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Optical resonances of indium islands on GaAs„001… observed
by reflectance anisotropy spectroscopy
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The optical properties of indium islands on GaAs~001! surfaces have been studied by reflectance anisotropy
spectroscopy as a function of metal coverage. A large optical anisotropy is observed, which shows an oscilla-
tory behavior and scales with the island size: mean island sizes determined by scanning electron microscope
correspond to the wavelengths where extremes in the optical anisotropy arise. We explain this behavior by
surface plasmon resonances of the island structure which induce a huge optical anisotropy related to the
anisotropic shape and distribution of the In islands. Model calculations of the reflectance anisotropy spectros-
copy signal based on a layer system where the island film is represented by an effective medium consisting of
ellipsoidal metal particles in a vacuum matrix reproduce the main oscillation and support our conclusion.
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I. INTRODUCTION

Mie resonances, or so-called morphology dependent r
nances of electromagnetic waves in metallic and dielec
particles have been subject to intense investigations with
tical spectroscopy for a long time.1–3 Such resonances are
for example, readily observed in extinction/absorption cr
sections or the angular distribution of scattered light. Re
nance frequencies for transverse electric and transverse
netic modes depend on shape, size, and material prope
~i.e., refractive index or dielectric function! of the particles.
For particle sizes much smaller than the wavelength, only
first-order multipole, i.e., the dipole is resonantly excite
Scattering can therefore be described in the so-called R
leigh limit. With increasing particle size or with an increa
ing size parameterka approaching 1, higher-order multipole
become resonantly excited leading to the so-called Mie
gime of reflected and scattered light waves. Here,a repre-
sents the particle size,l is the wavelength of the exciting
electromagnetic radiation, andk is the wave vector defined a
k52p/l. In the past few years, the use of these resonan
for resonance enhanced spectroscopy, due to the high lo
field enhancement at the surfaces of the particles, and
potential of Mie resonances for optical size analysis h
attracted considerable interest.4

In this paper, we report on optical resonances in the M
regime (ka.1) detected by the polarization state of light,
topic hardly studied so far. The polarization state of the lig
backscattered from metal islands on a semiconductor sur
has been determined by reflectance anisotropy spectros
~RAS!. This method measures, similar to spectroscopic el
sometry, the difference in the complex reflectivity for tw
light waves of same intensity but with perpendicular pol
ization directions, but under near-normal incidence. RAS
been established in recent years for the optical study of se
conductor surfaces andin situ optical monitoring of semi-
0163-1829/2003/67~12!/125306~7!/$20.00 67 1253
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conductor growth.5–7 More recently, the potential of RAS fo
studying other materials, for example, metal surfaces,
been exploited as well.8–11

As will be shown, metallic islands such as In can give r
to a huge optical anisotropy due to an anisotropic isla
morphology. For In on GaAs~001!, the morphology related
optical anisotropy is two orders of magnitude larger than t
related to the surface structure of the GaAs substrate.
inequivalent crystal directions within the In-island cover
~001! surface correspond to the@11̄0# and @110# directions,
just as in the case of a clean GaAs~001! surface. We ascribe
the optical anisotropy to a small average anisotropy of
island shapes and the strong enhancement to surf
plasmon resonances induced by rather uniform sizes of th
islands. Thus, using RAS, a simple quantitatively reliab
optical spectroscopy technique that does not require any
erence spectra is available for the determination of the
parameters controlling the island morphology.

II. EXPERIMENT

A. Sample preparation

Samples were prepared by indium deposition on cle
reconstructed~001! surfaces of GaAs substrates in ultrahig
vacuum ~UHV! ~base pressure: 4310211 mbar). First, a
slightly doped (nSi51016 cm23) GaAs buffer layer was
grown on GaAs~001! substrates by molecular-beam epitax
This buffer layer was capped by an amorphous arsenic
layer after growth. After transfer of the samples through a
bient conditions into UHV, the cap layer was removed fro
the surfaces by heating to'450 °C ~decapping!. The result-
ing clean surfaces werein situ analyzed by low-energy elec
tron diffraction~LEED!, Auger electron spectroscopy~AES!,
scanning tunneling microscopy, and RAS.12–14After decap-
ping, the surfaces showed a~234! LEED pattern that is as-
sociated with the well-known arsenic-rich reconstruction
©2003 The American Physical Society06-1
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the surface.13 No contaminations with carbon or oxyge
could be determined by AES. Indium was deposited direc
onto the clean, reconstructed surfaces in UHV. The dep
tion was carried out at room temperature by thermal eva
ration of indium from a Knudsen cell at a deposition rate
0.1 ML/s ~ML stands for monolayer!. The deposition rate
was controlled by a calibrated quartz microbalance. T
background pressure during deposition remained below
310210 mbar. The optical anisotropy of the surfaces w
then examined in UHV~in situ! as well as after remova
from UHV to ambient conditions~ex situ! by reflectance an-
isotropy spectroscopy. Indium deposition in the submo
layer regime is known to modify the GaAs~001! surface
structure in a defined manner and to give rise to characte
tic changes in the optical anisotropy.12,14 While the anisot-
ropy related to the surface structure~clean or indium termi-
nated! is immediately quenched upon contact with air, t
In-island related resonances described here remain u
fected.

Island sizes, shapes, and distributions were determineex
situ by scanning electron microscopy~SEM!. These results
have been reported in Refs. 15 and 16.

B. Reflectance anisotropy spectroscopy

The experimental setup for reflectance anisotropy sp
troscopy is shown in Fig. 1. A detailed description can
found in Refs. 6 and 17. Two different RAS setups we
used, one with an incidence angle of around 2.5° and
with an incidence angle below 1°. Typically, the diameter
the illuminated area on the sample is around 0.5–1 cm. T
in our experiments, the sampling area corresponds to
whole surface of the GaAs sample. The reflectance ani
ropy is defined as17

Dr

r
5

r 12r 2

^r &
, ~1!

wherer 1 and r 2 stand for the complex amplitude reflectio
coefficient of linear polarized light along two perpendicu
directions denoted 1 and 2, and^r & is the average of both
quantities. In case of the surface of a solid, for example,
~001! surface of GaAs, directions 1 and 2 are chosen s

FIG. 1. RAS setup used for polarization analysis of reflec
light under near-normal incidence. Rochon prisms~polarizer and
analyzer! and the photoelastic modulator are commercial eleme
made of UV-grade quartz~Ref. 17!.
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that they correspond to crystallographic directions along
crystal surface which are inequivalent as regards to th
symmetry properties. For the~001! surface of GaAs, these
are the@11̄0# and @110# directions. Since GaAs has a cub
bulk crystal structure~zinc blende structure!, the difference
betweenr 1 andr 2 is solely related to the surface layer, irre
spective of the much larger light penetration depth. Note t
it is only in the case of optically isotropic materials, fo
example, GaAs, that the optical anisotropy is exclusively
lated to the surface. In the case of crystals with lower sy
metry, the majority of the optical anisotropy may arise fro
the bulk. Another possible source of optical anisotropy is
morphology of surfaces, a topic not much studied so far
many cases, epitaxial growth gives rise to islands of an
tropic shape. In this case, as we will show, the island m
phology rather than the optical properties of the island m
terial gives rise to an optical anisotropy.

III. EXPERIMENTAL RESULTS

A. Island sizes, shapes, and distribution

The epitaxial growth of indium on GaAs~001! surfaces
has previously been investigated by AES, SEM, and x-
reflection diffraction~XRD!.15,16 Here, only the main results
will be briefly reviewed: The shape of indium islands grow
ing on the~234! GaAs~001! surface changes with coverag
Up to 130 ML, islands have a regular shape with a rect
gular base. The island edges are oriented along the@110# and
@11̄0# directions of the GaAs~001! surface. A slow attenua
tion of Ga and As Auger lines indicates an increasing size
three-dimensional~3D! islands with coverage rather than 2
substrate covering. Above 130 ML of In, the growth mo
changes, as indicated by an even weaker Auger attenua
In this coverage regime, large In islands surrounded
smaller ones are found in SEM images. Most likely, the la
islands have been generated by coalescence of the fo
small ones, the latter being still present in intermediate
gions where no coalescence has occurred yet. The shap
the large islands can be described by an obelisk with a r
angular shaped base, whose edges are still oriented alon
@110# and @11̄0# directions of the GaAs~001! surface. The
indium islands show a uniform size distribution with the
mean size increasing with coverage. As an example, S
images for 270 ML and 1000 ML of In on GaAs~001! are
shown in Fig. 2. For coverages above 700 ML, the la
islands coalesce, leading to rather irregular island shapes
quite different island sizes for a given In coverage. The cr
talline structure of the indium islands is face-centered tetr
onal. XRD measurements of 2000 ML of indium show th
the ~001!, ~010!, and~111! planes are oriented parallel to th
surface at ratios of'6:1:1, indicating a preferential islan
growth in the epitaxial~001! orientation. Therefore, the sid
faces of the obelisk like In islands are most likely~111!
crystal planes.

B. Reflectance anisotropy spectroscopy

As mentioned in Sec. I, clean and indium submonola
terminated GaAs~001! surfaces have been investigate
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OPTICAL RESONANCES OF INDIUM ISLANDS ON . . . PHYSICAL REVIEW B67, 125306 ~2003!
previously.7,14 RAS spectra and their correlation to th
atomic surface structure, or reconstruction, are thus w
known. However, above a minimum In coverage of'100
ML, the formation of indium islands on the GaAs~001! sur-
face leads to RAS spectra which are totally different in sh
and amplitude as compared to the surface related optica
isotropy, and whose correlation to the surface morpholog
presently not well understood. Figure 3 shows two R

FIG. 2. SEM micrographs of indium islands~top view and 75°
side view! on the~001! surface of GaAs for two different In cov
erages:~a! 270 ML ~upper panel! and ~b! 1000 ML ~lower panel!.
Please note the different length scales indicated in the SEM mi
graphs.

FIG. 3. RAS spectra of a clean GaAs~001! surface of (234)
reconstruction~dashed line! and the same sample after deposition
250 ML of In ~full line!. The spectrum of the clean surface has be
scaled by a factor of 10.
12530
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spectra, the typical one related to a clean GaAs~001! surface
with ~234! reconstruction, and one obtained after deposit
of 250 ML of In. The giant amplitude of the spectrum relat
to the In-covered sample as compared to that of the cl
sample is evident at first sight.@Please note that the spectru
of clean GaAs~001! is enhanced by a factor of 10.# Also the
shape of the anisotropy spectrum of the In covered samp
very unusual: a rather symmetric minimum-maximum stru
ture centered around 4 eV can be seen. Particularly rem
able is the dependence of the RAS spectra on In cover
Figure 4 shows the real parts of RAS spectra fro
GaAs~001! surfaces with increasing coverage~100–1000
ML ! of indium. In Fig. 4~a!, the spectra are shown as
function of photon energy, as usual, whereas Fig. 4~b! shows
the same spectra as a function of wavelength. For a nom
coverage of 100 ML of indium, a large and broad positi
optical anisotropy at the high-energy~short wavelength! cut-
off of the RAS spectrum shows up. With increasing cov
age, the position of the maximum optical anisotropy shifts
lower energy~longer wavelengths! and for a coverage of 150
ML, an additional minimum appears at the high-ener
~short wavelength! cutoff. Minimum and maximum positions
shift with the coverage to lower energies~longer wave-
lengths! leading to an oscillator-like form of the RAS lin
shape. For higher coverage, another maximum and fin
another minimum moves from the high-energy~short wave-
length! cutoff into the accessible spectral range of the R
apparatus. In Fig. 4~b!, the maxima and minima are labele
by ‘‘1,’’ ‘‘2,’’ ‘‘3,’’ and ‘‘4’’ according to their appearance
with increasing In coverage. Since the RAS signal is giv
by the difference of the reflection for light polarization alon
@11̄0# and @110# ~normalized to the average reflectivity!, a
positive RAS signal corresponds tor @11̄0#.r @110# and a
negative one tor @11̄0#,r @110#.

The spectral positions of the extrema 1, 2, and 3 a
function of In coverage are shown in Fig. 5. An approx
mately linear dependence of the wavelength positions
the coverage in the ML is observed for the first maximum
(r @11̄0#.r @110#), the first minimum 2 (r @11̄0#,r @110#),
and the second maximum 3 (r @11̄0#.r @110#) up to 600 ML
of In coverage. The wavelength position of the leading ma
mum 1 is approximately equal to the mean island size de
mined by SEM. The spectral position of maximum 3 corr
sponds to half of the wavelength of maximum 1. The li
shape of the RAS spectra changes, with increasing cove
from an oscillation with nearly equal amplitudes of maxim
and minima shown in the two upper plots of Fig. 4~a!, to
oscillations with different amplitudes shown in the lower tw
plots of Fig. 4~a!. This is due to the fact that the amplitude
the oscillations is larger in the ultraviolet range than in t
visible spectral range. The amplitudes of the oscillations
highest for wavelengths between 250 nm and 500 nm
decrease for wavelengths above 500 nm. For a cove
above 800 ML, the oscillations are broadened and dam
and the whole spectrum shifts to negative anisotropy.

IV. DISCUSSION OF OPTICAL ANISOTROPY

As already mentioned in the Introduction, RAS measu
the difference in reflection for two light waves of righ

o-

f
n
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FIG. 4. RAS spectra of indium islands on th
~001! surface of GaAs for different indium cov
erages.~a! RAS spectra as a function of photo
energy;~b! RAS spectra as a function of wave
length.
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angled polarization directions under nearly normal inciden
Since there is a small but finite deviation of a few degree
the incidence angle from normal incidence, one might s
pect that a difference in geometrical resonance conditions
s- and p-polarized light is responsible for the observation4

This assumption was checked by measuring the depend
of the RAS spectra of one sample for~i! different incidence
and reflection angles of the light and ii! for different angles
between the right-angled polarization vectors of the light a
the surface directions@11̄0# and @110#. The results can be
summed up as follows:~a! neither the amplitudes nor th
positions of the maxima and respective minima depend
the incidence angle and~b! by rotating the sample 45
around the normal to the sample surface, the optical ani
ropy vanishes completely and by rotating 90° it rever
sign. The difference betweens andp polarizations therefore
cannot be the source of the optical anisotropy observed.

FIG. 5. Wavelength positions of maxima and minima in t
RAS spectra as a function of nominal indium coverage. Stra
lines are a guide to the eye.
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evident that the optical anisotropy observed for the In-isla
covered GaAs is related to an anisotropy occurring betw
the @11̄0# and @110# directions.

There may be two fundamentally distinct origins of su
an anisotropy: a geometric response due to an anisotr
island shape, size, or distance, or alternatively, an anisotr
dielectric response of the island material due to its crystal
structure might give rise to an optical anisotropy. A sm
dielectric anisotropy is expected for indium crystals due
the tetragonal crystal structure. However, this anisotro
cannot account for the observed behavior, since in the
taxial ~001! orientation as revealed by XRD, the dielectr
anisotropy does not show up. Moreover, the fact that
maxima and minima shift across the entire spectral ran
from 1.5 eV to 5.5 eV, dependent of the deposited amoun
island size, proves that the observed oscillations canno
related to material properties of crystalline indium. The
fore, the anisotropy of the bulk dielectric function of crysta
line indium certainly does not explain our observation.

On the other hand, an anisotropic island shape~i.e., a
rectangular base area! is in fact observed by SEM. Howeve
the available SEM images show that the islands are orien
with their longer island side partially along the@11̄0# direc-
tion and partially along the@110# direction. Therefore, the
optical anisotropy corresponds to a mean anisotropy aris
by averaging over the many In islands present within
large illuminated area. Moreover, the shape of the isla
and the distance in between may influence the optical ani
ropy as well. For instance, the angle between the island
faces and the GaAs surface may differ for the@11̄0# and
@110# directions. A detailed understanding of the optical a
isotropy would be quite a formidable task. However, w
want to point out that the RAS oscillations are observ
under similar preparation conditions on a variety of differe
samples with very high reproducibility. Therefore, any ar
fact is safely excluded. We thus conclude that either
mean size, the shape of the islands, or the distance in
tween is anisotropic, i.e., differs slightly along the@11̄0# and
@110# directions for the GaAs~001! substrate. A possible mi
t
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OPTICAL RESONANCES OF INDIUM ISLANDS ON . . . PHYSICAL REVIEW B67, 125306 ~2003!
croscopic mechanism is the anisotropic diffusion velocity
indium along the two different directions in the surface12

Such an anisotropic diffusion is known to exist o
GaAs~001!~234! and was quantitatively determined for G
adsorption.18

With this explanation for the source of optical anisotrop
the huge magnitude and the line shape of the RAS osc
tions can be explained by the surface-plasmon resonance
as Mie resonances within the generalized Mie theory.20,21

Due to the anisotropy in island size, shape, or distance,
resonance wavelength~or photon energy! differ slightly for
@11̄0#- and @110# polarized light, thus producing a 1-2
maximum-minimum structure in the RAS spectrum. The f
lowing structures correspond to higher order~multipole! Mie
resonances. The position of maxima and respective min
in the spectra should then depend linearly to the first or
on the island size, which is indeed observed~see Fig. 5!. The
dependence of the oscillation amplitude on wavelength,
finding that the oscillation amplitude in the visible range
lower than in the UV spectral range@see Fig. 4~a! lower two
plots#, can be easily explained by depolarization effects. T
depolarization was in fact observed for the In-island lay
on GaAs~Ref. 16! and was also calculated, for instance, f
scatterers consisting of polystyrene spheres of differ
diameters.22 In case of a metal, one would expect this effe
to be seen at smaller size parameters because of the h
absorption and refractive index caused by the polarizab
of metals.

V. THREE-PHASE MODELING

In order to substantiate the above interpretation, we p
formed a modeling of the reflectance anisotropy spe
based on an effective-medium approach. A more quantita
modeling of the In-island system on GaAs would be an
tremely complicated task, much beyond the scope of
work. Analytical expressions for the change of reflectiv
induced by a rough surface are available only for cert
simple geometries, which do not fit into the prese
situation.19 Semiquantitative numerical treatments of e
sembles of particles with complex shapes are discusse
the literature, but limited to a relatively small number
scatterers.20,23,24The low-symmetry shape, irregular size a
orientation of the islands, and in particular, the extrem
large number of islands precludes such a modeling for In
GaAs. A much simpler approach, however, is possible, ba
on an effective-medium model describing the island lay
Such a modeling is known to work well for small islands21

but will have only a limited accuracy in the Mie regim
relevant here.

The modeling is restricted to the dipole approximation
multipole resonances are not considered. A three-ph
model consisting of a GaAs substrate, an In-island layer,
vacuum is employed to calculate the RAS spectra. The m
phological anisotropy of the In-island layer is modeled
the basis of an effective medium consisting of In ellipsoids
a vacuum matrix. The calculation of the optical properties
metallic island films is performed in two steps:~1! Determi-
nation of an effective medium with oriented and coated
12530
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lipsoids.~2! Calculation of the optical response of a thin fil
using the effective medium and taking the multireflectio
into account by the Airy equation.

The measured RAS signal is identical to cos~2C! ~or
Stokes parameterS1) of the ellipsometric parameterC,
which is determined in step~2!. The ellipsoids are oriented
with the rotation axis parallel to the@110# axis within the
surface of the GaAs~001! substrate. The aspect ratio~ratio of
major to minor axes!, the complex refractive index of the
core, the coating and the substrate, the thickness of the c
ing, and the refractive index of the surrounding medium
parameters of this calculation. Under these conditions,
effective optical constants for a given filling factor~ratio of
mass and optical thickness! are determined by the Brugge
man approach,27 using the resulting polarizability28,29 from
the electrical depolarizations of the ellipsoids reported
Stoner.30 The former theoretical approach was origina
used to determine the optical properties of metallic isla
films coated with adsorbates.31 If the refractive index of the
coating is the same as that of the surrounding medium, t
the coating controls the minimum distance~twice the coating
thickness! between the surfaces of the core ellipsoids. This
the case in our modeling approach. Thus, with the de
mined effective complex refractive index and the optic
thickness of the coating layer on the GaAs substrate,
complex reflection is computed for the orientations para
to the @11̄0# and @110# directions. Since the model film is
anisotropic, a different response for the two directions, c
responding to an RAS signal, follows. This holds both fo
low angle of incidence and perpendicular incidence. The
tical properties of GaAs and In bulk materials were tak
from Refs. 25 and 26.

Figure 6 shows, as representative examples, calcul
RAS spectra together with the corresponding experime
data for two different In coverages~150 ML, 350 ML!. The
fitting procedure is restricted to the coverage regime fr
100 ML up to 600 ML, in which the first-order~dipole! os-
cillation 1-2 is visible in the RAS spectral range. Please n
that oscillation 3-4 cannot be reproduced within our mo
since it is limited to the dipole resonance. Even though
use of ellipsoids for obelisk-like structures is a rather cru
approximation to the real structure, since neither the com
cated obelisk-like shape nor the finite-size distribution of
In islands is taken into account, a rather good agreemen
the line shape between modeled and measured data is
tained for the oscillation 1-2. This finding corroborates w
with a recent investigation of ensembles of complex partic
by the extended boundary-condition method.24 As mentioned
above, in our modeling, the fitting parameters are the as
ratio, the layer thickness, the island diameter, and the isl
distance. The aspect ratio which is a measure of the ave
geometric anisotropy of the island film turns out to be a ve
small, almost a constant value from 1.01 to 1.05 through
all fitted RAS spectra of different In coverages. This findi
corroborates very well with the island morphology, as
vealed by SEM discussed in Sec. III A: Although the ind
vidual islands are anisotropic, they differ in shape and ori
tation, such that the average anisotropy is too small to
obvious just from visual inspection of the SEM images. On
6-5
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N. ESSERet al. PHYSICAL REVIEW B 67, 125306 ~2003!
the optical anisotropy proves that a small but well-defin
average anisotropy, in fact, exists for the In-coverage reg
examined. The fitting parameters layer thickness, island
ameter, and the island distance show a pronounced de
dence on In coverage which allows one to extract furt
information about island morphology. Figure 7 displays the
parameters as obtained from our model fitting for indiu
coverage between 100 ML and 600 ML. The island fi
thickness shows a sublinear increase with In deposition
100 ML deposition~corresponding to 16.3 nm thickness
an ideally 2D In layer!, the fitting yields a thickness of 10
nm, i.e., six times larger than for a 2D In layer. At 400 ML
deposition~65 nm nominal coverage!, the film thickness is
'200 nm, i.e., only three times larger than for a 2D film
These factors reflect the changes in growth mode of the
film as described in Sec. III A: Obelisklike shaped, isolat
In islands aggregate and subsequently grow together.
initial factor of 6 accounts quantitatively for the low volum

FIG. 6. Comparison of modeled~solid line! and experimental
~cross symbols! RAS spectra for 150 ML~upper panel! and 350 ML
~lower panel! of nominal In coverage. The modeling is based on
three-layer system with Bruggeman effective-medium approach
the indium-island layer. Multipole resonances are not taken
account.
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filling of the film achieved with the In islands. For highe
coverage, the volume filling then increases. The island dia
eter resulting from our modeling shows an approximat
linear increase with coverage up to 600 ML of In. Its nea
linear dependence on In coverage substantiates the inte
tation of the RAS extremes in terms of geometric resonan
since they, in fact, also show an approximately linear dep
dence on In coverage~see Fig. 5!. The absolute value of the
diameter is considerably smaller than, i.e., approximat
half, the average island size revealed by SEM. However,
island sizes determined by SEM represent the island b
Since the island shape is obelisklike, the optically det
mined size should refer to a mean size obtained by avera
over the island cross sections within the whole In layer rat
than at the island base. The distance between the islands
their spatial separation, decreases with increasing cove
up to 300 ML In coverage. For higher coverage, the dista
is still not zero but at a small, almost constant value. T
finding corroborates well with the evolution seen in the SE
images~see Sec. III A!: Comparing 270 ML and 1000 ML of
In coverage the island size is considerably increased for
latter, approximately by a factor of 3. The island distan
however, is not significantly reduced. At 1000 ML, we st
see individual In islands, regardless of the fact that the isl
growth must have led to coalescence in between. As a c
sequence, by coalescence of adjacent islands, larger bu
isolated islands have formed.

Summarizing, our effective-medium modeling based
In ellipsoids of a uniform size cannot account for th
complex shape of the In islands and their size distributi
Qualitatively, however, the dependence of derived island
ameter, island separation, and layer thickness upon In co
age reveals a good measure of the evolution of the true la
morphology.

or
o

FIG. 7. Morphology parameters of the In-island film obtain
on the basis of our three-phase modeling. Diameter of the In e
soids ~open circles!, distance of the ellipsoids~filled circles!, and
the thickness of the effective-medium film~cross symbols! are
shown. The lines are a guide to the eye.
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VI. CONCLUSIONS

We have shown that strong resonances in reflectance
isotropy spectra for indium islands on GaAs~001! occur due
to the island morphology. Surface-plasmon resonances
lated to the metal island structure lead to a strong enha
ment of a small optical anisotropy which results from isla
sizes, shapes, and distribution by averaging over the illu
nated area. The resonance wavelengths are directly lin
with structural parameters of the metal islands. Thus,
flectance anisotropy spectroscopy provides a sim
reference-free optical tool to determine structure parame
~such as the size! of small particles. Statistical informatio
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