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Light scattering from a monolayer of periodically arrayed dielectric spheres
on dielectric substrates
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Theoretical studies have revealed that coupling with a dielectric substrate significantly affects the transmis-
sion spectrum of a 2D photonic crystal of monolayer dielectric spheres. The dielectric constant of a semi-
infinite substrate has been found to have a threshold, above which dips in the transmission spectrum broaden
drastically. A substrate of finite thickness yields additional dips in the spectrum corresponding to localized
eigenstates within the substrate. The transmission spectrum is well explained by the anticrossing of the eigen-
states of a monolayer and a substrate.
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Research on photonic crystalgPC’s) has been focused lyze the optical properties of a 2D periodic system on a semi-
for many years on the realization of a complete-gap PC, i.einfinite substrate, but all of them lack the viewpoint of PC’s
a PC having a common photonic gap in all directions. Asuch as band structure. There has been no theoretical study
complete-gap PC could be used, for example, in fundamentain the effect of a substrate of finite thickness.

QED experiments to control the atomic lifetime by the sup- In this study we extend our previous theband investi-
pression of spontaneous emissfo variety of possible gate the effect of a dielectric substrate on the transmission
complete-gap PC’s have been found in theoretical stifdiesspectrum of a monolayer of periodically arrayed dielectric
Since gaps appear as a result of interference, long-range @pheres. We found that the substrate dramatically changes the
der in all directions is indispensable for three-dimensionatransmission spectrum of the monolayer spheres. Our results
(3D) PC’s. To realize complete-gap PC's, therefore, highlyshow that the optical properties of monolayer spheres can be
sophisticated methods such as self-assembly or autocfbningasily controlled by choosing an appropriate dielectric sub-
have been developed in addition to the advanced technologgtrate.

of lithography? At present, however, it is still difficult to We deal with the following monolayer spheres on a sub-
obtain 3D PC's of high quality. strate(see inset in Fig. )1 The spheres have a common ra-

In contrast, 2D slablike PC’s with long-range orfles, diusa and a uniform dielectric constaag and form a close-
typical example being a monolayer of periodically arrayedpacked triangular lattice. The substrate has a uniform
dielectric spheres on a substrate, can easily be fabricated.

Many theoreticdl and experiment&i!®studies on the trans- 1
mission spectra and photonic band structures of such PC'’s
are currently being carried out. A slablike PC is different
from ordinary 2D PC’s composed of infinitely long parallel
cylinders, in that it has a finite thickness in one direction.
Consequently, there is an energy dissipation in that direction,
which gives rise to a finite lifetime of its eigenstates. There is
also a significant enhancement of the electric field near the
surface(near field by diffracted evanescent waves due to the
2D periodicity’ This enhancement can be observed by the
use of a scanning near-field optical microscébehere is, in
fact, a strong demand for the development of new photon
technology by utilizing enhanced near fields such as laser
manipulation of atom&?

The relevant wavelength of a slab-type PC at present is z

comparable with the 2D periodicity. For example, it lies i 5 1 Transmission spectra of a monolayer of periodically
the Iowgr Mie resonance regiori=3,4) for monolayer arayed dielectric spheres ¢a) a semi-infinite substrate ar(t) a
spheres?® An electric field of such lower resonances is notfinite substrate for perpendicular incidence. Parametersaare,
strongly localized within the spheres and leaks out of the-2 56 a=490 nm,es=2.28 and (b) €0=2.56,a=1 pum, s
monolayer. This extended nature of the electric field is €x—=4.41,d=0.3 um. Solid and broken lines show the calculated
pected to induce strong coupling with the substrate. Howand experimental resulfs® respectively. The dotted line ifa)
ever, this coupling was not taken into account in our previoushows the results in the case of a monolayer without a substrate.
study’ A few theoretical attempté have been made to ana- The configuration used in each case is shown in the inset.
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dielectric constantes and is either semi-infinite or has a Here, To(i,h;j,h") and Rq(i,h;j,h") are obtained by ex-

thicknessd. The origin of the coordinates is at the center of panding the incident and scattered waves in terms of vector

one of the spheres. They plane is set parallel to the surface spherical harmonics and by incorporating the multiple intra-

of the substrate and theaxis penetrates the origins of the sphere and intersphere scattering within the monolayer.

spheres in contact. The substrate occupies the negatire A semi-infinite substrate is taken into account by the in-

gion. Light velocityc in the vacuum is taken to be unity.  terface matrices, which relate the incident, reflected, and
Let us first consider the scattering from monolayertransmitted wave&'"®, E'®f, andE'3"S at the substrate sur-

spheres alone. When a plane electromagnetic Wayg face:

=E%xp(ky-r) is incident fromz<0 with the wave vector

ko= (K ,kz), it is multiply scattered within the monolayer .

and finally emerges from the monolayer as plane waves with (Etrans), = E Ts(i,j:h,€0,€5) (EM);, (29

the in-plane wave vectdy +h. Here,h is a 2D reciprocal !

lattice vector acquired by umklapp scattering. Thus, the scat-

tered wave is a sum of plane waves with wave vectgrs . o ,

= (kj+h,I'y), wherel'; is given by energy conservation as (E™ )i:; Rs(i,j;h,€0,€5)(E™);. (2b)

F;I:: * \/ko_(k”'i‘h)z:

Note that wave vectors of reflected and transmitted waves

; Toi,h;j,0)expiky -1)EY, z>a are given byk, = (k;+h,I'y) andgy, = (kj+h,yy,), respec-
E(r)= ! (1) tiyely, for an incident wave cz)krj:(kH_Jrzh,Fg). Here, v, is_
E Ro(i,h;] ,O)exp(ikg-r)EQ, < —a. given by * \/(es—l)(k”+h) +65(Fh)_ . Boundary condi-
hj tions at the substrate surface give(i,j;h,eq,€s) as
2ry, 0 2l (eg— €5) (K +h)y
Pyt o, (I'y est v €0)(T'y +vp)

2ry, 2l (eg— es)(k+h)y

To(h,€q,€9)= 0 o 3)
SURE0ES Pptyn (Fpestyne)Tytoy) |-
0 0 721_‘?:607
I'yyestyh €0

Rs(i,j;h,€eq,€5) is obtained by replacing the numerator of wave vectork, is incident upon the system. Vectors with
diagonal elements ifg(i,j;h,eq,€e5) as A, —1',, —y, and  carets are unit vectors. The scattering channel specifidd by

2I'y o~ es—yhe- is called open(closed when T, is real (imaginary. Only
_ For a substrate of finite thickness we use the propaga- open channels contribute to the transmission spectrum, while
tion matrix within the substrateP(h,es)=exply, d)l.  closed channels enhance the near field. Primed summation

dent wave from the inner side of the substrate are obtaineghanne| h=0) is observed in experiments, we focus on this

by replacingl’, <y, and g es in T(i.j;h.€0.€9) and  channel hereafter.
R(i,j:h, €0, €s). A combination of these matrices gives the 14 study the effect of the substrate and to clarify the un-

';_ra_nsmission and _ref:lecti(;]n matlri_c?s for a §emit-)infinite Ofderlying physics, it is sufficient to deal only with the perpen-
inite_substrate. Finally, the multiple scattering between ;.31 incidence. Transmission for oblique incidence gives

monholz%/;:r and substrate is incorporated by the bllayernformation on the photonic band structure. Owing to the
method. . . scaling rule! we need only to calculate the transmission as a
The transmission spectrum is calculated from ztmm- . . .
ponent of the Poynting vectbas functlon of the d|men5|onless pa_rameZeF \_/§a/)\, wheren
is a wavelength. A triangular lattice has six nonzero smallest
, - ol RN h’s. These are called the first shell and correspond +dl.
TIEh: (Z > T(i,hij, 0F] )Coikh ‘7). (49 Belowz=1, therefore, only the main channéi=£0) gives
: the propagating wave, and all other channels are evanescent.
Here, T(i,h;j,0) gives the amplitude of plane waves above Since a rich structure foE<1 has been found in experi-
the monolayer when a plane wave of unit amplitude andments, we focus on this region in the present paper. Suffi-
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(a) (b)

FIG. 3. Contour plots of near-field intensity @ Z=0.670 and
(b) Z=0.698 for monolayer spheres on a finite substrate. The darker
region corresponds to higher field intensity. Field variatiorials
0.45<|E|?<109.16 andb) 0.02<|E|?><133.24. Parameters are the
S same as those listed in the caption of Figh)1The sampling plane

- - i z=—a. Soli rv how the circumferen f th heres.
FIG. 2. Transmission spectra of monolayers on finite substratesS at a. Solid curves show the circumferences of the spheres

of d=0.3 um, 0.5sZ<1, and X=es<5. The darker region cor-
responds to lower transmission. Horizontal dotted lines show th
dip positions without a substrate. The two downward broken curve
from Z=1, es=1 are solutions of Eq5).

Wwaves ofZ above the threshold valug,,=|h|/\Jeg in the
yacuum are converted to propagating waves within the sub-
strate and contribute to the energy dissipation. In other
words, extra broadening of dips implies additional openings
_ _ _ . of dissipation channels through the substrate.
cient numerical convergence is attainedZex 1 by expand- Conversion of evanescent waves to propagating waves in
ing the vector spherical harmonics up tg.=9 and the substrate significantly affects the transmission of mono-
including reciprocal lattice vectors of the third sh@B non-  |ayer spheres on a substrate of finite thickness. Numerical
zeroh's). results in Fig. 1b) show the appearance of additional dips in
Solid lines in Figs. (a) and Xb) show the calculated aqdition to the complicated splitting of dips @t=0.712,
transmission spectra of monolayer polystyrene sphe¢gs ( 0.854, and 0.870. Experimental data, on the other hand, show
=2.56) on(a) a semi-infinite substratee¢=2.28) and(b) a  two broad dips at aroun@=0.65 and 0.90 with an addi-
SiN substrate of finite thicknessegs4.41d=0.3 um).  tional fine structure. We think that disorder of the sphere
The radii of the spheres ar@) a=490 nm and(b) a  arrangement in addition to the finite size effect would smear
=1 wm. The dotted line in Fig. (B) is the transmission out the fine structure of the transmission spectrum.
spectrum without a substrate. The broken lines in Fig. 1 To determine the physical meaning of various dips shown
show the experimental resufts® In the experiment on a in Fig. 4(b), we plot in Fig. 2 the transmission spectra for
finite substrate, 91 spheres were arranged in a triangular lag.5<7<1.0 by settingd to 0.3 wm and varying the sub-
tice using a micromanipulation system. strate dielectric constants. The darker region corresponds
Transmission without a substrate has sharp dipZ at to lower transmission. We found no extra broadening of dips
=0.712, 0.854, and 0.870. Dips At=0.712 are almost de- as in the case of a semi-infinite substrate. Rather, we ob-
generate. As seen in Fig.(d, a semi-infinite substrate served a systematic anticrossing of dips as a functiossof
broadens and shifts the dipszt0.712 toZ=0.70. Dips at  This anticrossing phenomenon seems to reflect the interac-
Z=0.854 and 0.870 merge into a broad dip n€ar0.85.  tion between eigenstates of a monolayer and the substrate.
Inclusion of a semi-infinite substrate reproduces the characigenstates of a monolayer are independentgpfnd are
teristic features of the experimental results except for digshown in Fig. 2 by the horizontal dotted linesz+0.712,
width. Dip width is thought to depend on the sample quality,0.854, and 0.870. A dielectric thin film, on the other hand,
and dips would thus be more sharpened for higher qualityhas a series of resonance states for perpendicular incidence.
However, our results show that even an ideal sample has @owever, for the thickness in Figs(d) or 2, the resonance
finite dip width. is too broad to account for the sharp crossover in Fig. 2.
Dips in the transmission spectrum represent the excitatiopiere, we take into account the conversion of evanescent
of eigenstates of the system. Since the system is in a vacuuaves in the vacuum into propagating waves within the sub-
there is an energy flow outside the system. This dissipatiogtrate. Converted propagating waves undergo multiple total
gives a finite lifetime to the eigenstates and results in thgeflection from both sides of the substrate and form eigen-
broadening of dips. The energy dissipation is brought aboudtates localized within the substrate. The characteristic fea-
only by the nonevanescent transmitted and reflected wavegyre of these eigenstates is that they can only be excited by
When the in-plane wave vector Fsfor perpendicular inci-  the evanescent waves outside the substrate. In other words,
dence, the component in the vacuum is Z?—h? . Thus,  they can never be excited without the presence of 2D peri-
for a monolayer without a substrate, only the main channebdic spheres on the substrate.
(h=0) contributes to the broadening fd< 1. When a semi- To determine the validity of this idea, we calculate the
infinite substrate is present, however, fomponent within  change in the amplitude of the electric field for a round trip
the substrate changes tn\esZ?—h? Thus, evanescent propagation within the substrate. This change is given in

201102-3



RAPID COMMUNICATIONS

Y. KUROKAWA, H. MIYAZAKI, AND Y. JIMBA PHYSICAL REVIEW B 65 201102R)

terms of matrixA by AE,, whereE, is the starting ampli- Figures 3a) and 3b) show the contour plots of near fields
tude. Matrix A is easily obtained by using interface and atZ=0.670 andZ=0.698 for a substrate of finite thickness
propagation matrices of the substrate. The resonance condl=0.3 um, respectively. The sampling plane is now located
tion is given byAEy,=E,. This yields the following equa- atz=—a. The darker region shows higher intensity. While

tions fors- and p-polarized waves: the maximum intensities of the near fields are almost the
same, their distributions are very different: the near field at
(T =y 2T + 9, )?=1 for s polarized, Z=0.670 shows maxima at four contact points with the sur-

(5) rounding spheres in addition to the origin of the central
sphere. This is due to the largecomponent. On the other
hand, the dip aZ=0.698 has a largecomponent and shows

for p polarized, (5)  apair of symmetrical peaks along theaxis. We also found
that the dip atZ=0.670 has maximum field intensity of
wherea=exp(y d). The resonance condition requires that|Emad?=10? within the substrate, while that &=0.698

the evanescent wave is outside the substrate and that theaches onlyE,,J?=10. This difference in field intensities

propagating wave is inside the substrate. Therefore, we hawgiggests that the dips At=0.670 andZ=0.698 correspond

|h|/Jes<Z=<|h|. Under this condition]'; =i Jh?~Z? and  to the localized eigen_states Within the substra;e and mono-
yi= \/eS_ZZ—_hz Solutions of Eq(5) are plotted in Fig. 2 by Iaye.r.spheres, respec’qvely. Details of the.near-ﬂeld images in
broken lines starting & =1 andes=1. From the figure, we addition to the photonic band structure will be reported else-

can clearly see that the splitting of dips is a consequence d¥Nere: , ,

the crossover phenomenon between eigenstates of a mono- !N Summary, we have numerically studied the effects of

layer and the substrate. semi-infinite and f_|n|t_e substrates on_the tr_ansm|53|0n of a

As shown in our previous paper, a huge enhancement dponolayer of pgr_mdu;ally arrayed _dlglgctr|c spheres. We
the near field takes place at the dip frequencies. This erfound that a semi-infinite substrate significantly broadens the
hancement would also be strongly affected by the substrat&iPS Of the transmission, while a finite substrate yields addi-

We calculate the near-field intensity distribution at each digiona! dips in the spectrum. These findings suggest that a

on the sampling square regiena<x,y<a. For perpendicu- substrate can be used to control th_e optlc_al properties of

lar incidence of g-polarized wave E||X) atZ=0.712 with- monolayer spheres. It would also be interesting to utilize the

out a substrate, the shape of the contour plot on the sampli enhancement of a near field in 2D PC's by using an optically

S . "tive substrate such as semiconductor quantum wells.
plane atz=a is like a lemniscate shape prolonged symmetri-

cally along thex axis (not shown. This lemniscatelike con- The authors would like to acknowledge K. Ohtaka for his
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