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T
he strong interaction between light
and metal nanoparticles that support
localized surface plasmon resonances

(LSPRs) can be utilized for numerous appli-
cations, including a range of molecular sens-
ing and spectroscopy schemes, solar energy
harvesting, and development of meta-
materials with fascinating optical properties.1�6

The LSPR originates from the collective mo-
tion of the free electrons that are confined
within the metal nanoparticle. In the most
basic description of the phenomenon, the
incident oscillating electric field drives the
electron gas as an incompressible fluid back
and forth within the particle against the
restoring force of the positive ions and
the friction caused by electron scattering
events. The electron gas then essentially
responds as a damped harmonic oscillator
and the response function, that is, the par-
ticle polarizability, thus has a Lorentzian
form. However, over the past few years, it
has become apparent that many plasmonic
resonances have highly asymmetric line-
shapes that are better described by a Fano
function:

IF(ω) ¼ AF
(qγþω �ω0)

2

(ω �ω0)
2 þ γ2

þ B (1)

Here AF is the resonance amplitude, B is a
background term, ω0 is the resonance fre-
quency, γ is the resonance half-width, and q

is the so-called Fano asymmetry parameter.
The Fano function is named after Ugo Fano,
of atomic physics fame,7 and appears when-
ever there is a coherent mixing, or inter-
ference, between a discrete (Lorentzian)
resonance and a spectrally broad conti-
nuum. Since the phase of the discrete oscil-
lator varies rapidly with frequency around
ω0, while the continuum exhibits a constant
phase, there will typically be spectral regions
of constructive and destructive interference
between the two components on opposite
sides of the resonance frequency. This is
the basic reason behind the asymmetric
line-shape. The relative strength of the two

contributions is parametrized through q in
such a way that the discrete resonance
dominate for |q|. 1, resulting in a Lorenzian
peak on top of a weak background, while
|q| = 0 corresponds to a spectral dip, or an
“anti-resonance”, in the continuum.8 The
degree of asymmetry is maximal for q =(1.
Fano line-shapes have been observed for

a range of plasmonic systems that involve
some form of interaction between broad
and narrow spectral features; see ref 9 for a
recent comprehensive review. Many exam-
ples involve interactions between narrow
multipolar or otherwise “dark” LSPRs and
radiatively broadened dipolar plasmons
in single particles,10,11 particle clusters,12,13

or metamaterials14�16 or the interaction
between narrow diffractive resonances
and broad plasmonmodes in various arrays
or grating structures,17,18 but Fano interfer-
ence can also appear due to the interaction
between an interband continuum and a
dipolar LSPR.19 Here we report on an optical
reflectivity study of gold nanodisks fabri-
cated using hole-mask colloidal lithography
(HCL) on glass substrates. These nanodisks
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ABSTRACT Layers of subwavelength me-

tal nanostructures that support localized sur-

face plasmon resonances are of broad interest

in applied nanotechnology, for example, in

optical sensor development and solar energy

harvesting devices. We measured specular reflection spectra as a function of incidence angle

for two-dimensional layers of gold nanodisks on glass and found highly asymmetric line-

shapes and a spectral red-shift of up to 0.2 eV, or 10% of the plasmon resonance energy, as the

angle changed from normal toward grazing incidence. This dramatic angular dispersion is the

result of a tunable Fano interference between the spectrally narrow plasmon emission and a

“white” continuum caused by the interface reflection. The data are found to be in excellent

agreement with predictions based on a theory for Fresnel reflection coefficients of an interface

with subwavelength inclusions. The theory can also be used to derive analytical expressions for

the Fano parameters.
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support a single dipolar plasmon resonance at∼1.9 eV
(∼650 nm), well below the interband region in gold,
but no higher order modes. The particles are separated
from each other by approximately a particle diameter,
whichmeans that near-field coupling is very weak, and
there is no long-range periodicity, which means that
there are no diffractive resonances present. Still, we
found that the measured reflectivity spectra exhibit a
highly pronounced Fano interference that sensitively
depends on the excitation geometry and that leads to
large spectral shifts and distinct line-shape asymme-
tries. In the following, we characterize and explain this
phenomenon in terms of an interference between the
spectrally narrow dipolar LSPR of the gold nanodisks
and a “white” continuum caused by the reflection from
the intervening glass/air interface. As schematically
outlined in Figure 1, the interference can lead to a
spectral peak, a dip, or a strongly asymmetric line-
shape depending on the relative strength and phase of
the two constituents. We believe that the observed
effect is not only a particularly simple and attractive
example of Fano interference in plasmonics but also an
effect of potentially high practical importance. HCL
samples have found widespread use in applied nano-
plasmonics, in particular in the sensing field,20�27

but there are, of course, a range of other fabrication
methods that also result in plasmonic particles on
transparent supports.28�30 Understanding the spectral
properties of such layers is therefore of high impor-
tance to plasmonics and applied nanotechnology in
general.

RESULTS AND DISCUSSION

Samples and Experiments. We fabricated Au nanodisks
with diameter D = 120 nm and height h = 20 nm
on standard SiO2 cover glass through hole-mask col-
loidal lithography;31 see Figure 2A. Because of the self-
assembly fabrication process, in which the charged
colloidal beads arrange laterally due to electrostatic
repulsion, HCL samples exhibit only short-range spatial

order. Thus, there is a well-defined nearest neighbor
distance but no long-range periodicity. The rather
large edge-to-edge separation between neighboring
particles, on the order of a particle diameter or more,
and the lack of long-range coherent interactions
between particles means that both near-field and
diffractive coupling effects are weak.32

Figure 2B illustrates the experimental setup used.
The sample was mounted on a hemispherical prism
using indexed matched oil and was illuminated using
collimated and polarized white light from a halogen
source. The collected spectra were analyzed using a
computer-controlled fiber-coupled spectrometer. All
data presented here refer to a sample with an average
of 12.6 nanodisks per μm2 and concerns the case of
specular reflection. As we have previously shown for
samples of similar density,20 the diffuse scattering from
the nanoparticles is then very weak, and the specular
reflection spectra therefore represent essentially all
light emitted toward the glass side of the interface.

Experimental Reflection Spectra. Figure 3 illustrates our
main experimental observations. The figure shows
typical specular reflection spectra measured for differ-
ent angles of incidence using s-polarized light. For the
lowest angle, θi = 22�, one sees a characteristic and
rather symmetric LSPR peak centered at about 1.9 eV

Figure 1. Schematic illustration of Fano interference between
localized plasmons and an interface reflection. In a first
approximation, the reflection from the supported nano-
particle layer can be thought of as the spectral interference
of the Lorenzian scattering from the nanoparticles and
the flat “continuum” from the interface reflection. Depend-
ing on the individual weights and phases of the two com-
ponents, which are parametrized through the Fano para-
meter q, the interference can result in a peak, a dip, or a
highly asymmetric line-shape.

Figure 2. (A) Scanning electron micrograph of gold nano-
disks on glass; (B) schematic of the experimental measure-
ment configuration.

Figure 3. Specular reflection spectra for angles of incidence
θi = 22�, 39�, 40�, and 62�. Note the asymmetric line-shapes
for angles close to the critical angle of the glass�air inter-
face, θc = 41.1�. Dotted lines correspond to experimental
data, and solid lines are fits to the Fano formula, eq 1.
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due to the coherent scattering from the nanodisks in
the specular direction. In contrast, the reflection spec-
trum for the highest incidence angle, Figure 3D,
θi = 62�, instead exhibits a dip because the LSPRs
now absorb light that would have been totally inter-
nally reflected if the gold nanodisks were not present.
The dip is still symmetric, but it is narrower and red-
shifted by∼0.2 eV compared to the peak in Figure 3A.
The most dramatic spectral changes, however, occur
for incidence angles close to the critical angle of the
air�glass interface, θc = 41.1�. As can be seen in
Figure 3B and C, the LSPR spectrum is then extre-
mely asymmetric and highly sensitive to the precise
angle of incidence. However, all spectra, from the
lowest to the highest angles of incidence, can be
described by the Fano line-shape function, as
shown by the excellent fits of eq 1 to the experi-
mental data in Figure 3. In the following, we present
a theoretical model that explains the experimental
observations, including the spectral angular dis-
persion and asymmetry, and that can be used to
derive analytical expressions for the Fano line-
shape parameters.

Theoretical Reflection Spectra. We model the experi-
mental systemdescribedabovebycombining twotheories:
the quasistatic dipole polarizability theory for ellipsoids,33

which is used to describe the optical response of
an isolated nanodisk, and the so-called island film
theory,34 which can be used to describe the reflection
and transmission properties of a two-dimensional layer
of subwavelength inclusions sandwiched between two
homogeneous media.

To describe the optical properties of an isolated
nanodisk, it is convenient to start from the polarizability
model for an oblate spheroid corrected for scattering
losses due to finite-size effects.32,33,35 The dipole polar-
izability is then exclusively determined by the shape
and size of the nanodisk and by the dielectric response
of the metal and the surrounding medium. By assum-
ing that the metal can be described by a Drude di-
electric function within the photon energy range of
interest, it can be shown that the polarizability takes an
essentially Lorentzian form:36

R(ω) � A

ω2
LSPR �ω2 � iω(γ0 þ Fω2)

(2)

Here A = VωLSPR
2 /L is an amplitude determined by the

localized surface plasmon resonance frequency ωLSPR

and the volume of the nanodisk V. L is a geometrical
depolarization factor fixed by the nanoparticle aspect
ratio and includes substrate interactions accounted for
through the image dipole theory.34,37 The resonance
frequency is in turnωLSPR

2 =ωp
2L/(εeff(1� L)þ L), where

ωp ≈ 1.3 � 1016 rad/s is the bulk plasma frequency of
gold38 and εeff is an effective dielectric constant char-
acterizing the surrounding medium. For an oblate
spheroid with the same dimensions as our nanodisks,

that is, with radius a= 60 nm and height h= 20 nm, one
obtains L≈ 0.09 for the long-axis polarizability compo-
nent. The width of the resonance is determined by the
resistive Drude damping factor γ0≈ 2.5� 1013 rad/s38

and a factor F = ωLSPR
2 a2h/9c3L that describes the

radiative damping contribution that arises due to
the finite size of the particle. In the following, we
will make the simplifying assumption that the
optical response of a single nanodisk is completely
dominated by the long-axis polarizability compo-
nents, that is, by the polarization within the plane
of the interface. This means that we need to con-
sider only one plasmon resonance, an assumption
that is justified by the fact that the short-axis
resonances of gold nanodisks have weak intensi-
ties and occur at higher frequencies than consid-
ered here.

The island film theory has previously been shown to
give an excellent representation of ellipsometry data
for HCL samples.37 The theory is based on modifica-
tions of the boundary conditions for the electro-
magnetic fields at an interface between two homo-
geneous media. The modifications take into account
excess current and charge densities present due to
discrete subwavelength “islands” at the boundary and
result in modified Fresnel coefficients for the interface.
In the Supporting Information, we briefly outline the
derivation of these coefficients following Bedeaux
and Vlieger.34 We consider a plane wave propagating
through a medium with refractive index ni (here ni =
nglass = 1.52) toward a boundary against amediumwith
refractive index nt (here nt = nair = 1). With the incident
electric field EBi pointing along the interface, that is, the
case of s-polarization, the result for the reflection
coefficient is

rs ¼ Ei=Er ¼
ni cosθi � nt cosθt þ i

ω

c
FR(ω)

ni cosθi þ nt cosθt � i
ω

c
FR(ω)

(3)

Here θi and θt are the angles of incidence and trans-
mission, respectively, and FR(ω) defines the total opti-
cal density of the interface through the frequency-
dependent polarizability, R(ω), of a single nanoparticle
“island” and the surface density of nanoparticles, F.
Similarly, the reflection coefficient for p-polarized light
can be derived. With the assumption that the polariz-
ability perpendicular to the interface can be neglected,
the result is

rp ¼
nt cosθi � ni cosθt � i

ω

c
FR(ω) cosθi cosθt

nt cosθi þ ni cosθt � i
ω

c
FR(ω) cosθi cosθt

(4)

Comparing Theory and Experiments. A simulation of the
angular and polarization-dependent reflectance spec-
tra from our samples based on eq 3 and eq 4 requires
only that the frequency-dependent average optical

A
RTIC

LE



SVEDENDAHL AND KÄLL VOL. 6 ’ NO. 8 ’ 7533–7539 ’ 2012

www.acsnano.org

7536

density FR(ω) of the interface is known. In the follow-
ing, we determine FR(ω) from a simple transmission
measurement taken at normal incidence and then use
this result to predict the angular variation of the
reflection spectra and line-shape parameters for arbi-
trary angles of incidence.

Figure 4 shows the experimental transmission spec-
trum for the sample shown in Figure 2 together with a
curve-fit to

T(θi ¼ 0) ¼ 4nint
�
�
�
�
�
ni þ nt � i

ω

c
FR(ω)

�
�
�
�
�

(5)

which can be derived along the same lines as eqs 3 and
4. The functional form used for FR(ω) is the Lorentzian

in eq 2, where we used the actual nanodisk dimensions
and surface density for our sample and the Drude
parameters mentioned above to characterize the
metal dielectric function. Thus, the only adjustable
parameter is the average dielectric constant εeff affect-
ing the nanodisks, which is needed to obtain the
resonance at the correct spectral location. We find
excellent agreement between theory and experiment
for εeff = 1.9, which is a reasonable result for gold
nanodisks on glass in air.

Figure 5 summarizes the experimental reflection
spectra for s- and p-polarization as a function of
incidence angle for the sample shown in Figure 2A
together with corresponding theoretical spectra based
on utilizing the R(ω) retrieved from the transmission
measurement shown in Figure 4. The figure shows the
data as surface plots with the reflectivity of each
spectrum normalized to the same color bar in order
to highlight the angular dependence of the most
distinct spectral features. The excellent agreement
between the experiment and theory should be quite
clear. For example, the model clearly captures the
pronounced spectral dispersion for large incidence
angles seen for s-polarized light, the dramatic spectral
asymmetry associated with the transition from a spec-
tral “peak” to a “dip” around θc, and even the slight
blue-shift of the dip just above the critical angle seen
for p-polarized incidence. We take this agreement as
evidence that the theoretical analysis described above
contains the essential physics of the observedphenomenon.

To explain the results summarized in Figure 5, one
needs to take into account the interference between

Figure 5. Normalized experimental and theoretical reflection spectra. The s-polarized reflection line-shapes (A, C) from theAu
nanodisk array in Figure 2A show a greater dispersion with incidence angle than the p-polarized spectra (B, D). Note the
strongly asymmetric line-shapes for angles slightly smaller than the critical angle for the s-polarized case. The limited angular
range of the measured spectra is due to constraints in the experimental setup. Dashed lines show the Lorentzian resonance
energy, pωLSPR, (vertical), and the critical angle for the bare interface, θc (horizontal).

Figure 4. Experimental transmission spectrum for the sam-
ple shown in Figure 2A taken at normal incidence. The full
curve shows a theoretical spectrum according to eq 5 based
on modeling R(ω) using eq 2 by adjusting a single free
parameter, that is, the effective dielectric constant sur-
rounding the nanoparticles, εeff.
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the two components that build up the reflection
spectra, that is, thewhite “continuum” originating from
the bare interface reflection and the coherent scatter-
ing from the nanoparticle layer in the specular direc-
tion, as indicated in Figure 1.39 Both components
vary in relative amplitude and phase as a function of
incidence angle, photon energy, and polarization, and
this variation, quantified through eqs 3 and 4, is the
ultimate cause behind the spectral variation. For ex-
ample, the strong spectral dispersion for s-polarization
above θc is a consequence of the gradually increasing
phase shift of the continuum component (which varies
from 0 for θi = θc to π at θi = 90� relative to the incident
field) and the spectrally varying phase shift of the
particle component (from 0 for pω , pωLSPR to π for
pω . pωLSPR), which result in maximum destructive
interference (the position of the “dip”) at photon
energies that decrease rapidly with increasing inci-
dence angle. This effect is not as pronounced for
p-polarization because of the less efficient excitation
of the LSPR, which is driven only by the in-plane
component of the transmitted field. This component
is zero at θc and always smaller than in the s-polarized
case. One can understand the pronounced spectral
dispersion for angles θi < θc seen for s-polarized
spectra along similar lines. However, in this case
the dominant cause is the angular variation of the
continuum amplitude, which would vary from r =
(ni � nt)/(ni � nt) ≈ 0.2 at normal incidence to 1 at
θi = θc in the case of a bare glass�air interface, while
the amplitude of the particle contribution does not
vary significantly with angle for an s-polarized driving
field, and the phase of the continuum is constant
(r is real for θi < θc). The angle-dependent relative
amplitude of the two contributions and the spectral
variation of the phase of the particle contribution thus
determine the degree of interference. For a particle
density that is sufficiently high, the result is a transition
from a spectral peak to a dip at a transition angle
slightly smaller than the critical angle, while a particle
layer with low optical density would not show a peak at
any angles of incidence. Exactly at the transition angle,
the two contributions interfere constructively just be-
low and destructively just above the LSPR resonance
frequency, leading to a maximum degree of spectral
asymmetry. This effect is illustrated by the spectrum in
Figure 3B.

The qualitative interpretation of the spectral trends
given above can also be quantified in terms of the Fano
resonance parameters mentioned in the introduction.
For the particular case of a strictly Lorentzian particle
polarizability, one can exactly map Rp and Rs on the
Fano formula, eq 1. Using this approach, we have
derived analytical expressions for the Fano parameters
q, γ, E0, Emin, and Emax, as described in the Supporting
Information. However, the line-shape function used as
a basis for the theoretical spectra in Figure 5, that is,

eq 2, deviates slightly from a perfect Lorentzian be-
cause of the frequency-dependent radiative decay
term Fω2, which introduces a weak “intrinsic” line-
shape asymmetry that makes an analytical mapping
extremely cumbersome. In Figure 6, we instead show
the angular dependence of q, γ, E0, Emin, and Emax

obtained from fitting the experimental and theoretical
s-polarized angular-dependent reflection measure-
ments shown in Figures 3 and 5 to eq 1. We have here
chosen toplot thedegreeof asymmetry as (q� 1)/(qþ 1),
where q is the Fano parameter, in order to avoid
divergences. The figure again illustrates the good
agreement between the experimental results and the
theoretical spectra, which nicely captures the crucial
line-shape variations with angle, although the only real
fitting parameter we have used is the effective refrac-
tive index surrounding the nanoparticles. The devia-
tions that do appear can of course have many origins,

Figure 6. Comparison between the Fano parameters ac-
quired analytically, using eq 2 as a model for R(ω), and
experimentally acquiredparameters. The angular variations
of the symmetry (A), resonance energy (B), and spectral
width (C) are parameters of the Fano line-shape, yielding
spectra with distinct spectral minima and maxima (D).
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including inhomogeneous broadening, weak inter-
particle coupling effects, a small contribution from
the vertical polarizability of the particle layer, and finite
spectral and angular resolution of the experimental
setup, but none of these effects obviously have any
major influence on the overall spectral properties.

CONCLUDING REMARKS

To summarize, we have shown that the specular
reflections from short-range ordered nanoplasmonic
particle arrays on a dielectric interface can result
in highly dispersive and asymmetric resonance line-
shapes that are extremely sensitive to the angle of
incidence. The effect can be understood as a Fano
interference between the essentially Lorentzian nano-
particle scattering spectrum and the flat continuum
comprising the dielectric interface reflectance. We
found excellent quantitative agreement between ex-
perimental data and a theory based on modified
Fresnel reflection coefficients.
The results described herein should be useful from a

practical point of view because they offer a simple
quantitative framework for how to analyze, predict,
and optimize the spectroscopic characteristics of
plasmonic particle layers in general. One application
example could be nanoplasmonic biosensing experi-
ments, which often suffer from unspecific binding of
biomolecules on the glass separating the plasmonic
particles. We can, for example, predict that this effect

will lead to a small change in the reflectivity of the glass
surface that will couple to themeasured plasmon spec-
trum through the Fano interference, thereby poten-
tially leading to ambiguities in interpretation of spec-
tral shifts. Another application in sensing could be
to utilize the large phase differences between p- and
s-polarized spectra induced by the Fano interference
to generate mixed polarization states that are more
sensitive to a change in the plasmonic resonance than
ordinary transmission or reflectance spectra.25 The
results also lead to questions of more fundamental
character. For example, one may ask how the strong
spectral dispersion with angle, which would typically
be taken as evidence for plasmon delocalization and
propagation, can be reconciled with the fact that the
observed effects can be explained without invok-
ing any explicit interparticle interactions. It would of
course also be interesting to be able to relate the
observed far-field effects to a detailed picture of optical
near-fields and currents at the level of a single particle.
Finally, we note that a recent theory of perfect optical
absorption by Garcia de Abajo and co-workers39 is
essentially analogous to the interference model we
have used here. In particular, perfect absorption will
appear as a complete Fano anti-resonance for certain
particle densities and angles in both s- and p-polarized
spectra. We hope to come back to this and several
of the other issues mentioned above in future
publications.

METHODS
Fabrication of Au Nanodisks. The HCL fabrication technique is

based on first depositing colloidal polystyrene beads through
self-assembly on a substrate covered by PMMA. A thin gold film
is then deposited on the sample, the polystyrene beads are
removed by tape stripping, and the thus exposed PMMA is
etched away down to the substrate. Subsequent metal deposi-
tion and removal of the hole-mask result in the substrate being
covered with cylindrical metal particles with diameters pre-
determined by the diameter of the polystyrene beads used and
the height defined by the amount of deposited metal.

Optical Measurements. The sample was mounted on a hemi-
spherical prism (BK7, refractive index np ≈ 1.52) using indexed
matched oil (refractive index no ≈ 1.52) and centered above a
rotational stage that allowed for exact tuning of the angle
of incidence θi. The array was illuminated using a beam of
collimated (divergence below 0.4�) and polarized white light
from a halogen source. A second rotational stage containing the
collection optics was used to define the collection angle θcoll..
All results refer to the case of specular reflection; that is,
θcoll. = θi. The reflected light was collected by a fiber-coupled
spectrometer (B&WTek BRC711E), and the recorded spectra
were normalized to the totally reflected light from a bare glass
sample placed in the sample position.
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