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Fano resonances between plasmons and diffracted light offer tunable energies and locales, but attribution of Fano
resonance features to geometry and physicochemistry of metal nanostructures and adjacent dielectrics has been
confounded by complexity and computational expense. This work shows predictable modal shifts of Fano res-
onance in square lattices of plasmonic nanostructures can be attributed directly to changes in medium wavenum-
ber, particle size, and lattice constant that alter plasmon polarizability and diffractive interference. For 45 to 80 nm
radius particles, a window of lattice constants that support Fano resonances is identified in a range from 500 to
900 nm. Lattice constants that support high intensity resonances are determined by individual particle polariz-
ability and medium wavenumber. Fano resonance wavelengths redshift from diffracted photon energies as local
refractive index (RI) changes due to coupling with particle polarizability in the window. Redshift sensitivities for
quadrupole, dipole, and Fano resonances are 150, 348, and 541 nm, respectively, per RI unit. Fano resonance
intensity may be enhanced more than tenfold by selecting nanoparticle sizes and lattice constants. The quanti-
tative effects of such parametric changes are rapidly and intuitively distinguished using a semi-analytic approach,
consisting of an exact expression for particle polarizability, a trigonometric description of diffraction, and a semi-
analytical coupled dipole approximation. © 2014 Chinese Laser Press

OCIS codes: (230.5298) Photonic crystals; (250.5403) Plasmonics; (290.5850) Scattering, particles;
(050.1755) Computational electromagnetic methods.
http://dx.doi.org/10.1364/PRJ.2.000015

1. INTRODUCTION
Controlling light–matter interactions using plasmon nano-
structures relies on amplification of harmonic oscillation in
a metal–dielectric system by facile transfer of energy between
different stored forms. Harmonic amplification results in
familiar mechanical, acoustical, or optical resonances. Two
distinct physical systems that oscillate at a common frequency
can couple to intensify the individual oscillations creating a
resonance. For example, coupling between continuous inci-
dent light and broadband atomic or molecular vibrations
yields characteristic scattering or absorbance resonances
such as visible blue spectra for atmospheric molecules. Such
resonances generally exhibit a symmetric lineshape about a
modal coupling frequency and are described as Lorentzian
or Gaussian, depending on the involved parameters. However,
when broadband or continuum oscillation such as white light
couples with narrow, discrete band resonances such as from
metal diffraction gratings, an asymmetric lineshape appears,
as reported first by Wood [1].

The theoretical framework describing the asymmetric
coupled resonances was subsequently developed by Fano in
the context of quantum mechanical systems [2]. Fano exam-
ined asymmetric autoionization from electron scattering
resulting from interaction between a resonant, discrete
atomic electronic state and a background continuum of
atomic states. Since its initial treatment in quantum systems,

Fano resonance coupling has been identified in a number of
contexts. One example is coupling between narrow Bragg dif-
fraction [3] from ordered nanosized nodes of two-dimensional
(2D) photonic crystals [4,5] and broad scattering from
plasmon-active nanoparticles originally described by Mie
[6]. An asymmetric transmission spectrum indicative of Fano
resonance interaction is observed from such systems [7–9].
Growing interest in predicting the optical and photonic behav-
ior of an artificial 2D photonic crystal, one of a broader class
of metamaterials, motivates deepened understanding about
how the physical attributes of its constituent meta-atoms
affect resulting Fano resonance features.

In plasmonic systems considered to date, Fano resonances
have been generated by coupling between plasmons and
either multipolar or diffractive modes in nanostructures
[10–22]. Fano resonances resulting from coupled plasmons
are reviewed in Ref. [20]. The effects of fundamental electro-
dynamics arising from metamaterial characteristics on
spectroscopic Fano resonance features in these systems were
described using analytic expressions [10–15] as well as
numerical simulation [16–19]. Table 1 categorizes these stud-
ies by the type of description used and by the near- or far-field
origin of the Fano resonance.

Near-field analytic and numerical descriptions predominate
due to interest in refining local structures of nanoelements to
enhance light manipulation. Previous analytical descriptions
provide insight into physical mechanisms supporting Fano
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resonances, but often have small windows of applicability
and/or require fitting of parameters. Prior numerical des-
criptions allow quantitative evaluation with broader appli-
cability, but computation can obscure intuitive insights and
computational expense limits evaluation of complex and/or
multicomponent systems. Reported far-field descriptions
examine key features supporting Fano resonances, such as
alterations in local and/or periodic properties that support
cloaking or flat lensing. However, computational expense
has prevented evaluation of these features for complex sys-
tems or across broad changes. Interactive effects between
photon diffraction, polarizable inclusions, and changes in
local dielectric values, in particular, have not been examined
in detail.

Physical and geometric features affecting near- and far-field
interactions supporting Fano resonance features that have
been evaluated singly include background dielectric constant
[15] and inclusion of the substrate for asymmetric cladding
[23]. The dielectric constant of media between neighboring
plasmonic structures can maximize resonant coupling in
quantum computing [24,25], terahertz (THz) transmission and
generation [26,27], biological imaging [28,29], light trapping
and modulation [30–32], photovoltaics [33,34], resonance
shifting for sensing [7,8,35,36], nanoscale distance changes
[37,38], control of incident polarization [39], and detection
of graphene [40].

This work explicitly attributes the effects of physical
(dielectric constant) and geometric (radii, spacing) character-
istics of 2D photonic crystal lattices of subwavelength metal
nanoparticles on particular spectral features (energy, band-
width, amplitude, and sensitivity) of Fano resonances. Trigo-
nometrically defined coherence in oscillatory interference of
Bragg diffraction is shown to be a necessary, but insufficient,
condition to support far-field Fano resonance. Such coherent
interference gives rise to resonance in nanoantennas at fre-
quency values that can be tuned by antenna geometry as well
as local sub- and super-strate dielectric constants [7,8,41,42].
Particle polarizability, a measure of electron inducibility in
plasmon oscillation, and a geometric array parameter that de-
fines lattice scattering are both shown to be determined by the
medium wavenumber. Using refined trigonometric [41] and
coupled dipole approximation [42] descriptions, redshifts in
Fano resonance energy are directly related to changes in lat-
tice geometry, radius-dependent nanoparticle polarizability,
and reradiation. In particular, increasing refractive index
(RI) of the intervening dielectric is shown to redshift Fano res-
onance spectra from geometric interference patterns. Individ-
ual particle plasmon resonance is shown to broaden and shift
with increasing RI, requiring optimization of array parameters
at each particle environmental condition. Intuitive results are
obtained using an expression for plasmon electrodynamics in
a symmetric semi-analytic description of far-field scattering

that supports a priori attribution of effects of size, composi-
tion, and spacing of subwavelength meta-atoms as well as
dielectric composition of intervening media on spectral fea-
tures of the unique Fano resonance supported by this 2D
metamaterial.

2. MATERIALS AND METHODS
Spectral responses of nanoparticle ensembles were computed
using a rapid semi-analytic coupled dipole approximation
(rsa-CDA) [41,42]. This formulation treats each nanoparticle
as a single point dipole with dipole polarizability, α. Nanopar-
ticles were arranged in a 2D square lattice. The formulations
are based on an infinite lattice, which reduces computational
expense and provides insight into underlying physical inter-
actions. Incident irradiation was orthogonal to the lattice
and polarized parallel to a selected coordinate axis. Extinc-
tion was calculated using Eq. (4) in [42]. Attribution of Fano
resonance shifts to medium wavenumber was based on a
homogenous dielectric matrix existing between elements of
the lattice.

Attribution of shifts in plasmonic behavior from changes in
the intervening dielectric RI were interpreted by visualizing
changes in nanoparticle polarization. In linear materials such
as noble metals (such as Au, considered here), particle polari-
zation, P, is proportional to the electric field at each dipole
with particle polarizability, α, being the constant of propor-
tionality. In the rsa-CDA for an infinite 2D square lattice of
dipoles [8,42], effects of RI are embedded in α, which defines
the plasmonic behavior of nanoparticles and determines rel-
ative amounts of absorption and scattering that are key in
attributing Fano resonance behavior. Change in nanoparticle
polarization caused by wavelength contraction is illustrated in
Fig. 2 for two different RI values using the same incident en-
ergy. It is apparent that a longer wavelength would be required
in higher dielectric η2 to maximize natural resonance of a
nanoparticle, relative to that required in a smaller dielectric
η1. In illuminated conductors, “free” electrons having no bind-
ing energy associated with them oscillate in response to the
incident field as described by the conductivity of the material.
Since the size of particles considered in this work is within the
scattering regime, nonlocal effects are neglect and optical
properties for Au were taken from [43]. Increasing RI in the
intervening dielectric causing wavelength contraction can in-
duce higher-order electric modes such as the quadrupole. The
quadrupole mode, one such higher-order mode, was also ex-
amined using particle polarizability, which is valid for special
cases [42,44,45].

The effects of particle size, composition, and intervening
dielectric RI of the lattice on spectral features were evaluated
using an analytic expression for single particle polarizability.
The case of spheres is considered here due to the availability
of analytic expressions for both polarizability and far-field
interactions from point dipoles, i.e., the retarded dipole
sum. The polarizability can be expressed as separate dipole
and quadrupole terms, respectively, by

αd � 4π
�
3iR3

2x3
a1

�
; and αq � 4π

�
10iR3

3x3
a2

�
; (1)

where R is the particle radius, x � kR is a size parameter, with
k being the η-dependent medium wavenumber defined above,

Table 1. Categorization of Select, Recent

Studies of Fano Resonant Plasmonic

Nanostructures According to Source and

Type of Description

Analytic Numerical

Near-field [10–15] [16–19]
Far-field [15,21] [22]
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and ai are the Mie coefficients, which are functions of x and
the ratio of RIs of the particles to the medium [42]. Dipole and
quadrupole modes appear as individual treatments of each
term in Eq. (1). Although obscured here in the Mie coeffi-
cients, plasmon resonance occurs when the ai term diverges
at values of m2 � i−1�i� 1�wi, where m is the ratio of RI val-
ues inside to outside the nanoparticle andwi is a complex pol-
ynomial defined by Mie [42]. For particles much smaller than
the incident wavelength, wi approaches unity and the dipole
(i � 1) mode dominates giving the familiar quasi-static reso-
nance location ofm2 � −2. As an example, a sub-25-nm diam-
eter Au nanoparticle would have a plasmon resonance when
the frequency of incident light gives an Au dielectric function
that has a real component of −2 for vacuum and 2.66 for water.
Larger particles require solving Mie coefficients using Riccati–
Bessel functions that obscure the direct comparison for small
particles dominated by absorption. Graphical representation
of Eq. (1) is shown in Section 4 to help elucidate the effects
of RI on single particle plasmon resonance.

3. INTERVENING DIELECTRIC ALTERS
DIFFRACTIVE MODE AND FANO
RESONANT ENERGY
Figure 2 illustrates redshifts in Fano resonance (solid lines)
wavelength from square nanoparticle lattices of dipole scat-
terers for medium RIs of 1.00 (black), 1.17 (blue), and 1.33
(red). Fano resonance peaks occur at lower energies than lat-
tice scattering (dashed lines). Each Fano resonance spectrum
is from a square lattice of 70 nm radius Au spheres. Redshift-
ing results from both wavelength contraction and nanopar-
ticle coupling. The frequency of oscillations in spectral
features that result from diffractive interference decreases
as RI and medium wavenumber increase.

Lattice scattering (i.e., phase overlap or diffractive interfer-
ence; dashed lines) appears as an oscillatory, wavelength-
dependent feature arising from constructive and destructive
interference due to phase overlap between light reradiated
from perfect, adjacent dipoles in the square 2D lattice. Three
respective interference patterns were calculated trigonomet-
rically following Ref. [41] in Fig. 2 at a common lattice con-
stant of 600 nm for constant RI environments of 1 (black),
1.17 (blue), and 1.33 (red). The primary lattice scattering
peaks occur at incident vacuum wavelength values a few
nanometers larger than λ � ηD (i.e., lambda � 600 nm for
the black spectra). These correspond primarily to axial con-
tributions for all RI values. A secondary diffraction peak
corresponding to half the diagonal distance occurs at
λ � ηD∕21∕2, which is only shown for the 1.33 (red-dotted)
case at a wavelength value of 565 nm (red, hollow triangle).
No Fano resonance occurs for this peak since the diffraction
wavelength is blueshifted from the plasmon window. Similar
results were shown by [15] using a heuristic Fano model for
two discrete changes in particle spacing at a single RI value of
1.5. The peak values for lattice scattering correspond to first-
order axial and second-order diagonal elements in the array,
respectively. The peak values result from local electric field
coherence, which enhances localized fields by the scattering
particles due to constructive phase interference, as suggested
by Ref. [46].

Extinction efficiency (i.e., Fano resonance; solid lines)
supported by lattice scattering and plasmon oscillation in

lattices of 70 nm radius gold (Au) nanoparticles was calcu-
lated in Fig. 2 using the rsa-CDA [41]. This plasmon-diffraction
coupling excites a particular geometric mode from the under-
lying lattice scattering. Changing lattice spacing and particle
size shifted these resonances, which in turn shifted the Fano
resonance peak to different underlying geometric modes in
the spectra. No Fano resonance occurs at the secondary
(i.e., half diagonal) phase overlap because Fano resonance
is not supported at values of incident wavelength less than
the plasmon wavelength [15].

The respective extinction spectra in Fig. 2 have maximum
Fano resonance locations marked by a black square (1.00), a
blue circle (1.17), and a red triangle (1.33), respectively. Ex-
tinction energy decreases at higher RI as illustrated in the in-
set of Fig. 1. The intensity of extinguished light differs from
the constructive interference intensity due to phase overlap.
Redshifting of extinction maxima from the lattice constant
multiplied by the RI arises due to coupling between plasmon
oscillations and diffracted light. This radius-induced redshift
has been observed using similar CDA [41,42,47], discrete di-
pole approximation (DDA) [48], and Fano profile models [21].
The inset enlarges the middle, blue spectra for RI of 1.17 to
show correspondence between oscillations in lattice scatter-
ing and extinction efficiency. For the 600 nm lattice, the value
of ηD is 702 nm. Wavelengths are shown from 700 to 750 on
the abscissa, while extinction efficiency (solid) and phase
overlap (dashed) are shown on left- and right-hand ordinate
axes, respectively.

Oscillation frequency in phase overlap and far-field Fano
resonance from array geometry in Fig. 2 vary with medium
wavenumber. The dependence of both plasmon and diffrac-
tive modes on RI is explicit in the medium wavenumber, k,
which is proportional to η of the intervening dielectric, i.e.,
the “medium” that contains the nanoparticle lattice. Figure 2
shows that increasing the lattice parameter, A � kD, by
increasing η, decreases the rate of oscillation in both phase
overlap as well as extinction spectra. The peak-to-peak wave-
length differences in oscillation for RI � 1.00, 1.17, and 1.33

Fig. 1. Schematic of the square lattice of nanoparticles (hollow
circles) identifying diffraction modes (solid lines) that constitute
unique particle chains. Inset depicts wavelength contraction of a
plane wave moving from a smaller to a larger index of refraction
medium and its effects on nanoparticle polarizability. Incident energy
that excites resonance at η1 must be reduced to excite resonance at
η2 > η1.
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were 6.5, 7.5, and 8.75 nm, respectively. Increased peak-to-
peak distances at larger RIs result from diminishing effects
of lowering incident energy at higher RI. For comparable ra-
tios of ηD and λ, increases in λ away from ηD have a smaller
effect on the ratio ηD∕λ, when the numerator is larger.

Comparing lattice scattering and extinction efficiency in
Fig. 2 inset distinguishes the effects of interfering phase over-
lap from polarizability-induced extinction, showing that both
array and particle geometry impact far-field Fano resonances.
This supports the design of systems with highly sensitive Fano
features for applications in sensing, or insensitive Fano fea-
tures for devices that require robust and consistent optical re-
sponse. The far-field effects on Fano resonance examined in
this work extend previous results [14] in which near-field cou-
pling interaction between two different plasmon modes sup-
porting a Fano resonance were modified by manipulating
near-field interactions with a double layer nanowire assembly.
This work evaluates the additional effects of wavelength and
lattice dimensions on both near- and far-field features of Fano
resonances. This additional degree of freedom furthers design
of physical and geometric features of plasmon-active nanopar-
ticles and their lattices to achieve particular spectral out-
comes of these 2D metamaterials.

4. INTERVENING DIELECTRIC REDSHIFTS
AND BROADENS SINGLE PARTICLE
PLASMON RESONANCE ENERGY AND
BANDWIDTH
Figure 3 illustrates that the broadband plasmon resonance
that underlies Fano extinction expands and redshifts when
isolated particles are excited in media of increasing RI (i.e.,
water versus vacuum). The imaginary component of polariz-
ability shown in Fig. 3 was calculated using Eq. (1) for particle
radii from 25 to 80 nm and incident wavelengths from 400 to
900 nm. It exhibits a dipole resonance (solid arrow) alone
at vacuum RI for these particle sizes. An additional quadru-
pole resonance (hollow arrow) appears at aqueous RI.
The changes in polarizability with RI affect the energy and
bandwidth of dipole and quadrupole resonances for isolated
particles as shown in Fig. 4. This is illustrated in Fig. 4 for a

70 nm radius Au nanoparticle at three different RI values using
both the polarizability model and Mie theory.

Energy shifts and broadening in plasmon resonance as the
intervening dielectric changes are not solely a result of wave-
length contraction. Radiative losses and molecular polariza-
tion of the intervening dielectric in response to the local
charge density of the oscillating plasmons in the nanostruc-
ture act as dampeners to the Coulombic restoring force. This
is accounted for in the polarizability model in Eq. (1). The net
result is a nonlinear redshifting and broadening of the reso-
nant dipole, quadrupole, and higher-order electric modes with
respect to the vacuum plasmon wavelength [49] as shown in
Fig. 3. Changes in these modes result in redshifting and broad-
ening of the Fano resonance as shown in Fig. 2. The polariz-
ability of isolated nanostructures determines relative amounts
of radiation (i.e., scattering) and absorption, as well as the
wavelength (frequency) of maximum scattering. The effects
of such plasmon shifts on the Fano resonance of split-ring de-
signs have been observed with graphene [40].

Fig. 2. Phase overlap (dashed line) onto a center particle was calcu-
lated using Ref. [41] for a lattice constant of 600 nm and RI values of
1.00 (black; peak ∼600 nm), 1.17 (blue; ∼700 nm), and 1.33 (red; ∼800
and 575 nm). Extinction spectra (solid line) were calculated by rsa-
CDA for corresponding infinite arrays of 70 nm radius Au particles
with lattice constant 600 nm. The inset expands the 1.17 RI array
to show that constructive interference from lattice scattering supports
extinction peaks.

Fig. 3. Imaginary component of particle polarizability [Eq. (1)] is
shown as the color gradient for RI values of 1.00 and 1.33 over a range
of particle sizes and incident vacuum wavelength values.

Fig. 4. Comparison of single particle extinction spectra calculated
for 70 nm radius spherical particles using the exact Mie theory
(dotted) and the dynamic dipole polarizability (solid lines) with the
quadrupole extension. The homogeneous RI surrounding each par-
ticle is shown in the legend.
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Redshifting of plasmon maxima as well as expanded band-
width appears in Fig. 3 as particle size increases. Increasing RI
to 1.33 enhances these affects and induces a higher-energy
quadrupolar activity (hollow arrow) for particle radii >70 nm.
These energy shifts and higher-order electric modes from in-
creased RI enhance Fano resonant behavior at smaller par-
ticle sizes and provide larger bandwidth for tunable device
design. For example, a 60 nm radius particle has a maximum
particle polarizability that redshifts from 594 nm at η � 1.00 to
632 nm at η � 1.33. The plasmon resonance for particles >
about 40 nm radius is dominated by scattering. Field enhance-
ments accrued by periodically ordering such particles support
electron excitation in devices such as the resonant optical
fields described in Refs. [50–52]. In contrast, prior reports [18]
primarily considered changes in near-field plasmonic profiles
with asymmetric plasmonic structures such as orthogonal
nanorods or disk/ring dimer structures using the finite-
difference time-domain (FDTD). Polarization-dependent
changes in Fano resonance and thus absorption and near
fields for various sizes and separations of the structures were
considered. It was shown that multiple Fano resonances could
be supported by larger-sized elements.

Individual spectra for a 70 nm radius Au nanoparticle in
Fig. 4 at increasing RI values illustrate changes in resonance
energy and bandwidth due to the underlying changes in polar-
izability shown in Fig. 3. The extinction features are nearly
identical when calculated using Eq. (1) polarizability (solid
lines) and the exact Mie theory (dotted lines) at RI values of
1.00 (blue), 1.25 (green), and 1.50 (black), respectively. The
peak location for the plasmon resonance redshifts from 545
to 677 nm, and the full width at half-maximum (FWHM) in-
creases from 67 to 93 nm as RI is increased from 1.00 to
1.50. These changes are similar to those observed experimen-
tally. At RI of 1.50, the quadrupole plasmon resonance ap-
pears. This feature has been predicted to give diffractive
coupling from quadrupole scattering in periodic arrays [44].
The rsa-CDA and Mie calculations are indistinguishable at
energies less than or at resonance for smaller RI values.
Differences appear as smaller incident wavelengths begin
to induce quadrupole modes at higher RI. Higher RI enhances
the effect as illustrated in the inset of Fig. 1. Specifically, di-
pole plasmon wavelength and amplitude for the RI of 1.5 gives
a relative error of −0.498% and −0.588%, respectively. Quadru-
pole plasmon wavelength and amplitude have relative errors
of 0.541% and 8.17%, respectively, at the same conditions. This
indicates that approximating quadrupole polarizability with
the dipole expression in Eq. (1) slightly underestimates the
dipole resonance while slightly exaggerating the quadrupole.
The spectral sensitivity of the photon–nanoparticle interac-
tion to changes in RI is assessed subsequently using these
two plasmon peaks.

5. FANO RESONANCE ENERGY IS MORE
SENSITIVE TO CHANGES IN REFRACTIVE
INDEX
Figure 5 illustrates that the Fano resonance peak energy is
more sensitive to changes in the intervening dielectric than
uncoupled dipole or quadrupole plasmon resonance energies.
The spectra shown were from square lattices of nanoparticles
calculated using the rsa-CDA at RI values of 1, 1.17, and 1.33.
The inset compares redshifts in Fano (right-hand line), dipole

(middle line), and quadrupole (left-hand line) peaks due to in-
creases in RI from 1 to 1.5 (in 0.01 increments). Inset data are
from a finite 5 × 5 array calculated using CDA and show ex-
tinction spectra magnitude in a color gradient as a function of
incident wavelength (abscissa) and RI (ordinate). All lattices
in Fig. 5 contain 70 nm particles spaced 600 nm apart. Incident
vacuum wavelengths were calculated in 1 nm increments. The
relative extinction efficiencies in the main plot exceed those
in the inset since more particles are simulated. In the inset,
quadrupole (left ∼500 nm), dipole (middle 500–700 nm), and
Fano resonance (right 600–875 nm) peaks from the 5 × 5
square array of particles appear at respectively lower incident
energies. Each redshifts with increasing RI, albeit at succes-
sively higher rates: 150, 348, and 541 nm∕RIU for the quadru-
pole, dipole, and Fano peaks, respectively. By comparison,
Mie theory predicts an isolated 70 nm radius particle would
exhibit quadrupole and dipole localized surface plasmon res-
onance redshifts of 71 and 224 nm∕RIU, respectively. Sensi-
tivity to changes in external dielectric constant is thus
higher in all cases for arrayed nanoparticles than for random
nanoparticles, and led by the Fano peak sensitivity. Enhanced
spectral intensity and response of Fano resonances from pho-
tonic crystals was also explored in Ref. [22]. Far-field coupling
was considered using the finite element method (FEM) in
COMSOL, and a classical coupled oscillator model was dis-
cussed to explain the observed Fano resonances.

The Fano peak sensitivity using the rsa-CDA in the main
plot of Fig. 5 was found to be 608.23 nm∕RIU, larger than
the finite array sensitivity from the inset. This is 1.5 to 14 times
greater than single particle plasmon sensitivities reported pre-
viously in the literature [7]. But it is smaller than a value of
966.7 nm∕RIU reported for diffractive coupling in periodic re-
peating chains [53]. This study reported a lattice constant in
the IR band yielded a larger array sensitivity, albeit at a lower
intensity. Substituting lattice constants and RI values equiva-
lent to those in Ref. [53] into the present simulation resulted in
a calculated sensitivity of 848.5 nm∕RIU without optimizing
array geometry. These sensitivities from far-field coupling
between polarizability and in-plane scattering are also smaller
than some near-field Fano resonance values reported at

Fig. 5. Extinction spectra for a square lattice of 70 nm radius par-
ticles spaced at 600 nm with RI values of 1.00, 1.17, and 1.33 using
the rsa-CDA. Inset shows spectral results for a 5 × 5 array of 70 nm
Au particles with a lattice constant of 600 nm using the finite CDA.
The value of extinction efficiency at the RI and wavelength shown
appears as a color gradient.
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1116 nm∕RIU (Ref. [16]). However, detection of RI changes
for near fields has a limited range of 5–15 nm from the particle
surface, while far-field resonances can extend hundreds of
nanometers [7].

6. RSA-CDA CAN MAXIMIZE FANO
SENSITIVITY
Figure 6 illustrates use of the rsa-CDA to identify particle radii
(ordinate) and lattice constants (abscissa) that maximize
Fano sensitivity (color scale) to a change in RI from vacuum
to 1.10. A total of 11,256 unique square lattices were simulated
for particle radii from 25 to 80 nm and lattice constants from
500 to 700 nm. An 80 nm particle radius limits radiation to pri-
marily dipolar modes. Lattice constants above 700 nm would
generate greater sensitivity, but were not simulated due to
decreased Fano resonance intensity at these longer wave-
lengths. The latter results from energy smaller than the single
particle plasmon window. Sensitivity was calculated by sub-
tracting the Fano resonance peak wavelength obtained at
RI � 1.1 from that at RI � 1.0 and dividing this difference
by ΔRI � 0.1. Predicted sensitivities increase from about
525 nm∕RIU at 500 nm lattice constants to 700 nm∕RIU at
700 nm lattice constants.

Linear aberrations that appear in the plot and deviate from
this trend result from geometric configurations of the lattice
from local constructive and destructive regions of scattered
light [41]. These linear lines correspond to geometries of high
Fano resonance intensity as will be shown in Fig. 7. This sug-
gests intense Fano resonances can produce larger sensitivities
to local environmental changes. These lines alternate from
lower to higher sensitivities relative to the overall trend. In-
creasing RI of the dielectric intervening between embedded
particles causes detectable redshifts in the resulting Fano
resonance, whose frequency depends jointly on particle polar-
izability, α, and the lattice parameter, A, which are both func-
tions of medium wavenumber [41,42]. Particle morphology
and spacing can be independently adjusted to satisfy particu-
lar wavelength-specific applications [54].

Figure 7 illustrates that changing RI from 1.00 to 1.33 shifts
the particle radii and lattice constants that maximize construc-
tive coupling in the Fano resonance (color scale). Each col-
ored meshpoint in each plot corresponds to the maximum
calculated amplitude of extinction efficiency (i.e., the Fano
resonance) obtained for one of 16,586 simulations that consti-
tute the plots. Incident wavelength values from 400 to 1000 nm

were sampled in 0.1 nm increments for arrays with lattice con-
stants from 400 to 700 nm and particle radii from 25 to 80 nm
in 1 nm increments. Values of Fano resonance intensity
represented in color were truncated to a maximum of 100 to
suppress a small number of more intense peaks.

Figure 7 shows that a larger window of (smaller) lattice
constants and particle radii supports maximal Fano resonance
intensity at larger RI values. The parabolic loci of maximum
Fano intensity exhibit three changes. First, the limiting radius
at which coupling produces an extraordinary peak decreases
from 44 nm at RI � 1.0 to 31 nm at RI � 1.33. This decrease
results from a corresponding shift in measurable particle po-
larizability values to lower NP radii, illustrated in Fig. 3. As RI
increases, the measurable dipole resonance values apparent
in Fig. 3 redshift and begin to occur at smaller radii. Equiva-
lently, Mie theory shows that increasing the RI surrounding a
single particle causes scattering to increase for a given
particle.

Second, the limiting lattice constant that supports construc-
tive Fano resonance coupling decreases as intervening RI
increases: from 539 nm at RI � 1.0 to 425 nm at RI � 1.33.
This seems counterintuitive since Fano resonances are not
supported at vacuum wavelengths smaller than that for the
plasmon resonance and the plasmon wavelength redshifts
with increasing RI. However, Fig. 1 shows that the Fano wave-
length occurs at a value of Dη. Increasing η permits an
inversely smaller value of D to support the Fano resonance
at a vacuum wavelength equal to their product provided this
energy remains lower than the plasmon resonance. In other
words, the plasmon peak redshifts sublinearly at a slower rate
than wavelength compresses linearly in proportion to in-
creased η.

Third, the gap in the parabolas caused by destructive
interference decreases as RI is increased. This results from
broadening of the dipole mode for larger values of RI illus-
trated in Fig. 3. Since the partial derivative of polarizability

Fig. 6. Sensitivity shown by wavelength shift of Fano resonance
peak wavelength per RI unit (RIU) for a given geometric combination
of lattice constant and particle radius. RI change for the calculation
was from 1.00 to 1.10.

Fig. 7. Array geometries that yield extraordinary Fano resonance
through constructive interference of scattered light. The color gra-
dient shows the maximum extinction of the Fano resonance as a
function of lattice constant and particle radius.
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with respect to wavelength is increasingly larger than with re-
spect to radius as RI increases, the Fano peak sweeps over the
allowed constructive and destructive regions more quickly
along the lattice constant, thus narrowing the gap between
successive regions of constructive interference. Control over
Fano resonance energy and linewidth by adjusting broad
and narrow constituent resonances is analogous to coupling
between multiple sub- and super-radiant modes in a hetero-
oligomer structure of two different homodimers [10] and in
dolmen configurations [12]. Fano resonance was shown to be
independently controlled by varying structure geometry
[11,13]. Control of Fano resonance resulting from light cou-
pling between a thin film of metal nanoparticles and an array
of metal nanorods was similarly considered in Ref. [17].
Layered media results were obtained from FDTD and DDA
that compared favorably with experimental data, showing
light transmission and local electromagnetic fields could be
independently enhanced by nanostructure design.

7. FUTURE DIRECTIONS
Plasmonic nanostructures in metamaterials exhibit Fano res-
onances that allow light to be manipulated below the Rayleigh
diffraction limit for emerging applications such as subwave-
length image resolution, information transport in quantum
computing [24,25], enhanced THz emission and transparency
in 2D photonic crystals [26,27], and biological imaging [28,29].
Periodic plasmonic nanostructures have been combined with
graphene in particular to create photodetectors [50,55–57]
with increased absorption of incident light and for photocur-
rent devices [54,58]. Generally, metal nanostructures generate
photocurrent in semiconductors and van der Waals solids
from band bending in creation of a p-n junction. Fano reso-
nant, plasmonic systems have been postulated to increase
photon absorption in graphene through either direct excita-
tion (DE) of electron hole pairs in graphene or hot electron
(HE) transfer. DE is produced by absorption of incident pho-
tons by graphene that are separated by intensified plasmonic
near fields within the graphene from nanostructures formed
on or between graphene layer(s). HE results from zero-band
gap graphene accepting electrons through direct transfer from
the nanostructures’ plasmon via absorption of incident light
[57]. Separation of electron hole pairs in graphene occurs
through electrostatic steps in potential [59]. Metallic contacts
that produce such a step [60] have been incorporated to in-
crease coverage of the graphene surface [54,61–63].

Progress in engineering band structures in semiconductors
and van der Waals solids such as graphene with plasmon–
photon Fano resonances has been limited to date by attention
given primarily to plasmon–plasmon Fano resonances and
by computational challenges and expense. Although “meta-
atoms” in reported structures are often arranged periodically,
occurrence of Fano resonances from interaction between
plasmons and diffracted photons has been infrequent. Most
analyses have considered Fano resonances from plasmon–
plasmon interactions within a single “meta-atom.” One excep-
tion is reported in Ref. [54], where the FEM was used to
simulate field enhancements from monomers, dimers, and
periodic nanowires using a few select lattice spacings to
compare with experimentally measured photocurrent
enhancements. This work showed nanoarchitectures opti-
mized for specific Fano resonance wavelength tuning could

be integrated with graphene for light filtering, photodetecting,
etc., in a single device [54]. However, finite element and finite
difference methods can obscure attribution of Fano resonant
band structures arising from plasmon–photon coupling to spe-
cific effects arising from particle size, lattice constant, or RI in
periodic arrays of “meta-atoms.” This work supports develop-
ment of photon–plasmon-coupled Fano resonant plasmonic
nanostructures for graphene devices, which requires distin-
guishing the influence of meta-atom architecture and place-
ment as well as influence of the local dielectric media
constant across broad ranges.

8. CONCLUSION
This work distinguished effects of changes in RI, particle size,
and incident energy on a Fano resonance supported by cou-
pling between a broadband plasmon resonance and a narrow-
band phase-superpositioned diffractive mode. It did so using a
rsa-CDA of extinction efficiency for a square lattice of dipoles.
RI affected spectral features via a RI-dependent medium
wavenumber that impacts nanoparticle polarizability as well
as a lattice parameter that governed the frequency and energy-
dependent intensity of in-plane, far-field diffraction. Particle
polarizability was impacted by changes in RI and particle size.
Varying RI altered the diffractive mode and Fano resonant
energy. Sensitivity of the Fano resonance peak wavelength
to changes in RI was increased more than 2.4-fold relative to
the sensitivity of isolated nanoparticles. The sensitivities of
dipole and quadrupole resonances for nanoparticles arrayed
in square lattices were also larger than for isolated nanopar-
ticles. Results from the present work support precision engi-
neering of 2D photonic crystals to meet the requirements for
adaptive electromagnetic activity and sensitivity required by
next-generation optoelectronic device applications.
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