visible wavelength regiorfect of the loss(absorption was discussed. The photonic
With this material, interesting optical phenomena like a suPand gaps referred to the anticrossing between heavy photon
perprism effect were observédiTherefore it is expected that Pand and light photon band. Finally, we discussed the future
these crystals will form optical devices, since one can fabrirospect of the photonic crystals using dielectric spheres.
cate the suitable photonic crystals for application by control-
ling the structure. However, the structure of these crystals is
complicated and theoretical analysis of the observed phe-
nomena is not so easy. On the other hand, in the crystals This work was partially supported by Special Coordina-
using dielectric spheres, although the photonic band gaps at®n Funds and Grants-Aid for Scientific Research from the
controlled by changing the distance of the air gap as showMinistry of Education, Culture, Sports, Science and Technol-
in Fig. 6, it is difficult to arrange the submicrometer-sizedogy of the Japanese Government.
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