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S
ince its discovery in 1801 by Tomas
Young,1 interference has been a very
important fundamental subject in both

theories and experiments. In most cases,
interference refers to the coherent interac-
tion between two spectrally overlapping
oscillations or resonances. Specifically, the
interference between a broad resonance
and a narrow one can give rise to a distinctly
asymmetric resonance line shape. This new-
ly generated line shape cannot bedescribed
by the traditional Lorentzian formula. This
type of interference is termed as Fano re-
sonance. It bears the name of Ugo Fano,
who first suggested its theoretical descrip-
tion.2 Fano resonances are generally re-
garded as the result of the destructive inter-
ference between a broad and a narrow
resonance mode. Such a destructive inter-
action suppresses the amplitude near the
frequency of the narrow mode and gives
rise to a spectrum characterized by an
asymmetric shape or sometimes a distinct
dip structure.2�5 Due to their increasing
importance in revealing the underlying phy-
sics in different disciplines, more and more
efforts have been devoted to the investiga-
tion of Fano resonances. Over the past few
decades, Fano resonances have been ubi-
quitously observed in atomic physics,2,6,7

optics,8�11 condensed matter physics,12�15

and electronic circuits.3

Metal nanostructures exhibiting Fano re-
sonances in their optical responses have
recently received much attention owing to
the rapid progress in the fabrication and
characterization techniques.4,5 They exhibit
rich localized plasmon resonances that ori-
ginate from the collective electron oscilla-
tions confined at the nanoscale. Different
plasmon modes can be supported in a
single metal nanostructure. They are mani-
fested as peaks on the extinction or scatter-
ing spectra. Depending on their decay

channels, these modes have different line
widths. Broad dipolar plasmon modes can
efficiently couple with the external electro-
magnetic field through radiative decays
and are therefore often named as “bright
modes”. On the contrary, for narrow modes
with small net dipole moments, their radia-
tive decays are very weak. They are often
termed as “dark mode”.16�18 The presence
of both bright and dark modes forms the
essential basis for the Fano resonances in
metal nanostructures. Theories have pre-
dicted that a single solid metallic sphere
can exhibit a strong Fano resonance due to
the interference between its dipole and
quadrupole modes.5,19 Intrinsic Fano reso-
nances have been observed in palladium
nanodisks owing to the coupling between
the dipolar plasmon mode and the inter-
band transition background of palladium.20

Multilayer core�shell nanostructures have
been designed with spectrally overlapping
bright and dark modes, resulting in a Fano
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ABSTRACT Fano resonances in plasmonic nanostructures, characterized by their asymmetric

resonance spectral profile, are currently attracting much interest due to their potential applications

in biological sensing, metamaterials, photoswitching, and nonlinear optical devices. In this study,

we report on the observation of the Fano resonance in Au nanorods induced by their coupling with

the supporting substrate. For Au nanorods having a large size and deposited on a substrate with a

large dielectric constant, the strong nanorod�substrate coupling gives rise to a Fano line shape on

the far-field scattering spectrum. Electrodynamic calculations reveal that the Fano resonance

originates from the interference of a broad octupolar and a narrow quadrupolar plasmon mode of

the nanorod. Such an interaction is enabled by the strong image charges induced by substrates with

high dielectric constants. Moreover, the Fano resonance is very sensitive to the nanorod�substrate

spacing. When the spacing is experimentally increased to be larger than∼8 nm, the Fano resonance

disappears. These results will be important not only for understanding the interference of different

plasmon modes in plasmonic systems but also for developing a number of plasmon-based optical

and optoelectronic devices.

KEYWORDS: dielectric function . Fano resonance . gold nanorod . plasmon resonance
. scattering . substrate
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resonance in their scattering spectra.21 Complex
coupled metallic nanostructures have been demon-
strated to exhibit intriguing Fano resonances, which
originate from the rich plasmon hybridization of the
different plasmon modes in each unit, such as disk�
ring cavities,17,18,22 self-assembled metal nanostruc-
trure heptamers and quadrumers,23�27 Au dolmen
structures,28,29 and intricately shaped Au hetero-
structures.30,31 Apart from their fundamental physical
interests, Fano resonances in metal nanostructures are of
great potential in a range of applications. The most
straightforward one is chemical and biological sensing.
The narrower line widths produced by Fano resonances
can lead to plasmonic sensors with very large figures of
merit,whicharedefinedas the refractive index sensitivities
divided by the resonance line widths. Such plasmonic
sensors have been proposed in ring�disk nanocavi-
ties,17,22 which exhibit figures of merit in the range of
3�8. The destructive interference nature of plasmonic
Fano resonances can strongly suppress the radiative
damping and be utilized for the fabrication ofmetamater-
ials with very narrow and nearly full transparency
windows.32 Furthermore, metal nanostructures with Fano
resonances can be employed for various active optoelec-
tronic applications, such as switching and electro-optical
modulation.33,34 Studying and realizing Fano resonances
in metal nanostructures are therefore very important not
only for furthering our understanding on light�matter
interactions at the nanoscale but also for the design of
various plasmonic optical and optoelectronic devices.
One means for realizing Fano resonances in plas-

monic metal nanostructures is the introduction of
symmetry breaking into the system. Symmetry break-
ing can enable the hybridization of different plasmon
modes and therefore lead to the effective coupling
between broad and narrow plasmon resonances. The
most straightforward approach for symmetry breaking
is to make hybrid metal nanostructures geometrically
asymmetric. Nonconcentric Au ring�disk nanocavities
have been shown to exhibit strong and tunable Fano
resonances in the near-infrared range.17,18,22 A similar
phenomenon has also been observed in multilayer Au
nanoshell structures, in which the center of the core is
displacedwith respect to the center of the entire system.21

Symmetry breaking can also be achieved in heterodimers
that are composed of differentmetals.35,36 In such hetero-
nanostructures, the Fano line shape as well as its reso-
nance position can be readily tailored by controlling the
geometrical parameters of the two metallic components.
One common feature among the metal nanostructures
mentioned above is that they are fabricated by use of
complex, multistep, and expensive lithographic techni-
ques. The use of complex lithographic techniques hinders
the large-scale applications of metal nanostructures.
Another approach for symmetry breaking has recently

been proposed. In this approach, metal nanocrystals are
deposited on dielectric ormetal substrates. The presence

of substrates brings a non-uniform dielectric environ-
ment around the nanocrystal, which leads to the excita-
tion of the multipolar plasmon modes. The electron
oscillations associated with these modes can induce
image charges in the substrate, which can in turn interact
with the excited plasmonmodes in the nanocrystal. As a
result, the substratemediates the interactions among the
different plasmon modes of the nanocrystal and causes
their hybridization.37�40 In this regard, Fano resonances
are more likely to be observed when metal nanocrystals
of large sizes are deposited on substrates with high
dielectric constants. Substrates with high dielectric con-
stants can induce stronger image charges, while the
excitation ofmultipolar plasmonmodes ismore effective
in larger nanocrystals owing to the retardation effect.
Both of these effects are essential for initiating the
hybridization among different plasmonmodes. The sym-
metrybreaking causedby supporting substrates is simple
and does not need expensive fabrication techniques. Up
to date, several theoretical studies have predicted the
presence of Fano resonances in metal nanocrystals that
are deposited on substrates with high dielectric con-
stants.37,41 On the other hand, the asymmetric line shapes
implying the presence of Fano resonances have been
observed indirectly in a few experiments on supported
metal nanocrystals, but no careful and conclusive analyses
regarding Fano resonances have been provided.40,42 In
both of these previous theoretical and experimental
studies, only metal nanostructures of high symmetries,
such as nanoshells andnanocubes, havebeen considered.
Elongatedmetal nanocrystals areknowntoexhibit synthe-
tically tunable scattering cross sections and plasmon
resonance wavelengths, large local electric field enhance-
ments, and strongly suppressed plasmon damping.43�46

Elongated metal nanocrystals are therefore expected to
exhibit intriguing and controllable Fano resonances.
Here we report on the experimental observation of

Fano resonances in Au nanorods that are supported on
substrates by carefully examining the scattering spec-
tra from Au nanorods of different volumes deposited
on substrates with different dielectric functions. Our
studies show that substrates with large dielectric con-
stants can effectively mediate the hybridization be-
tween the different plasmon modes in a supported Au
nanorod. Specifically, the coupling between the quad-
rupolar and octupolar resonances in a large Au nano-
rod can produce a Fano resonance, which is chara-
cterized by a dip structure in the scattering spectrum.
Moreover, the Fano resonance is found to be strongly
dependent on the spacing between the nanorod and
substrate. It only takes effect when the spacing is
smaller than ∼8 nm.

RESULTS AND DISCUSSION

Our studies were carried out at the single-particle level
on a dark-field scattering microscope. The excitation
white light was transmitted through a 100� dark-field
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objective with a numerical aperture of 0.80. The light
through the objective has an incident angle of 53�. It has
bothp- and s-polarizations. Forp-polarizedexcitation, the
incident electric field can be decomposed into two
components. One is perpendicular [vertical (V) ex-
citation], and the other is parallel to the substrate plane
(Figure 1). The parallel component can be further decom-
posed according to the nanorod length axis into the field
that is oriented along the nanorod length axis [horizontal
and longitudinal (HL) excitation] and the one that is
oriented perpendicular to the nanorod length axis
[horizontal and transverse (HT) excitation]. For s-polar-
ized excitation, the incident electric field consists only of
the HL and HT components. The optical response of a Au
nanorod is determined by the specific excitationmanner.
The Au nanorods used in our experiments were

prepared using a seeded growth method in conjunc-
tion with anisotropic oxidation.44,47,48 Cetyltrimethy-
lammonium bromide (CTAB) surfactant was employed
as the stabilizing agent. We first examined the plas-
monic properties of small Au nanorods that were
deposited on different dielectric substrates. Figure 2a
shows the scanning electron microscopy (SEM) image
of the small nanorod sample. The size and shape
distributions of this sample are highly uniform. The
average diameter, length, and aspect ratio are deter-
mined to be 42 ( 3 nm, 89 ( 7 nm, and 2.1 ( 0.2,
respectively. Two types of substrates were utilized.
They are cover glass slides with a small dielectric
constant of 2.40 at 600 nm and silicon wafers with a
large dielectric constant of 15.6 at 600 nm.49 The
dielectric constant of silicon should be a complex
number. However, due to the much smaller value of
the imaginary part, ∼0.2 at 600 nm, we omitted it and
only considered its real part in our following discussion.
After the nanorods were washed twice by centrifuga-
tion to remove the excess surfactant, they were de-
posited by immersing the substrates in the nanorod
solution for a controlled period of time and then
blowing them dry with nitrogen. The number density
of the nanorods on each substrate was controlled to be
1�3 per μm2. The nanorods are capped with a CTAB
bilayer. The thickness of the bilayer has beenmeasured
to be ∼1.5 nm.50 Because of the flexibility of the CTAB
molecules, the spacing between the nanorods and
substrate is expected to be less than 1.5 nm.
Figure 2b shows the representative scattering spec-

tra of the individual small Au nanorods that are sup-
ported on a glass slide. Each small nanorod exhibits
only one dominant scattering peak, which is located at
580 nmandhas a linewidth of 57 nm. In contrast, when
the small nanorods are supported on silicon, their
scattering spectra show two resonance peaks
(Figure 2c). One is positioned at 530 nm and the other
at 680 nm. Numerical electrodynamic calculations
using the finite-difference time-domain method
(FDTD)were performed in order to ascertain the origins

of these resonance peaks. In accordance with the
excitation scheme shown in Figure 1, the different
excitation polarizations were considered (Figure 2b,c,
colored curves). The scattering intensities under the V
and HT excitation polarizations are very small for the
small nanorod on the glass substrate. The HL-excited
plasmon resonance peak dominates the total scatter-
ing spectrum. A free-standing Au nanorod in a uniform
surrounding dielectric medium generally possesses a
longitudinal and a transverse intrinsic plasmon reso-
nance mode, which are polarized along and perpendi-
cular to the nanorod length axis, respectively. The
scattering intensity of the longitudinal mode is much
stronger than that of the transverse one.51 The above
result indicates that the plasmonic properties of the
small Au nanorod remain nearly unchanged in the
presence of the glass substrate. This can be ascribed to
the small dielectric constant of the glass substrate. The
image charges produced in the glass substrate are not
strong enough.
In contrast, when the small nanorods are deposited

on the silicon substrate, the V-excited plasmon peak is
strongly enhanced, with its scattering intensity com-
parable to that of the HL-excited plasmon peak
(Figure 2c). In addition, the HL-excited plasmon peak
shows a red shift of ∼100 nm relative to that of the
nanorod on the glass substrate. These results are
ascribed to the much larger dielectric constant of
silicon than that of glass. A large difference in the
dielectric constant at the substrate�air interface pro-
duces larger image charges in the substrate, which
leads to the strong coupling between the plasmon
resonances in the nanorod and the image charges in
the substrate. As the oscillation of the induced image
charges is out of phase with that of the HL-excited
plasmon mode, the restoration force of the HL-excited
plasmonmode is reduced. Its resonance wavelength is

Figure 1. Schematic showing the different excitation man-
ners. Left: single Au nanorod is illuminated by a white light
source at an oblique incidence angle. Right: top shows the
excitation light polarized horizontally and along the nano-
rod length axis; the middle shows the excitation light
polarized horizontally and perpendicular to the nanorod
length axis; and the bottom shows the excitation light
polarized vertically.
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therefore red-shifted. For the V-excited plasmonmode,
the oscillation of the induced image charges in the
substrate is in phase with that of the plasmon mode in
the nanorod. The net restoration force is therefore
largely enhanced in comparison to the case of the
nanorod supported on glass. As a result, the scattering
intensity of the nanorod on silicon under the V excita-
tion polarization is much stronger than that of the
nanorod on glass. In addition, the scattering pattern of
the nanorod on silicon assumes a doughnut shape,
while that of the nanorod on glass appears as a solid
spot (Figure 2b,c insets and Figure S1a,c, Supporting
Information). The difference in the scattering pattern
can be attributed to the dependence of the net dipole
strength of the V-excited plasmon mode on the sub-
strate dielectric constant. We have systematically in-
vestigated the effect of various substrates on the
scattering patterns of supported Au nanorods in our
recent study.52 The HT-excited plasmon mode of the
nanorods on silicon is very weak, which is similar to the
case of the small nanorods supported on glass. For
both types of substrates, the total scattering spectra
are sums of the spectra calculated under the HL, HT,
and V excitation polarizations. There is no interference
among the different plasmon modes. The small size of
the nanorods precludes the excitation of the multi-
polar plasmon modes. The above results and analyses

show that Fano resonances cannot be observed in
small Au nanorods via the symmetry breaking caused
by a substrate, even though the introduced substrate
has a very large dielectric constant.
On the basis of the above results, we then chose

large Au nanorods and measured their scattering
spectra. The large nanorod sample was prepared by a
modified seeded growth method, as described in our
previous study.53 The average diameter, length, and
aspect ratio are measured to be 118 ( 7 nm, 188 (
5 nm, and 1.6 ( 0.1, respectively (Figure 3a). The
average particle volume is ∼17 times that of the small
nanorod sample. When supported on the glass sub-
strate, the large Au nanorods exhibit a scattering peak
with a line width of 120 nm (Figure 3b). This scattering
peak ismuch broader than that of the small ones. FDTD
calculations indicate that the total scattering spectrum
is dominated by the HL-excited plasmon mode at
658 nm. This is also consistent with the observation
of a solid bright scattering spot (Figure 3b inset and
Figure S1b, Supporting Information) because the HL-
excited plasmonic dipole is oriented parallel to the
substrate plane.52 The broadening of the HL-excited
plasmon mode is due to the increase of the radiation
damping as the nanorod becomes larger. Our experi-
mental and simulated scattering spectra indicate
that the interference among the different plasmon

Figure 2. (a) SEM image of the small Au nanorod sample. (b) Experimental (black circles) and calculated (colored curves)
scattering spectra of an individual small Au nanorod supported on the glass substrate. (c) Experimental (black circles) and
calculated (colored curves) scattering spectra of an individual small Au nanorod supported on the silicon substrate. The
green, pink, and blue curves represent the spectra obtained under the HL, HT, and V polarization scheme, respectively. The
red curve represents the sum of the three curves. The colored images in the insets are the far-field scattering patterns of the
corresponding individual nanorods. The experimental scattering spectra of over 20 nanorods were taken on each substrate.
They are similar to one another. Shown here are representative ones.

Figure 3. (a) SEM image of the large Au nanorod sample. (b) Experimental (black circles) and calculated (colored curves)
scattering spectra of an individual large Au nanorod supported on the glass substrate. (c) Experimental (black circles) and
calculated (colored curves) scattering spectra of an individual largeAunanorod supportedon the silicon substrate. The green,
pink, and blue curves represent the spectra obtained under the HL, HT, and V excitation polarization scheme, respectively.
The red curve represents the sum of the three curves. The colored images in the insets are the far-field scattering patterns of
the corresponding individual nanorods. The experimental scattering spectra of over 20 nanorods were taken on each
substrate. They are similar to one another. Shown here are representative ones.
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modes still cannot be observed for the large Au
nanorods supported on substrates with small dielectric
constants.
The scattering spectra are enriched when the large

nanorods are deposited on the silicon substrate. Three
separate scattering peaks are observed, as shown in
Figure 3c. They are centered at 580, 650, and 830 nm,
respectively. What is more interesting is that a well-
defined small dip is clearly seen between the two high-
energy peaks. Such a dip structure on a broad spec-
trum is a clear indication of the appearance of a Fano
resonance.21,29,41 The simulation results show that two
plasmon modes are excited under the HL polarization.
One is broad and centered at 770 nm, and the other is
narrow and centered at 560 nm. Their widths are 139
and 39 nm, respectively. From the discussion below,
the broad resonance can be assigned to a dipolar
plasmon mode, and the narrow one is a quadrupolar
mode due to the large size of the nanorod and the
large dielectric constant of silicon. The V excitation
polarization gives a relatively broad and intense reso-
nance peak at 540 nm with a line width of 84 nm. This
peak suggests that the coupling in the vertical direc-
tion between the plasmon in the large nanorod and
the image charges in the silicon substrate is very
strong. The strong coupling in the vertical direction is
also verified by the doughnut-shaped scattering pat-
tern (Figure 3c inset and Figure S1d, Supporting
Information) because the V-excited net plasmonic
dipole is oriented perpendicular to the substrate.52

The HT-excited plasmon mode is very broad. It can
be considered as a background over the spectral
region around the dip structure. The scattering spectra
obtained from the simulations under the three differ-
ent excitation polarization schemes are then linearly
added together. A comparison of the total scattering

spectrum (Figure 3c, red curve) with the measured
one indicates that the calculated spectrum does not
match the experimental one, especially in the spectral
region around the dip structure. This finding suggests
that the features on the scattering spectrum of a
large Au nanorod supported on silicon should come
from the interference between the different plasmon
modes.
The Fano resonance in the large Au nanorods sup-

ported on silicon is further corroborated by analyzing
the experimental scattering spectrum shown in
Figure 3c with a phenomenological 3-pole Fano inter-
ference model18,54,55

S(E) ¼
�
�
�
�
�
ar � ∑

3

j¼ 1

bjΓjexp(iφj)

E � Ej þ iΓj

�
�
�
�
�

2

(1)

where E is the photon energy, ar is the background
amplitude, bj andφj specify the amplitude and phase of
each resonance mode, and Ej and Γj represent the
resonance energy and line width. Figure 4a illustrates
the fitting result and the contribution of each reso-
nance to the total signal. Excellent agreement is seen
between the experimental scattering spectrum and
the fitting with the parameters given in the caption.
The model analysis provides important information for
understanding the experimental spectrum. The dip
structure is indeed induced by the coupling between
a broad resonance at a higher energy of 2.15 eV
(577 nm) and a narrow resonance at a lower energy
of 2.00 eV (620 nm). The line widths of the two
resonances are 0.20 eV (54 nm) and 0.09 eV (28 nm),
respectively. By comparing themodel analysis with the
FDTD results shown in Figure 3c, we believe that these
two resonances are the relative broad resonance at
2.30 eV (539 nm) excited under the V polarization
scheme and the narrow resonance at 2.21 eV
(561 nm) excited under the HL polarization scheme,
respectively. Their line widths are 0.36 eV (66 nm) and
0.15 eV (38 nm), respectively. In order to support this
conclusion, we further employed polarization dark-
field scattering spectroscopy to study the scattering
spectra of the large nanorods deposited on silicon
under the different excitation polarizations.
The scattering spectra shown in Figures 2 and 3were

acquired with an unpolarized white-light source. The
white-light illumination consists of both p- and s-po-
larized components. In order to achieve polarized
excitation, we placed a linear polarizer and a pinhole
after the light source and before the light is reflected
into the dark-field objective (Figure S2, Supporting
Information). The s- and p-polarized excitation light
relative to the substrate plane can be realized by
adjusting the height of the pinhole (see Experimental
Section for the details). Under the s-polarized excita-
tion, theHL andHT excitation polarization schemes can
be implemented by rotating the substrate that carries

Figure 4. (a) Fitting the scattering spectrumof an individual
large Au nanorod supported on the silicon substrate with
the Fano interference model. The used parameters are ar =
�0.34, b1 = 0.29, Γ1 = 0.09 eV (28 nm), φ1 = 1.28π, E1 = 2.00
eV (620 nm); b2 = 0.78, Γ2 = 0.20 eV (54 nm), φ2 = 0.58π, E2 =
2.15 eV (577 nm); b3 = 0.23, Γ3 = 0.12 eV (92 nm), φ3 = 0.39π,
E3 = 1.49 eV (832 nm). The red line is the fitting result using
these parameters. The black circles represent the experi-
mental spectrum. The green, blue, and pink dashed curves
are the contributions from the three resonances. (b) Ex-
perimental scattering spectra acquired under the HL
(green), HT (pink), and p- (yellow) excitation polarization
schemes. The p-excitation polarization for this particular
nanorod consists of both the HL and V components. The
solid curves are guides for eyes.
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the large Au nanorods. The wavevector of the p-polar-
ized excitation light is oriented at an angle of 53� from
the substrate normal according to our dark-field ex-
citation geometry. The p-polarized excitation contains
both the normal and horizontal field components
relative to the substrate plane. It cannot be decom-
posed experimentally into pure polarizations, but the
horizontal field component can be adjusted to be
along or perpendicular to the nanorod length axis by
rotating the substrate. Figure 4b shows the experi-
mental scattering spectra from an individual large Au
nanorod supported on silicon under the HL, HT, and
p-polarized excitation schemes, respectively. For this
particular nanorod, the p-polarization is composed of
the V and HL components. Clearly, the HL polarized
excitation gives two scattering peaks. One is narrow
and positioned at 540 nm, and the other is broad and
centered at ∼870 nm. Their line widths are 38 and
161 nm, respectively. Only a half portion of the
scattering peak around 870 nm is observed due to
the spectral limit of our optical system. The HT
polarized excitation produces only a broad resonance
peak with a much lower intensity. The contribution
from the HT polarized excitation is therefore ne-
glected in the following discussion. The resonance
peaks observed under the HL and HT excitation
polarizations are in very good agreement with those
obtained from the FDTD calculations (Figure 3c). The
deviation in the resonance wavelength of the HL-
excited, low-energymode is believed to arise from the
inhomogeneous size distribution of the nanorod
sample. In the calculations, only a nanorod with an
average size is considered, while the individual nano-
rods are probed in the experiments. Under the p-po-
larized excitation that contains both the V and HL
components, the scattering spectrum appears very
similar to the experimental one shown in Figure 4a. A
clear Fano resonance dip can be seen. The results
from the polarization-dependent scattering spectros-
copy are consistent with our above conclusion that
the Fano resonance arises from the interference
between the HL- and V-excited plasmon modes. The
occurrences of the strong resonance mode along the
vertical direction and the quadrupolar mode along

the nanorod length axis are both enabled by the large
dielectric constant of the silicon substrate.
We obtained from FDTD calculations the charge

distributions (Figure 5) associated with the different
plasmon modes in the large Au nanorod supported on
silicon to reveal more clearly the origin of the observed
Fano resonance. The HL-excited plasmon resonance at
770 nm (iii) is a dipolar mode, and the HL-excited
resonance at 560 nm (ii) is a quadrupolar mode. The
V-excited resonance at 540 nm (i) is complicated. It has
an octupolar nature. The higher-order resonance
modes are usually observable in metal nanocrystals
of large sizes because of the retardation effect.56,57 In
addition, the invisibility of the HL-excited quadrupolar
mode for the large Au nanorod supported on glass
suggests that the large dielectric constant of silicon
contributes to the observation of this resonancemode.
Most importantly, all of these three resonance modes
induce a similar image charge distribution that has a
dipolar nature in the substrate. The same image charge
distribution in the substrate leads to the effective
hybridization among the three modes through Cou-
lomb interactions. We also calculated the scattering
spectrum and the charge distributions of the large Au
nanorod on silicon under p-polarized excitation, with
the horizontal field component oriented along the
nanorod length axis (Figure 5). The scattering intensity
difference between the calculated and experimental
spectra under p-polarized excitation comes from the
fact that the light scattered in all directions is taken
during the calculation, while only the light scattered
within the solid angle subtended by the objective is
collected in the measurement. The charge distribu-
tions under p-polarized excitation show clearly again
how the hybridization occurs. The resonance at 570 nm
(iv) has an octupolar nature, while the resonance at
690 nm (vi) has a quadrupolar nature. These results
indicate that the two resonances arise from the hybri-
dization between the HL-excited quadrupolar mode
and the V-excited octupolar mode. This finding is
consistent with those from two recent theoretical
studies, which show that strong substrate-mediated
interaction leads to the hybridization between the
dipolar and quadrupolar modes of a Au nanoshell or

Figure 5. (a) Calculated scattering spectra of an individual large Au nanorod supported on the silicon substrate under the HL
(green) and V (blue) excitation polarization schemes. (b) Calculated scattering spectrum of the large nanorod under
p-polarized excitation. In themiddle are shown the charge distributions associatedwith the different resonancemodes (i�vi).
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a Ag nanocube.37,41 Since the line width (39 nm) of the
HL-excited quadrupolar mode is narrower than that
(84 nm) of the V-excited octupolar mode, the coupling
between a broad and a narrow mode with a similar
resonance energy can induce Fano resonance and give
rise to the dip structure in the scattering spectrum. This
is also confirmed by the charge distribution at the dip
position (v), which is quadrupole-dominant. In addi-
tion, we also calculated the absorption spectrum of the
large nanorod supported on silicon (Figure S3, Sup-
porting Information). A broad absorption peak is
clearly seen at the same spectral position as the Fano
dip on the scattering spectrum. Since a Fano dip on a
scattering spectrum usually corresponds to a peak on
the absorption spectrum,23,25 the occurrence of the
broad absorption peak on the calculated absorption
spectrum is consistent with the observation of the
Fano resonance on the scattering spectrum. On the
other hand, we note that the Fano dip appears around
640 nm, which is at the red side of the quadrupolar and
octupolar modes shown in Figure 5a. The deviation is
ascribed to the hybridization between the quadrupolar
and octupolar modes, which are excited simulta-
neously under p-polarized excitation. Owing to their
spectral overlap, they can hybridize with each other
through the image charges induced in the substrate.
Once the interference occurs, new hybridized plasmon
modes with different energies will be formed.38 As a
result, the Fano dip will appear at a different wave-
length from those of the intrinsic quadrupolar and
octupolarmodes. Taken together, both the experimen-
tal measurements and theoretical analyses reveal that
Fano resonance can be induced by depositing Au
nanocrystals of large sizes on substrates with high
dielectric constants.
The coupling between the large Au nanorods and

the silicon substrate is through Coulomb interac-
tion, which is strongly dependent on the nanorod�
substrate spacing. We therefore further investigated the
effect of the spacing on the observed Fano resonance.
Mesostructured silica coatings were utilized as the
spacers between the nanorods and silicon substrates.
Because the dielectric constant of mesostructured
silica is smaller than that of glass,58 the use of the
coating as the spacer does not notably affect the
coupling between the nanorods and silicon substrate.
Mesostructured silica coatings with five different thick-
nesses were fabricated. They are 2.7( 1.2, 4.8( 1.0, 7.6
( 0.8, 14 ( 2, and 97 ( 9 nm, respectively. Figure 6a
shows the representative scattering spectra of the
large Au nanorods supported on the silicon substrates
with the mesostructured silica coatings. As the thick-
ness of the silica coating and thus the spacing between
the nanorod and silicon substrate gets larger, the HL-
excited dipole mode shifts to shorter wavelengths
gradually. Its intensity also rises and becomes domi-
nant in the overall scattering spectrum. The hybridized

resonances associated with the HL-excited quadrupo-
lar mode and V-excited octupolar mode shift slightly
toward shorter wavelengths and broaden gradually.
The dip first becomes shallower and then fades out
when the nanorod�substrate spacing is larger than
∼8 nm. When the spacing reaches 97 nm, the scatter-
ing spectrum of the large Au nanorod becomes similar
to that of the large nanorod deposited on glass
(Figure 3b). At the same time, the scattering pattern
evolves from a green doughnut shape into an orange
solid bright spot (Figure 6, top row). As has been
explained in our previous report,52 the evolution of
the scattering pattern versus the nanorod�substrate
spacing indicates the weakening of the coupling be-
tween the nanorod and silicon substrate. These find-
ings confirm that the coupling between large Au
nanorods and high-dielectric-constant substrates is
very sensitive to the spacing. Moreover, the observa-
tion of the dip structure only when the spacing is less
than∼8 nm implies that the hybridization between the
different resonance modes in the nanorod mediated by
the substrate is a near-field interaction. In order to
quantify the dependence of the Fano resonance on the
spacing, we plotted the dip position as a function of the
coating thickness in Figure 6b. The dip position is seen to
shift nearly linearly with the thickness. A linear fitting
gives a slope of 11 nm (wavelength)/nm (spacing). This
spacing sensitivity based on the Fano resonance is twice
that found inaprevious studyon thebasisof theplasmon
coupling between a spherical Au nanocrystal and a flat
Au film.59 We therefore believe that the Fano resonance
exhibited by largemetal nanocrystals supportedonhigh-
dielectric-constant substrates can be potentially utilized
for the design of sensing devices for ultrasensitively
monitoring nanoscale distance changes.

Figure 6. (a) Scattering spectra of the large Au nanorods
supported on the silicon substrates that are coated with
mesostructured silica films of different thicknesses: 0 nm
(black), 2.7( 1.2 nm (red), 4.8( 1.0 nm (green), 7.6( 0.8 nm
(purple), 14 ( 2 nm (blue), and 97 ( 9 nm (yellow). (b)
Dependence of the positionof the Fanodip on the thickness
of themesostructured silica film. The red line is a linear fit of
the experimental data. The colored images at the top from
left to right show the respective scattering patterns of the
individual large nanorods supported on the silicon sub-
strates that are coated with mesostructured silica films of
the different thicknesses.
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CONCLUSIONS
We have successfully observed Fano resonance in

individual Au nanorods supported on silicon sub-
strates. Our study shows that multipolar plasmon
modes can be effectively excited only when a Au
nanorod with a large enough size is brought in close
proximity to a substrate of very high dielectric con-
stant. The strong image charges induced by the ad-
jacent substrate mediate the hybridization between
the different plasmon modes and give rise to rich
scattering features from the nanorod. Specifically, the
quadrupolar resonance mode excited along the nano-
rod length axis hybridizes with the vertically excited
octupolar resonance mode to produce the Fano reso-
nance. The position of the dip structure arising from

the Fano resonance is linearly dependent on the
nanorod�substrate spacing, with a slope of 11 nm
(wavelength)/nm (spacing). The Fano resonance fades
out gradually as the spacing is increased above∼8 nm.
We believe that our findings provide a facile and
effective platform for realizing Fano resonances in
plasmonic metal nanostructures. In addition, they can
also help in deepening our understanding of the
localized surface plasmon resonances of metal nano-
crystals situated in non-uniform dielectric environ-
ments. Moreover, the dependence of the Fano
resonance dip on the nanorod�substrate spacing
can be potentially employed for the development of
plasmonic sensors for monitoring nanoscale distance
changes.

EXPERIMENTAL SECTION
Growth of the Au Nanorods. The Au nanorod samples were

obtained from NanoSeedz. They were prepared using a seed-
mediated method together with anisotropic oxidation. Specifi-
cally, for the growth of the small nanorod sample, the seed
solution was made by injecting a freshly prepared, ice-cold
aqueous NaBH4 solution (0.01 M, 0.6 mL) into an aqueous
mixture composed of HAuCl4 (0.01 M, 0.25 mL) and CTAB
(0.1 M, 9.75 mL), followed by rapid inversion mixing for 2 min.
The resultant seed solution was kept at room temperature for
more than 2 h before use. The growth solution wasmade by the
sequential addition of aqueous HAuCl4 (0.01 M, 2 mL), AgNO3

(0.01 M, 0.4 mL), HCl (1.0 M, 0.8 mL), and ascorbic acid (0.1 M,
0.32mL) solutions into an aqueous CTAB (0.1M, 40mL) solution.
The resultant solution was mixed by swirling for 30 s. After the
seed solution was diluted 10 times with deionized water,
0.15 mL of the diluted seed solution was injected into the
growth solution. The resultant reaction solution was gently
mixed by inversion for 2 min and then left undisturbed over-
night. The as-grown nanorod solution had a longitudinal plas-
mon wavelength of 740 nm. Ten milliliters of the obtained
nanorod solution was then subjected to anisotropic oxidation
by adding HCl (1.0 M, 0.2 mL) and H2O2 (30 wt %, 0.05 mL). The
oxidation process was monitored by measuring the extinction
spectra of the nanorod solution from time to time. When the
longitudinal plasmon wavelength reached the desired value,
the nanorods were washed by two cycles of centrifugation
(4100g, 10 min) and redispersed in 0.1 M CTAB solutions to
remove excess reactants. The growth of the large Au nanorod
sample was similar to the procedure described above for the
nanorod sample with a longitudinal plasmon wavelength of
740 nm, except that the amount of the seed solution was
changed from 150 μL (10 times diluted) to 10 μL (50 times
diluted).

Coating the Silicon Wafers with Mesostructured Silica Films of Varying
Thicknesses. The mesostructured silica films of different thick-
nesses were coated onto the silicon wafers using the evapora-
tion-induced self-assembly technique through dip coating.60

For the coating of the films with thicknesses of 97 and 14 nm,
poly(ethylene oxide)�poly(propylene oxide)�poly(ethylene
oxide) triblock copolymer (EO20PO70EO20, P123, 0.276 g)
was first dissolved in ethanol (21.6 g). Tetraethyl orthosilicate
(TEOS, 1.04 g) was prehydrolyzed in a solution containing
dilute HCl (pH = 2, 0.54 g) and ethanol (1.2 g) by vigorous
stirring at room temperature for 30 min. These two solutions
were thereafter mixed together. The final molar composition
of the precursor solution was 1 TEOS/0.0095 P123/6
H2O/0.001 HCl/104.4 ethanol. After the precursor solu-
tion was stirred for 2 h at room temperature, they were dip-
coated onto the silicon wafers at a speed of 10 mm 3min�1.
The precursor solutions for the films with thicknesses of

7.6, 4.8, and 2.7 nm were similar, except that they were
diluted 4, 8, and 16 times with ethanol, respectively. The
dip-coating procedure was repeated four times for coating
the thickest film while conducted only one time for the other
four films. For the thickest film, the consecutive layers were
coated after the previous layer was dried at room tempera-
ture for 1 h. The resultant silica films were dried at room
temperature overnight before use.

Instrumentation. SEM imaging was performed on an FEI
Quanta 400 FEG microscope. The thickness of the mesostruc-
tured silica coatings was measured on an atomic force micro-
scope (Veeco Instruments, Veeco MultiMode). The scattering
spectra of the individual Au nanorods were recorded on a dark-
field optical microscope (Olympus BX60) that was integrated
with a quartz�tungsten�halogen lamp (100 W), a monochro-
mator (Acton SpectraPro 2300i), and a charge-coupled device
camera (Princeton Instruments Pixis 512B). The camera was
thermoelectrically cooled to �70 �C during the measurements.
A dark-field objective (100�, numerical aperture = 0.80) was
employed for both illuminating the nanorods with the white
light and collecting the scattered light. The scattering spectrum
from an individual nanorod was corrected by first subtracting
the background spectrum taken from the adjacent region
without Au nanorods and then dividing it with the calibrated
response curve of the entire optical system. In addition to the
scattering spectra recorded with the Princeton Instruments
camera, color scattering images were also captured by use of
a color digital camera (Carl Zeiss, AxioCam MRC5). Polarization-
dependent scattering spectra were measured on the individual
nanorods by placing a linear polarizer (U-AN360 Olympus,
JAPAN) in the optical path right after the white-light source
(Figure S2, Supporting Information). The polarization axis of the
polarizer was aligned horizontally. In order to obtain a clean
polarization at the substrate plane, a pinhole with a diameter of
∼5mmwas inserted in the optical path right after the polarizer.
The pinhole was used to select only one portion of the white-
light beam that was then reflected at a particular position of the
circular mirror. The s- and p-polarized incident light relative to
the substrate plane was then achieved by adjusting the height
of the pinhole. In our experiments, when the incident light was
adjusted to be s-polarized with respect to the substrate plane,
the HL and HT excitation polarization schemes were further
realized by rotating the substrate according to the scribed
marks on the substrate. The orientation of the nanorod relative
to the scribed marks was determined beforehand by SEM
imaging.

FDTD Calculations. The FDTD calculations were performed
using FDTD Solutions 6.0, which was developed by Lumerical
Solutions, Inc. During the calculations, an electromagnetic pulse
in the wavelength range from 500 to 900 nmwas launched into a
box containing the target Au nanorod to simulate a propagating
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plane wave interacting with the nanorod. The Au nanorod and its
surrounding space were divided into 0.5 nm meshes. The refrac-
tive index of the medium in the top and side regions was taken to
be 1.0 and that in the bottom was set according to the dielectric
functionsof theglass and silicon substrates. For theglass substrate,
the refractive index is 1.55. For the silicon substrate, the refractive
index with both real and imaginary parts was calculated from its
dielectric function.49 The small nanorodwasmodeled as a cylinder
capped with a hemisphere at each end. Its size was set to be the
same as the average size measured from the SEM images. The
large nanorod was modeled according to an elongated tetrahex-
ahedron, which has been described previously by us.53 The sizes
were set according to the TEM measurements. The different
excitation polarizations were considered by setting the electric
field being in the substrateplaneeither parallel or perpendicular to
the nanorod length axis, as well as being vertical to the substrate.
For p-polarized excitation, a plane wave with an incident angle of
53� relative to the substrate normal was introduced. The field
component in the substrateplanewas set tobeoriented along the
nanorod length axis. The charge distributions were obtained
according to the electric field distributions at the different reso-
nance modes. They were calculated on the cross-sectional plane
that passes through the nanorod length axis and perpendicular to
the substrate. In order to avoid the artificial scattering signals from
the substrate, we set up the geometry (Figure S4, Supporting
Information) of the substrate in our FDTD simulations according to
what has been suggested in a recent study for optimally observing
the scattering spectra of supported metal nanostructures.37 Spe-
cifically, the substrate was penetrated through the perfectly
matched layer of the simulation region so that the Fabry�Perot
interference in the substrate can be eliminated. In addition, in
order to avoid the reflection of the scattering light from the
simulation boundary, the distance between the substrate surface
and the bottom side of the simulation boundary was set to be 5
times the diameter of the nanorod. Because the spacing between
the nanorod surface and the substrate is only 0.5 nm in our study,
the source as well as the monitors used to collect the scattering
intensity were extended in the substrate. The separation between
the source boundary and the nanorod surfacewas 10meshes. The
same value was also used for the separation between the source
boundary and the monitors.
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