IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Resonant field enhancement by a finite-size periodic array of surface scatterers

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2001 J. Phys.: Condens. Matter 13 3001
(http://iopscience.iop.org/0953-8984/13/13/313)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.226
The article was downloaded on 16/05/2010 at 11:45

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/13/13
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 13 (2001) 3001-3010 www.iop.org/Journals/cm  PII: S0953-8984(01)20573-6

Resonant field enhancement by a finite-size periodic
array of surface scatterers

Mufei Xiao' 3 and Sergey I Bozhevolnyi’

I Centro de Ciencias de la Materia Condensada, Universidad Nacional Autonoma de México,
Apartado Postal 2681, Ensenada, CP 22800, Baja California, Mexico

2 Institute of Physics, Aalborg University, Pontoppidanstrzede 103, DK-9220 Aalborg @st,
Denmark

E-mail: mufei@ccmc.unam.mx
Received 2 January 2001

Abstract

Using a microscopic point-dipole description of light scattering by surface
particles, we investigate evolution of the self-consistent field intensity
distribution above a finite-size hexagonal array of surface scatterers when
changing the light wavelength. It is found that, for sufficiently strong scatterers,
the wavelength dependences of the maximum field intensity exhibit narrow
resonances, at which the field is significantly enhanced. We investigate the
influence of the system parameters, such as the polarizability of scatterers,
wavelength, polarization and angle of incidence of the incoming wave, on
the self-consistent field intensity distributions at resonance. Near-field optical
probing of the resonant field intensity patterns is also considered.

1. Introduction

Light scattering by periodic 2D and 3D dielectric structures has been intensively studied in
the context of photonic band gap (PBG) structures during the last 10 years [1]. If the contrast
of the periodic modulation of the dielectric constant is sufficiently large, Bragg scattering in
such a medium can significantly influence the nature of photonic modes resulting eventually
in the PBG effect. A finite-size periodic structure of scatterers, which is placed on a substrate
and illuminated by a totally internally reflected (TIR) wave, is in many respects similar to but
also rather different from PBG structures [2]. Such a structure being periodical in the surface
plane, i.e. in two dimensions, and confined in the direction perpendicular to it scatters the
incoming field in three dimensions. Therefore, one can hardly determine its transmission and
reflection characteristics and identify allowed or forbidden frequency regions (i.e. determine
the PBG). On the other hand, as in PBG structures, strong light scattering can occur in a finite-
size periodic structure of surface scatterers (FSPSSS), e.g. under TIR illumination, so that the
scattered field is significantly enhanced near an FSPSSS [2].
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Light scattering by a FSPSSS can be enhanced due to the structure periodicity leading to
constructive interference of waves scattered by individual scatterers. Such an enhancement
would be most pronounced for the FSPSSS containing a relatively large number of scatterers
separated with the spatial period of the order of the wavelength of light. Consequently, the
appropriate consideration should include retardation effects, i.e. the electrostatic approximation
that is often employed in near-field optics [3] and optics of fractal clusters [4] can no longer be
used. Taking also into account that the description of strong (resonant) multiple scattering calls
for the usage of a self-consistent approach [5], one realizes that the study of light scattering by
a FSPSSS (including the search for the resonant field enhancement) is by no means an easy
task and that one can hardly avoid making some simplifications. The main approximation we
used was that the surface scatterers were treated as (point) electric (isotropic) dipoles with
wavelength independent polarizabilities. This allowed us to make a clear distinction between
the phenomenon of light enhancement in a certain configuration of an ensemble of scatterers
and the field enhancement in a certain wavelength range due to the (plasmon and/or Mie)
resonances in the polarizability of an individual scatterer [6].

In this paper we consider multiple light scattering by a periodic array of identical spherical
particles placed on a substrate and illuminated from the side of the substrate by a totally
internally reflected wave. Itis demonstrated that, for certain combinations of light wavelengths,
array periods and sphere radii, the total (self-consistent) field established in the process of strong
multiple scattering by a FSPSSS can be resonantly enhanced. We investigate and report main
features of this new scattering phenomenon. Furthermore, near-field optical probing of the
field intensity distributions at resonance is also discussed.

2. Main formulae

The configuration of the considered FSPSSS is shown in figure 1. Light scattering by spherical
scatterers placed on the surface of the bulk was treated in the electric-dipole approximation
[5,7]. Within this microscopic formalism, the total electric field in the system is given by the
following expression:

N
E(r,w) = E;,(r,w) — /Loa)z Zaj (W)G(r,rj, ) E(r;, w) (1)
j=1

where E;,(r, ) is the monochromatic incident field at the frequency w, G (7, r;, w) is the
appropriate field propagator and E (7, w) is the self-consistent field at the site of the jth surface
scatterer with the (dipolar) polarizability o ;(w). In the scattering system with an interface,
the field propagator consists of direct and indirect parts [5]. We used the complete retarded
form of the direct part of the field propagator GG, and the indirect part was approximated by

the retarded direct propagator from the corresponding (mirror) image dipole [8], viz.,

G(r,rj,w) = D(r,r;, o) + D(r,r,;, w) - M (w)
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Tmj = (xj,yj, —z;) points to the image dipole, &,(w) is the bulk dielectric constant,

D(r, r;, w) is the (direct) field propagator (or dyadic Green’s function) in free space:
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R =|r—rj|,eg = (r—r;)/R, U is the unit tensor and k = w/c is the wavenumber of light
in free space.

The incident field was considered in the form of a plane wave with the amplitude equal to
1 and having s- or p-polarization, i.e. with the electric field being polarized perpendicular to
or in the plane of incidence. This wave was incident from the side of the substrate at the angle
0 exceeding the critical angle (figure 1(a)), so that the surface spheres were illuminated by
the evanescent field. Finally, the polarizability of a surface sphere was calculated in the long-
wavelength electrostatic approximation via the sphere’s radius a and its dielectric constant
& (w):

o a@ -1
o(w) = drega @iz )

T—»x (b)

Figure 1. Geometry of the scattering system under consideration. (a) Cross section of a finite-
size hexagonal array of 200 nm radius spherical scatterers illuminated by total internal reflection;
(b) topographical image (6 x 6 um?) simulated with a 10 nm radius probe sphere.

The self-consistent field at the sites of the scatterers can be found by using their locations
in turn as the observation point in equation (1) and solving the resulting set of equations
with standard procedures of linear algebra [5]. The total self-consistent field established
in the process of multiple scattering can then be determined at any point of the considered
configuration. In our simulations, we have chosen to use frequency independent values of
dielectric constants of the substrate and scatterers. This means that the results obtained for a
particular scattering configuration can be applied to other configurations that have the same
geometrical arrangement and the same ratios between the distances involved (including the
radius of the surface spheres) and the light wavelength (see equations (1)—(4)). Actually, the
variation in the sphere’s dielectric constant &; can be compensated adjusting the radius a to
keep the same value of the polarizability (equation (4)) as long as all other parameters are kept
without changes.



3004 M Xiao and S I Bozhevolnyi

3. Numerical results

First, we investigated the wavelength dependence (in the range of 500750 nm) of the maximum
of the self-consistent field intensity calculated above the hexagonal FSPSSS (with the spatial
period of 600 nm) at the constant height (CH) of 211 nm from the substrate surface (figure 1(a)).
The substrate with the dielectric constant ¢, = 10 illuminated by a TIR wave incident under
the angle 6 = 25°, two dielectric constants (¢, = 5 and 10) of the surface spheres with the
radius of 100 nm and three angles of incidence in the surface plane (¢ = 0, 30 and 45°) were
used in these calculations (figure 2). Similar to what has been reported previously [2], we
found that, in general, the field intensity is considerably enhanced in a large range of light
wavelengths around 600 nm, i.e. around the value of the FSPSSS period. Note that the field
intensity that would be observed at the same distance above a bare surface is ~0.07 for the
considered configuration.
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Figure 2. Wavelength dependences of the maximum of the field intensity calculated at the constant
height of 211 nm from the substrate surface for different angles ¢ (figure 1(b)) and dielectric
constants of scatterers illuminated with (a) p- and (b) s-polarized plane waves.
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In addition to the overall field enhancement, we have also observed pronounced peaks
in the wavelength dependences calculated for the scatterers with e, = 10 (figure 2). A very
sharp (width ~0.5 nm) and high peak has been found at the wavelength of 548.2 nm for all
polarizations and angles ¢, though the peak height was very different varying from 7 (for
p-polarization and ¢ = 0°) to 1050 (for s-polarization and ¢ = 0°). A less pronounced
peak has been found at the wavelength of ~590 nm but only for p-polarization and with the
position slightly dependent on the angle ¢. Note that the wavelength dependences calculated
for different dielectric constants are rather similar to each other so that, apart from some factor,
the resonant peaks constitute the only difference between these dependences.

We attribute the appearance of these peaks to the transition (with the increase of the scatter-
ers’ polarizabilities) between the regimes of relatively weak and strong (resonant) multiple scat-
tering. The same transition can be also realized by changing the radius of spherical scatterers
(equation (4)). Calculating the intensity maximum as a function of both wavelength A and ra-
dius a (with all other parameters being constant), one can determine the exact locations of these
resonances (figure 3). Note that the maximum intensity can reach values that are four orders of
magnitude larger than the incident field intensity. It should be stressed that the radius determin-
ing the scatterer’s strength (polarizability) and the light wavelength determining the scattered
field decay with the distance (equation (3)) are the most and equally important parameters of
scattering system. This feature reflects the principal difference existing between these reso-
nances and the (plasmon and/or Mie) resonances in the polarizability of individual scatterers.

Conceptually, the observed resonances are similar to the configurational resonances,
though those were introduced for near-field interactions [5]. In our case, even in the absence
of damping the heights of the resonance peaks are finite because of the retardation. Similar
calculations for the dielectric constant of scatterers containing also an imaginary part showed
that the resonance peaks became slightly shifted in wavelength and decreased in height.
Representing the set of equations for the self-consistent field at the sites of the scatterers
in a symbolic form, viz., E = Ey + F E, one realizes that the resonance condition is given by
the characteristic equation Re{det|U — F|} = O [5]. It is clear that, for a system containing
a finite number of scatterers, this condition can be satisfied only for a discreet set of system
parameters.

The distribution of the self-consistent field at resonance is determined by the configuration
of the scattering system and stable with respect to the incident field. The field intensity
distributions, which were calculated for s- and p-polarizations of the incident field at 548.2 nm,
are indeed similar to each other for all angles ¢ except for the case of the p-polarized wave
incident along the x-axis (figure 4). This exception is explained by the circumstance that
the main contribution to the resonant field intensity comes from the y-component of the
field. Since the y-component of the incident field is exactly zero for the p-polarized wave
incident at (¢ = 0°, the resonant field cannot be excited in this configuration, and therefore the
resulting field intensity is significantly smaller and distributed differently than in other cases
(cf figures 4(a), 4(d) and 4(c)). Note that the resonant field enhancement is tightly bound to
the sample surface (cf figures 4(a) and 4(b)) indicating that the evanescent field components
play a crucial role in this resonance.

We have also calculated the self-consistent field intensity at the site of a probe sphere
(¢, = 2.5, radius a, = 10 nm) scanned over the sample surface at the constant distance (CD)
of Inm (figure 1(a)). The idea was to simulate a near-field optical image of the field intensity
distribution [7] and to identify the locations of high field intensities near the actual sample
surface. The corresponding topographical image is shown in figure 1(b), and the simulated
images for the wavelength of 548.2 nm are shown in figure 5. These images are rather different
from the field intensity distributions calculated in CH mode (cf figures 4 and 5). The analysis of
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Figure 3. Grey-scale representations of the double logarithm of the maximum of the field intensity,
i.e., In[In(7)], calculated at the constant height of 211 nm from the substrate surface for different
angles: ¢ = 45° (a), (b) and 30° (c) and polarizations of the incident wave: (a) s- and (b),
(c) p-polarization.

the observed differences is quite intricate and will be presented in detail elsewhere. The main
reasons are the perturbation (by the probe sphere) of the self-consistent field at resonance [9]
and the fact that the actual surface of mapping the field intensity in CD mode is very different
from the plane used for calculations in CH mode (with their separation being up to 200 nm). It
should be noted also that the images obtained for ¢ = 30 and 45° and two polarizations were



Light scattering of periodic array 3007

1100 280
600 140
0 0
6.5 425
| 3 200
0 0

Figure 4. Linear grey-scale representations (6 x 6 um?) of the field (A = 548.2 nm) intensity
calculated at the constant height of (a), (c), (d) 211 and (b) 500 nm from the substrate surface for (a),
(b) s-polarization and ¢ = 0°, (c) p-polarization and ¢ = 0° and (d) p-polarization and ¢ = 45°.
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Figure 5. Linear grey-scale representations (6 x 6 um?) of the field (. = 548.2 nm) intensity
calculated at the site of the probe sphere scanned at the constant distance of 1 nm from the surface
for (a), (b) s- and (c), (d) p-polarized wave incident at ¢ = (a), (c) 0° and (b), (d) 45°.

found quite similar to each other and with the strongest field intensities located on both sides
of surface scatterers along the y-axis (cf figures 5(b) and 5(d)). The latter feature is explained
by the resonant enhancement of the y-component of the field at the site of the scatterers.

The resonant intensity enhancement at ~590 nm with a p-polarized incident beam
(figures 2(a), 3(b) and 3(c)) is related to the enhancement of the z-component of the field (normal
to the surface plane). The resonance peaks for different angles ¢ turned out to be slightly
displaced and the corresponding intensity distributions different (figure 6). Judging from the
intensity distributions, it is plausible to suggest that these resonances are due to the resonance
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interaction between resonantly excited hexagonal clusters of scatterers in the FSPSSS. The
distance between neighbour (elementary) clusters depends upon the orientation (related to the
direction of the incident wave) and so does the resonance wavelength (cf figures 6(a) and
6(c)). Note that, in this case (resonance of the z-component), there is little difference between
the images calculated in CH and CD modes (cf figures 6(b) and 6(d)). Finally, it is worth
mentioning that similar images were calculated for the scatterers with ¢, = 5 though the field
intensity enhancement was smaller in accordance with the dependences shown in figure 2(a).

9.5 75
. I5 . I4O
0 0
27 50
- I15 . I25
0 0

Figure 6. Linear grey-scale representations (6 x 6 um?) of the field (A = (a), (b) 586 and (c),
(d) 588.4 nm) intensity calculated (a)—(c) at the constant height of 211 nm from the substrate surface
and (d) at the site of the probe sphere for a p-polarized wave incident at ¢ = (a) 0°, (b), (d) 30°
and (c) 45°.

In addition to the resonance peaks considered above, a broad maximum centred at ~606 nm
is seen on the wavelength dependences calculated for ¢ = 30°. This maximum is present for
both dielectric constants of scatterers (figure 2(a)) and in a large range of radii (figure 3(c)).
The corresponding intensity distributions indicate that, in this case, the intensity enhancement
is concentrated within a single hexagonal cluster (figure 7). We believe that this enhancement
would survive in some form for the FSPSSSs with different numbers of scatterers. Actually,
a rather similar maximum was calculated with a different method and for differently shaped
scatterers for the (6 x 6) array (cf figure 2 and figure 4 from [2]). Such a maximum seems to
be more interesting from the point of view of practical realization than the resonance peaks
because of relaxed tolerances on the sizes of scatterers and light wavelengths used (though
at the expense of the sensitivity with respect to the angle ¢ of light incidence in the surface
plane).

4. Conclusions

In this paper we analysed light scattering by a hexagonal finite-size array of spherical scatterers
placed on the substrate. It was shown that the self-consistent field established in the process of
multiple scattering by a FSPSSS can be resonantly enhanced for certain combinations of system
parameters, of which the most important ones are the light wavelength and the polarizability
of scatterers. The maximum intensities attained at the resonances were found to be four orders
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Figure 7. Linear grey-scale representations (6 x 6 um?) of the field (A = 606 nm) intensity
calculated (a), (c) at the constant height of 211 nm from the substrate surface and (b), (d) at the
site of the probe sphere with the dielectric constant 5 = (a), (b) 10 and (c), (d) 5 for a p-polarized
wave incident at ¢ = 30°.

of magnitude larger than that of the illuminating field below the surface. The intensity field
distributions above the scattering system and the near-field optical images simulated in the
constant distance mode were presented for the observed resonances.

These results have been obtained in the dipole approximation, but we expect the main
conclusions to be valid even when a multipole expansion of the polarizability should be
used (for large and/or non-spherical scatterers). The limit of the validity of point dipole
approximation can be estimated by considering the unitary limit of the scattering cross section
of an individual pointlike scatterer [10]. For an individual scatterer in free space, the limiting
radius of a spherical scatterer is ~A2, so that the value of 100 nm used here is just on the limit.
However, as long as the dipole contribution is dominant in the multipole expansion [11, 12]
the interaction driven by dipolar polarizabilities of scatterers would ultimately determine the
system resonances (and the resonant field configurations).

The strong field enhancement within a narrow range of wavelengths and polarization
selectivity of the observed resonances make the phenomenon of resonant field enhancement
by FSPSSSs very attractive for various applications ranging from integrated optic and
optoelectronic components to bio- and chemical sensors. Our preliminary calculations for
differently framed hexagonal arrays of spherical surface scatterers and with different numbers
of scatterers indicate that the resonance for the field component perpendicular to the surface
shows up persistently at the wavelengths slightly below 600 nm and so does a diffuse maximum
(at the wavelengths slightly above 600 nm) for the angle of incidence in the surface plane
¢ = 30°. We conduct further investigations in this area.
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