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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 crystals1 ~PC’s! has been focused
for many years on the realization of a complete-gap PC,
a PC having a common photonic gap in all directions.
complete-gap PC could be used, for example, in fundame
QED experiments to control the atomic lifetime by the su
pression of spontaneous emission.2 A variety of possible
complete-gap PC’s have been found in theoretical studi3

Since gaps appear as a result of interference, long-rang
der in all directions is indispensable for three-dimensio
~3D! PC’s. To realize complete-gap PC’s, therefore, hig
sophisticated methods such as self-assembly or autoclon4

have been developed in addition to the advanced techno
of lithography.5 At present, however, it is still difficult to
obtain 3D PC’s of high quality.

In contrast, 2D slablike PC’s with long-range order,6 a
typical example being a monolayer of periodically array
dielectric spheres on a substrate, can easily be fabrica
Many theoretical7 and experimental8–10 studies on the trans
mission spectra and photonic band structures of such P
are currently being carried out. A slablike PC is differe
from ordinary 2D PC’s composed of infinitely long parall
cylinders, in that it has a finite thickness in one directio
Consequently, there is an energy dissipation in that direct
which gives rise to a finite lifetime of its eigenstates. There
also a significant enhancement of the electric field near
surface~near field! by diffracted evanescent waves due to t
2D periodicity.7 This enhancement can be observed by
use of a scanning near-field optical microscope.11 There is, in
fact, a strong demand for the development of new pho
technology by utilizing enhanced near fields such as la
manipulation of atoms.12

The relevant wavelength of a slab-type PC at presen
comparable with the 2D periodicity. For example, it lies
the lower Mie resonance region (l >3,4) for monolayer
spheres.13 An electric field of such lower resonances is n
strongly localized within the spheres and leaks out of
monolayer. This extended nature of the electric field is
pected to induce strong coupling with the substrate. Ho
ever, this coupling was not taken into account in our previo
study.7 A few theoretical attempts14 have been made to ana
0163-1829/2002/65~20!/201102~4!/$20.00 65 2011
.,

tal
-

.
or-
l

y
g
gy

d.

’s
t

.
n,
s
e

e

n
er

is

t
e
-
-
s

lyze the optical properties of a 2D periodic system on a se
infinite substrate, but all of them lack the viewpoint of PC
such as band structure. There has been no theoretical s
on the effect of a substrate of finite thickness.

In this study we extend our previous theory7 and investi-
gate the effect of a dielectric substrate on the transmiss
spectrum of a monolayer of periodically arrayed dielect
spheres. We found that the substrate dramatically change
transmission spectrum of the monolayer spheres. Our res
show that the optical properties of monolayer spheres ca
easily controlled by choosing an appropriate dielectric s
strate.

We deal with the following monolayer spheres on a su
strate~see inset in Fig. 1!. The spheres have a common r
diusa and a uniform dielectric constanteQ and form a close-
packed triangular lattice. The substrate has a unifo

FIG. 1. Transmission spectra of a monolayer of periodica
arrayed dielectric spheres on~a! a semi-infinite substrate and~b! a
finite substrate for perpendicular incidence. Parameters are~a! eQ

52.56,a5490 nm,eS52.28 and ~b! eQ52.56,a51 mm, eS

54.41,d50.3 mm. Solid and broken lines show the calculate
and experimental results,8,10 respectively. The dotted line in~a!
shows the results in the case of a monolayer without a subst
The configuration used in each case is shown in the inset.
©2002 The American Physical Society02-1
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dielectric constanteS and is either semi-infinite or has
thicknessd. The origin of the coordinates is at the center
one of the spheres. Thexy plane is set parallel to the surfac
of the substrate and thex axis penetrates the origins of th
spheres in contact. The substrate occupies the negativez re-
gion. Light velocityc in the vacuum is taken to be unity.

Let us first consider the scattering from monolay
spheres alone. When a plane electromagnetic waveE(r )
5E0exp(ik0•r ) is incident fromz,0 with the wave vector
k05(ki ,kz), it is multiply scattered within the monolaye
and finally emerges from the monolayer as plane waves w
the in-plane wave vectorki1h. Here,h is a 2D reciprocal
lattice vector acquired by umklapp scattering. Thus, the s
tered wave is a sum of plane waves with wave vectorskh

6

5(ki1h,Gh
6), whereGh

6 is given by energy conservation a
Gh

656Ak0
22(ki1h)2:

Ei~r !5H (
h, j

TQ~ i ,h; j ,0!exp~ ikh
1
•r !Ej

0 , z.a

(
h, j

RQ~ i ,h; j ,0!exp~ ikh
2
•r !Ej

0 , z,2a.
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Here, TQ( i ,h; j ,h8) and RQ( i ,h; j ,h8) are obtained by ex-
panding the incident and scattered waves in terms of ve
spherical harmonics and by incorporating the multiple int
sphere and intersphere scattering within the monolayer.7

A semi-infinite substrate is taken into account by the
terface matrices, which relate the incident, reflected, a
transmitted wavesEinc, Ere f, andEtrans at the substrate sur
face:

~Etrans! i5(
j

TS~ i , j ;h,e0 ,eS!~Einc! j , ~2a!

~Ere f! i5(
j

RS~ i , j ;h,e0 ,eS!~Einc! j . ~2b!

Note that wave vectors of reflected and transmitted wa
are given bykh

15(ki1h,Gh
1) andqh

25(ki1h,gh
2), respec-

tively, for an incident wave ofkh
25(ki1h,Gh

2). Here,gh
6 is

given by 6A(eS21)(ki1h)21eS(Gh
2)2. Boundary condi-

tions at the substrate surface giveTS( i , j ;h,e0 ,eS) as
TS~h,e0 ,eS!5S 2Gh
2

Gh
21gh

2
0

2Gh
2~e02eS!~ki1h!x

~Gh
2eS1gh

2e0!~Gh
21gh

2!

0
2Gh

2

Gh
21gh

2

2Gh
2~e02eS!~ki1h!y

~Gh
2eS1gh

2e0!~Gh
21gh

2!

0 0
2Gh

2e0

Gh
2eS1gh

2e0

D . ~3!
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RS( i , j ;h,e0 ,eS) is obtained by replacing the numerator
diagonal elements inTS( i , j ;h,e0 ,eS) as 2Gh

2→Gh
22gh

2 and
2Gh

2e0→Gh
2eS2gh

2e0.
For a substrate of finite thicknessd, we use the propaga

tion matrix within the substrateP(h,eS)5exp(igh
1d)I ,

whereI is a 333 unit matrix. Interface matrices for an inc
dent wave from the inner side of the substrate are obta
by replacingGh

2↔gh
1 and e0↔eS in TS( i , j ;h,e0 ,eS) and

RS( i , j ;h,e0 ,eS). A combination of these matrices gives th
transmission and reflection matrices for a semi-infinite
finite substrate. Finally, the multiple scattering between
monolayer and substrate is incorporated by the bila
method.15

The transmission spectrum is calculated from thez com-
ponent of the Poynting vector7 as

T5( 8
h

S (
i

U(
j

T̂~ i ,h; j ,0!Ej
0U2D cos~ k̂h

1
• ẑ!. ~4!

Here, T̂( i ,h; j ,0) gives the amplitude of plane waves abo
the monolayer when a plane wave of unit amplitude a
d

r
a
r

d

wave vectork0 is incident upon the system. Vectors wit
carets are unit vectors. The scattering channel specifiedh
is called open~closed! when Gh

6 is real ~imaginary!. Only
open channels contribute to the transmission spectrum, w
closed channels enhance the near field. Primed summa
means the sum only over open channels. Since only the m
channel (h50) is observed in experiments, we focus on th
channel hereafter.

To study the effect of the substrate and to clarify the u
derlying physics, it is sufficient to deal only with the perpe
dicular incidence. Transmission for oblique incidence giv
information on the photonic band structure. Owing to t
scaling rule,1 we need only to calculate the transmission a
function of the dimensionless parameterZ5A3a/l, wherel
is a wavelength. A triangular lattice has six nonzero smal
h’s. These are called the first shell and correspond toZ51.
Below Z51, therefore, only the main channel (h50) gives
the propagating wave, and all other channels are evanes
Since a rich structure forZ<1 has been found in experi
ments, we focus on this region in the present paper. Su
2-2
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cient numerical convergence is attained forZ<1 by expand-
ing the vector spherical harmonics up tol max59 and
including reciprocal lattice vectors of the third shell~18 non-
zeroh’s!.

Solid lines in Figs. 1~a! and 1~b! show the calculated
transmission spectra of monolayer polystyrene sphereseQ
52.56) on~a! a semi-infinite substrate (eS52.28) and~b! a
SiN substrate of finite thicknesses (eS54.41,d50.3 mm).
The radii of the spheres are~a! a5490 nm and~b! a
51 mm. The dotted line in Fig. 1~a! is the transmission
spectrum without a substrate. The broken lines in Fig
show the experimental results.8,10 In the experiment on a
finite substrate, 91 spheres were arranged in a triangular
tice using a micromanipulation system.

Transmission without a substrate has sharp dips aZ
50.712, 0.854, and 0.870. Dips atZ50.712 are almost de
generate. As seen in Fig. 1~a!, a semi-infinite substrate
broadens and shifts the dips atZ50.712 toZ>0.70. Dips at
Z50.854 and 0.870 merge into a broad dip nearZ50.85.
Inclusion of a semi-infinite substrate reproduces the cha
teristic features of the experimental results except for
width. Dip width is thought to depend on the sample qual
and dips would thus be more sharpened for higher qua
However, our results show that even an ideal sample h
finite dip width.

Dips in the transmission spectrum represent the excita
of eigenstates of the system. Since the system is in a vacu
there is an energy flow outside the system. This dissipa
gives a finite lifetime to the eigenstates and results in
broadening of dips. The energy dissipation is brought ab
only by the nonevanescent transmitted and reflected wa
When the in-plane wave vector ish for perpendicular inci-
dence, thez component in the vacuum is6AZ22h2 . Thus,
for a monolayer without a substrate, only the main chan
(h50) contributes to the broadening forZ<1. When a semi-
infinite substrate is present, however, thez component within
the substrate changes to6AeSZ22h2. Thus, evanescen

FIG. 2. Transmission spectra of monolayers on finite substr
of d50.3 mm, 0.5<Z<1, and 1<eS<5. The darker region cor-
responds to lower transmission. Horizontal dotted lines show
dip positions without a substrate. The two downward broken cur
from Z51, eS51 are solutions of Eq.~5!.
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waves ofZ above the threshold valueZth5uhu/AeS in the
vacuum are converted to propagating waves within the s
strate and contribute to the energy dissipation. In ot
words, extra broadening of dips implies additional openin
of dissipation channels through the substrate.

Conversion of evanescent waves to propagating wave
the substrate significantly affects the transmission of mo
layer spheres on a substrate of finite thickness. Numer
results in Fig. 1~b! show the appearance of additional dips
addition to the complicated splitting of dips atZ50.712,
0.854, and 0.870. Experimental data, on the other hand, s
two broad dips at aroundZ50.65 and 0.90 with an addi
tional fine structure. We think that disorder of the sphe
arrangement in addition to the finite size effect would sm
out the fine structure of the transmission spectrum.

To determine the physical meaning of various dips sho
in Fig. 1~b!, we plot in Fig. 2 the transmission spectra f
0.5<Z<1.0 by settingd to 0.3 mm and varying the sub-
strate dielectric constanteS . The darker region correspond
to lower transmission. We found no extra broadening of d
as in the case of a semi-infinite substrate. Rather, we
served a systematic anticrossing of dips as a function ofeS .
This anticrossing phenomenon seems to reflect the inte
tion between eigenstates of a monolayer and the subst
Eigenstates of a monolayer are independent ofeS and are
shown in Fig. 2 by the horizontal dotted lines atZ50.712,
0.854, and 0.870. A dielectric thin film, on the other han
has a series of resonance states for perpendicular incide
However, for the thickness in Figs. 1~b! or 2, the resonance
is too broad to account for the sharp crossover in Fig.
Here, we take into account the conversion of evanesc
waves in the vacuum into propagating waves within the s
strate. Converted propagating waves undergo multiple t
reflection from both sides of the substrate and form eig
states localized within the substrate. The characteristic
ture of these eigenstates is that they can only be excited
the evanescent waves outside the substrate. In other w
they can never be excited without the presence of 2D p
odic spheres on the substrate.

To determine the validity of this idea, we calculate t
change in the amplitude of the electric field for a round t
propagation within the substrate. This change is given

es

e
s

FIG. 3. Contour plots of near-field intensity at~a! Z50.670 and
~b! Z50.698 for monolayer spheres on a finite substrate. The da
region corresponds to higher field intensity. Field variation is~a!
0.45<uEu2<109.16 and~b! 0.02<uEu2<133.24. Parameters are th
same as those listed in the caption of Fig. 1~b!. The sampling plane
is at z52a. Solid curves show the circumferences of the spher
2-3
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terms of matrixA by AE0, whereE0 is the starting ampli-
tude. Matrix A is easily obtained by using interface an
propagation matrices of the substrate. The resonance co
tion is given byAE05E0. This yields the following equa-
tions for s- andp-polarized waves:

a2~Gh
12gh

1!2/~Gh
11gh

1!251 for s polarized,
~5!

a2~Gh
1eS2gh

1e0!2/~Gh
1eS1gh

1e0!251

for p polarized, ~5!

wherea5exp(igh
1d). The resonance condition requires th

the evanescent wave is outside the substrate and that
propagating wave is inside the substrate. Therefore, we h
uhu/AeS<Z<uhu. Under this condition,Gh

15 iAh22Z2 and
gh

15AeSZ22h2. Solutions of Eq.~5! are plotted in Fig. 2 by
broken lines starting atZ51 andeS51. From the figure, we
can clearly see that the splitting of dips is a consequence
the crossover phenomenon between eigenstates of a m
layer and the substrate.

As shown in our previous paper, a huge enhancemen
the near field takes place at the dip frequencies. This
hancement would also be strongly affected by the substr
We calculate the near-field intensity distribution at each d
on the sampling square region2a<x,y<a. For perpendicu-
lar incidence of ap-polarized wave (Ei x̂) at Z50.712 with-
out a substrate, the shape of the contour plot on the samp
plane atz5a is like a lemniscate shape prolonged symmet
cally along thex axis ~not shown!. This lemniscatelike con-
tour reflects the field distribution ofEx and Ez having the
maximum at the origin and symmetrical maxima on thex
axis, respectively. The near-field intensity of a monolayer
a semi-infinite substrate atZ50.70 on the same plane be
comes an ellipse extending along thex axis due to the de-
crease inEz . It was also found that a semi-infinite substra
causes a reduction in the near-field intensity (uEmaxu2538.3
→6.18).
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Figures 3~a! and 3~b! show the contour plots of near field
at Z50.670 andZ50.698 for a substrate of finite thicknes
d50.3 mm, respectively. The sampling plane is now locat
at z52a. The darker region shows higher intensity. Wh
the maximum intensities of the near fields are almost
same, their distributions are very different: the near field
Z50.670 shows maxima at four contact points with the s
rounding spheres in addition to the origin of the cent
sphere. This is due to the largey component. On the othe
hand, the dip atZ50.698 has a largez component and show
a pair of symmetrical peaks along thex axis. We also found
that the dip atZ50.670 has maximum field intensity o
uEmaxu2>102 within the substrate, while that atZ50.698
reaches onlyuEmaxu2>10. This difference in field intensitie
suggests that the dips atZ50.670 andZ50.698 correspond
to the localized eigenstates within the substrate and mo
layer spheres, respectively. Details of the near-field image
addition to the photonic band structure will be reported el
where.

In summary, we have numerically studied the effects
semi-infinite and finite substrates on the transmission o
monolayer of periodically arrayed dielectric spheres.
found that a semi-infinite substrate significantly broadens
dips of the transmission, while a finite substrate yields ad
tional dips in the spectrum. These findings suggest tha
substrate can be used to control the optical properties
monolayer spheres. It would also be interesting to utilize
enhancement of a near field in 2D PC’s by using an optic
active substrate such as semiconductor quantum wells.
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