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N
oble metal nanocrystals exhibit rich
optical properties that are derived
from their localized surface plasmon

resonances, the collective oscillations of the
conduction electrons at the nanoscale. Their
potential applications have been intensively
cultivated in recent years, including ultra-
sensitive biosensors,1,2 surface-enhanced Ra-
man spectroscopy,3,4 plasmon-enhanced
fluorescence,5,6 plasmon-enhanced light ab-
sorption for solar energy harvesting,7 and
building blocks for plasmonic circuits and
metamaterials.8,9 Many of these applications
require the deposition of noble metal nano-
crystals on various substrates for simple sup-
port or for integration with other compo-
nents to produce complexmulticomponent
devices. For example, Ag nanoparticle ar-
rays have been lithographically fabricated
on mica substrates for biological sensing
with high sensitivity.10,11 Ag nanocrystals
have been utilized for the fabrication of plas-
mon-enhanced solar cells on silicon andGaAs
wafers.12�14Metallic nanoparticles have been
aligned into one-dimensional chains on in-
dium tin oxide (ITO) substrates for plasmo-
nic subwavelength waveguiding8,15,16 and
into two-dimensionally ordered arrays on
silica for the generation of coherent reso-
nances with extremely small line widths.17,18

Moreover, metallic nanostructures with com-
plex geometries have been deposited on
semiconductor and insulator substrates to
fabricatemetamaterials with fascinating op-
tical properties, such as negative refraction,
cloaking, and plasmon-induced transpar-
ency.19�22 The introduction of substrates
leads to the symmetry breaking of the di-
electric environment surrounding noble me-
tal nanocrystals. Such symmetry breaking
can have a significant impact on the plas-
monic properties of the supported nano-
crystals compared to those of the corre-
sponding freestanding ones embedded in

homogeneousmedia. It is therefore of great
importance to study and understand the
effect of different supporting substrates on
the plasmonic properties of noble metal
nanocrystals for the design of various plas-
mon-based devices.
Prior studies have demonstrated much

evidence on the modulation of the plasmo-
nic properties of noble metal nanocrystals
by supporting substrates. Under external
optical excitation, the substrate is polarized
and induces a nonuniformelectric field across
the metal nanocrystal. This nonuniform elec-
tric field can excite the multipolar plasmon
modes of the nanocrystal. The electron oscil-
lations associated with these plasmonmodes
interact, in turn, with the substrate-induced
electric field. As a result, the substrate med-
iates the interactions among the different
plasmon modes of the nanocrystal and gives
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ABSTRACT Understanding the electromagnetic interactions between plasmonic noble metal

nanocrystals and different substrates is very important because a number of plasmon-based devices

and applications, such as chemical and biological sensing, metamaterials, subwavelength

waveguides, plasmon-enhanced photovoltaic cells, plasmon-enhanced spectroscopy, and photo-

switches, require the attachment of metal nanocrystals onto various substrates. In this study, we

focused on the effect of the dielectric properties of substrates on the far-field scattering patterns of

supported Au nanorods. Seven types of substrates, including metals, semiconductors, and insulators,

were examined. The far-field scattering patterns from individual Au nanorods were found to exhibit

a doughnut shape when the modulus of the dielectric constant of the substrate is above∼7, while

they appear as solid bright spots when the modulus is below ∼7. This finding was validated by

numerical electrodynamic calculations. Moreover, the doughnut-shaped scattering patterns are very

sensitive to the spacing between the nanorod and substrate. For the nanorods supported on silicon

wafers, when the spacing is increased above ∼14 nm, the scattering patterns change from the

doughnut shape to the solid bright spot. These results will be useful for the understanding of the

plasmonic properties of noble metal nanocrystals supported on substrates and the development of a

number of plasmon-based optical and optoelectronic devices at different size scales.

KEYWORDS: dielectric function . gold nanorod . mesostructured thin film . plasmon
resonance . scattering . substrate
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rise to their hybridization.23�26 Such a mechanism can
lead to distinct alterations of the plasmon resonances
of noble metal nanocrystals, such as large plasmon
shifts25,27�30 and the appearance of new plasmon
modes.25,28�31 These plasmonic alterations are strongly
dependent on the dielectric properties of substrates
and the spacing between the substrate and metal
nanocrystal.23,28�30 Specifically, if the substrate is a
metal that exhibits propagating plasmons, the sub-
strate�nanocrystal interactions can induce the hybri-
dization of the plasmon modes in both components
and lead to very large shifts and broadening of the
plasmon resonances.23,24 In addition, the interactions
can also result in an anticrossing behavior of the plasmon
resonances.32

Most of these previous studies have focused on the
plasmon resonance spectra and energy of metal nano-
crystals supported on substrates. The scattering pat-
terns, namely, the spatial distributions of the scattered
light intensity, on the other hand, play a very important
role in applications that require the out-coupling of the
plasmon resonances into far-field light signals for
measurements and processing. Intensive research ef-
forts are currently being devoted to the modification
and control of the emission behaviors of quantum emit-
ters, such as fluorescent molecules and quantum dots,
by using plasmonic metal nanostructures as nano-
antennas.33,34 For example, a very recent study has
demonstrated that unidirectional emission from indi-
vidual quantum dots can be realized by assembling
them to optical Yagi-Uda antennas composed of well-
aligned and positioned Au nanorods.34 In this type of
application, the antenna nature of metal nanocrystals
is expected to deviate remarkably from that of free-
standing ones owing to the inhomogeneous dielectric
environment brought about by supporting substrates.
The far-field scattering intensity distributions of the
supported metal nanocrystals can be strongly altered,
which will be reflected by their scattering patterns.
Therefore, the effect of supporting substrates on the
scattering patterns of metal nanocrystals is a very
important issue, which needs to be addressed.
There have been only a few studies that deal with

the scattering patterns of plasmonic metal nanocryst-
als supported on substrates. In the recent studies of the
plasmon coupling between Au nanospheres and a
supporting Au film, the horizontally oriented dipole
moment of the Au nanosphere is found to be damped
completely by the image dipole in the Au film when
the Au nanosphere is brought closer to the Au film. The
complete damping gives a doughnut-shaped far-field
scattering pattern.35�37 Careful analyses have revealed
that the damping of the horizontal dipole arises from
the near-field interactions between the nanosphere
and film, which take effect when the nanosphere�film
spacing is smaller than ∼15 nm.37 The induced image
charges are strongly dependent on the dielectric

properties of the substrate. The far-field scattering pat-
terns of supported metal nanocrystals are therefore
expected to be affected by substrates with different
dielectric properties. Up to date, the effect of different
substrates on the far-field scattering patterns of sup-
ported metal nanocrystals has rarely been explored. In
addition, only the scattering patterns of spherical Au
nanocrystals have been considered in the previous
studies. Elongated metal nanocrystals are known to
be superior to their spherical counterparts owing to the
larger local electric field enhancements, synthetically
tunable plasmon resonance wavelengths, absorption,
and scattering cross sections.38�41 Elongated metal
nanocrystals are accordingly more advantageous for
various plasmon-based applications. Studying and un-
derstanding the effect of different substrates on the
scattering patterns of elongated nanocrystals is there-
fore very crucial and will be beneficial to the plasmon-
based applications with elongated nanocrystals.
Here we report on our systematic study of the far-

field scattering patterns of Au nanorods deposited on
different substrates, includingmetals, semiconductors,
and insulators. Either doughnut- or solid-spot-shaped
scattering patterns from the nanorods are observed.
The occurrence of the different scattering patterns is
strongly dependent on the modulus of the dielectric
function of the substrate. Moreover, the spacing be-
tween the nanorod and substrate is also an important
factor that determines the scattering patterns of the
nanorod. These results suggest that supporting sub-
strates play an important role in the scattering patterns
of metal nanocrystals. The role of substrates needs to
be taken into account in the development of localized
plasmon-based optical and optomechanical devices.

RESULTS AND DISCUSSION

Gold Nanorods. The Au nanorods were prepared using
a seeded growth method together with anisotropic
oxidation.39,42,43 Cetyltrimethylammonium bromide
(CTAB) surfactant was used as the stabilizing agent.
Figure 1a shows the transmission electron microscopy
(TEM) image of the nanorod sample used in our
experiment. The nanorods are relatively uniform in size
and shape. Their average diameter, length, and aspect
ratio measured from the TEM images are 42 ( 3 nm,
89 ( 7 nm, and 2.1 ( 0.2, respectively. The extinction
spectrum of an aqueous dispersion of the nanorods
shows a longitudinal plasmon resonance wavelength
(LPRW) of 648 nm (Figure 1b). After the nanorods were
washed twice by centrifugation to remove the excess
stabilizing agent, they were deposited on different
substrates by immersing the substrates in the nanorod
solution for 30 s and then blowing them dry with
nitrogen. The employed substrates include a Pt film
deposited on a glass slide, a Au film deposited on a
glass slide, a silicon wafer, a glass slide, an ITO film, a
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single-crystalline ZnO substrate, and a mesostructured
titania thin film. The number density of the nanorods
on each substrate was estimated to be 1�3 μm�2. The
Au nanorods are capped with a CTAB bilayer. The thick-
ness of the bilayer has beenmeasured to be∼1.5 nm.44

Because of the flexibility of CTAB molecules, the spa-
cing between the nanorods and substrates is esti-
mated to be less than 1.5 nm.

Scattering Patterns. Experimental Observations. The
substrates carrying the Au nanorods were placed under
a home-built dark-field scattering microscope for tak-
ing the scattering spectra and images with a grayscale
charge-coupled device camera. The scattering images
were also captured by the use of a color digital camera,
which is responsive in the spectral range of 480�880 nm.
Figure 2 shows the far-field scattering patterns of the
Au nanorods on the different substrates. The scattering
patterns of the nanorods lying on the Pt, Au, and silicon
substrates are seen to be doughnut-shaped, while
those of the nanorods supported on the ZnO, ITO,
glass, and mesostructured TiO2 substrates appear as

solid bright spots. In addition, the scattering patterns
also exhibit different colors. These observations indi-
cate that substrates play an important role on both the
spatial and spectral distributions of the light scattered
from the nanorods. The occurrence of the different
scattering patterns and colors can be ascribed to the
different image dipoles induced by the substrates. In
this study, we will focus on understanding the occur-
rence of the different scattering patterns, as described
below.

Semi-Analytical Analysis. The size of the nanorods
in our experiment ismuch smaller than thewavelength
of the incident light. The plasmon resonances of the
nanorods can be treated approximately as polarizable
electric point dipoles. Because the nanorods are ex-
cited by the dark-field technique, the electric field
associated with the incident light can be decomposed
into two components. One is parallel to the substrate
and the other perpendicular to the substrate. These
two field components excite the plasmon-derived elec-
tric dipoles that are oriented parallel (in-plane) and

Figure 1. (a) TEM image of the Au nanorod sample. (b) Extinction spectrumof the Au nanorod sample in an aqueous solution.

Figure 2. Far-field scattering images of theAunanorodsdepositedon the different substrates: (a) Ptfilm, (b) Aufilm, (c) silicon
wafer, (d) ZnO, (e) ITOfilm, (f) glass slide, and (g) TiO2film. The imageswere recordedwith the color digital camera. Theblurred
scattering spots on the single-crystalline ZnO substrate arise from the smaller signal-to-noise ratio, which is caused by the
considerable background scattering due to the rough surface.
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perpendicular (normal) to the substrate, respectively,
as schematically shown in Figure 3. The excited dipoles
in the nanorods induce, in turn, their respective image
dipoles in the substrate. The original dipoles are coupled
with their image dipoles. The coupling manner is deter-
minedby the orientation of the original dipoles relative
to the substrate, and the coupling strength is depen-
dent on the dielectric properties of the substrate and
the spacing between the original dipole and the sub-
strate. When the excitation field is aligned parallel to
the length axis of the nanorod, the excited dipole and
its image dipole are oriented parallel to the substrate
plane (Figure 3a, lower right). The net dipole is also
oriented parallel to the substrate plane. Its radiation is
torus-like, with the torus plane oriented perpendicular
to the substrate (Figure 3a, lower left). The vertically
oriented radiation torus will be detected by the objec-
tive as a solid bright spot (Figure 3a, upper right). When
the excitation field is aligned perpendicular to the
substrate, the excited dipole and its image dipole are
oriented perpendicular to the substrate (Figure 3b,
lower right). The net dipole is also oriented perpendi-
cular to the substrate. The torus plane of the radiation is
oriented parallel to the substrate (Figure 3b, lower left).
The horizontally oriented radiation torus will be de-
tected by the objective as a doughnut-shaped pattern
(Figure 3b, upper right). The detected far-field scatter-
ing pattern will be determined by the relative magni-
tudes of the net in-plane and normal dipoles.

The light intensity radiated from an electric dipole is
characterized by a circularly symmetric, sin2 θ spatial
distribution, where θ is the angle between the dipole
axis and the vector from the dipole center to the ob-
servation point. The numerical aperture of the dark-
field objective used in our experiment is 0.8. This numer-
ical aperture gives a collection angle of(53� relative to
the optical axis of the objective. For the in-plane dipole,
the light emitted within the θ range from 37 to 143�
andwithin theazimuthal anglej range from�53 toþ53�

relative to the optical axis of the objective can be de-
tected (Figure 3a, lower left). The detected far-field
scattering pattern will appear as a solid bright spot. For
the normal dipole, the light emitted within the θ range
from 0 to 53� andwithin thej range from 0 to 360� can
be detected (Figure 3b, lower left). The detected far-
field scattering pattern will assume a doughnut shape,
which preserves the circular symmetry around the dipole
axis. For the in-plane dipole, the induced image dipole
in the substrate is opposite to the original one in the
nanorod (Figure 3a, lower right). These two dipoles will
consequently cancel each other partially and result in a
reduced far-field intensity of the scattered light. On the
other hand, for the normal dipole, the induced image
dipole in the substrate is along the same direction as
the original dipole in the nanorod (Figure 3b, lower
right). The magnitude of the net dipole is increased.
The total far-field intensity of the light scattered from
the nanorod is a sum of the contributions from the in-
plane and normal dipoles. The observed scattering
pattern will depend on the relative magnitude of the
net in-plane and normal dipoles. Because the magni-
tude of the induced image dipole is strongly depen-
dent on the dielectric properties of the substrate, the
dielectric function of the substrate is expected to play
an important role in the far-field scattering pattern of
the supportedAu nanorods. A simple electrostaticmodel
is employed below to reveal the relationship between
them.

The interaction between the nanorod and substrate
can be treated electrostatically owing to the much
smaller size of the nanorod than the wavelength of the
incident excitation light. In addition, because only the
dipole can effectively radiate to the far field, the con-
tributions from higher-order multipoles are neglected
in the discussion of the scattering pattern.We also note
that when the excitation field is aligned parallel to the
substrate, both the longitudinal and transverse plasmon
modes, which correspond respectively to the electron

Figure 3. Schematic showing the far-field scattering patterns from the differently oriented electric dipoles. (a) Excitation field
aligned parallel to the length axis of the nanorod. (b) Excitation field aligned perpendicular to the substrate. The pink plates
on the radiation torus denote the regions that can be collected by the objective. The red arrows indicate the direction of the
excitation polarization. The nanorod with charges is rotated relative to the dipole in the radiation torus in order to show
clearly the original dipole and the image dipole in the substrate.
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oscillations parallel and perpendicular to the nanorod
length axis, can be excited. The scattering cross section
of the transverse plasmon mode of Au nanorods has
been known to be generally much smaller than that of
the longitudinal plasmon mode.45 In addition, the in-
plane dipole is partially reduced in magnitude by the
image dipole induced in the substrate. Therefore, only
the scattering from the longitudinal plasmon mode is
considered when the excitation field is parallel to the
substrate. The electric field arising from the original in-
plane dipole, E//,o, and that from the image dipole, E//,i,
at a spatial location of (x,y,z) can be expressed as46

E==;o ¼ (Ex, Ey , Ez)==;o

¼ p==

4πε0ε1

3x2

r5
� 1
r3

 !
,
3xy
r5

,
3x(z � h)

r5

2
4

3
5 (1)

E==;i ¼ (Ex, Ey, Ez)==;i

¼ p==

4πε0ε1

3x2

r05
� 1
r03

 !
,
3xy
r05

,
3x(zþ h)

r05

2
4

3
5 (2)

In eqs 1 and 2, p// is the magnitude of the original
longitudinal dipole moment, ε0 is the vacuum permit-
tivity, ε1 is the dielectric constant of air, h is the spacing
between the dipole and the surface of the substrate, r
and r0 are the radial distances measured from the
centers of the original and image dipoles to the point
at (x,y,z), respectively. For the used Cartesian coordi-
nate system, the origin is set at the central point
between the original and image dipoles, the x axis is
along the direction of the original dipole, and the z axis
is oriented perpendicular to the substrate plane and
points upward. The total electric field at (x,y,z) is then

E== ¼ E==;o � ε2 � ε1
ε2 þ ε1

E==;i (3)

where ε2 is the dielectric function of the substrate. For
the normal and its image dipoles, the corresponding
results are

E^ ;o ¼ (Ex, Ey , Ez)^ ;o
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E^ ¼ E^ ;o þ ε2 � ε1
ε2 þ ε1

E^ ;i (6)

where p^ is the magnitude of the original transverse
dipole moment.

In our experiment, the objective is usually posi-
tioned nearly right above the nanorod to collect the
scattered light. In addition, since the most obvious dif-
ference between the doughnut-shaped and solid bright
scattering patterns is the intensity at the center, we can
consider only the regions that have small x and y

values. Moreover, the spacing between the nanorods
and substrates in our experiments is very small. As a
result, r and r0 are much larger than h, x, and y. From
these inequalities, we obtain that E//,o and E^,o are
approximately equal to E//,i and E^,i, respectively. The
total electric fields can then be simplified as

E== � E==;o � ε2 � ε1
ε2 þ ε1

E==;o ¼ 2ε1
ε1 þ ε2

E==;o (7)

E^ � E^ ;o þ ε2 � ε1
ε2 þ ε1

E^ ;o ¼ 2ε2
ε1 þ ε2

E^ ;o (8)

We further make the approximation that xf 0, yf 0,
and z f r. This approximation is reasonable in our
experiment. The electric fields then become

E== � � p==

4πε0ε1

2ε1
ε1 þ ε2

1
r3
êx (9)

E^ � p^
4πε0ε1

4ε2
ε1 þ ε2

1
r3
êz (10)

where êx and êz are the unit vectors along the x and z

axes, respectively. The ratio of the electric field inten-
sity between the in-plane and normal dipole radiation
is obtained as

δ ¼ jE==j2
jE^ j2

¼
p2==

p2^

ε21
4jε2j2

�
1

4jε2j2
(11)

This ratio is directly related to the scattering patterns of
the Au nanorods observed in our experiment because
the far-field scattering intensity is proportional to |E|2.
The proportionality comes from the fact that the magni-
tudes of the in-plane and normal dipoles are fixed for a
given Au nanorod under a fixed excitation condition. In
order to quantitatively characterize the scattering pat-
terns, we introduce a parameter, which is defined as
the ratio of the light intensity at the center of the scat-
tering pattern to themaximum intensity (RCM) if a cross-
sectional profile is drawn across the center. Typical
cross-sectional profiles are given in Figure 4. For each
substrate, we determined the RCM values from the
scattering patterns of more than 20 nanorods and took
the average.

Figure 5a shows the dispersion of |ε|�2 for the seven
different substrates, with their dielectric functions ob-
tained from previously reported data.47 The dielectric
constant of the mesostructured titania film is obtained
from a previous study.48 For all of the substrates, |ε|�2 is
nearly constant in the spectral range of 550 to 900 nm,
withinwhich the scattering peaks of the Aunanorods are
located. We therefore utilize the average values over this
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wavelength range in the discussion below. Below the
lower wavelength limit, the dielectric functions of the
substrates, especially the Au film, are highly dispersive.
The upper wavelength limit is determined by the detec-
tion limit of our optical system. Figure 5b shows the plot
of the RCM value as a function of |ε|�2. Except for the Pt
film, the RCM value is seen to increase with |ε|�2 and
saturate at 1.0 when |ε|�2 is larger than ∼0.02. The
abnormal behavior of the Pt film is believed to originate
from theCr adhesion layer used to enhance the adhesion
of the Pt film to the glass slide. The dielectric property of
the Pt film is altered owing to the presence of this thin Cr
layer. The |ε|�2 of the Pt film is therefore different from
that of pure platinum. This result indicates that when the
Au nanorod is deposited on a substratewith |ε|�2 smaller
than∼0.02 (|ε|∼ 7), themagnitudeof the in-planedipole
will be reduced while that of the normal dipole will be
enhanced by their respective image dipoles induced in
the substrate. The substrate-induced changes in the
magnitudes of the net in-plane and normal dipoles
lead to the generation of a doughnut-shaped far-field

scattering pattern. On the other hand, when the nanorod
is deposited onto a substratewith |ε|�2 larger than∼0.02,
the induced imagedipole for the in-plane one is not large
enough to cancel the original dipole. As a result, the
scattering pattern appears as a solid bright spot.

The analysis abovemainly focuses on the scattering
intensity at the center in order to reveal the underlying
physics governing the scattering patterns of the Au
nanorods supported on the different substrates. In
order to describe the scattering intensity distribution,
we expanded our analysis by considering the radiation
of the in-plane and normal dipoles that aremodified by
their respective image dipoles. The quasistatic approx-
imationwas applied in our derivations. Equations 3 and
6 can be rearranged as

E== ¼ �r p== 3 x
4πε0ε1r3

� ε2 � ε1
ε2 þ ε1

p== 3 x
4πε0ε1r03

� �
(12)

E^ ¼ �r p^ 3 z
4πε0ε1r3

� ε2 þ ε1
ε2 þ ε1

p^ 3 z
4πε0ε1r03

� �
(13)

Figure 4. Typical cross-sectional profiles across the center of the scattering patterns of the Au nanorods supported on the
different substrates: (a) Pt film, (b) Au film, (c) silicon wafer, (d) ZnO, (e) ITO film, (f) glass slide, and (g) TiO2 film.

Figure 5. (a) Wavelength-dependent |ε|�2 of the different substrates: Pt film (red), Au film (black), silicon wafer (blue), ZnO
(purple), ITO film (cyan), TiO2 film (orange), and glass slide (green). (b) Plot of the RCM value versus |ε|�2.
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Since the measurements were carried out in the far
field, r is approximately equal to r0. Equations 12 and 13
can then be written as

E== � �r 2ε1
ε2 þ ε1

p== 3 x
4πε0ε1r3

� �

¼ �r
p0== 3 x

4πε0ε1r3

 !
(14)

E^ � �r 2ε2
ε2 þ ε1

p^ 3 z
4πε0ε1r3

� �

¼ �r p0^ 3 z
4πε0ε1r3

� �
(15)

Equations 14 and 15 indicate that the electric field dis-
tributions in the far field under the longitudinal and per-
pendicular excitation can be regarded as being from two
effective dipoles. These two dipoles are determined by

p0== ¼ 2ε1
ε2 þ ε1

p== (16)

p0^ ¼ 2ε2
ε2 þ ε1

p^ (17)

The far-field scattering spectrum and pattern can there-
after be calculated on the basis of eqs 16 and 17. In ad-
dition, the expressions for the magnitudes of the two di-
poles clearly show that the effective dipole under the
longitudinal excitation is reduced inmagnitudewhile that
under the perpendicular excitation is increased as the di-
electric constant of the substrate is increased. This is qual-
itatively consistent with our experimental observations.

The p// and p^ are the longitudinal and transverse
plasmonic dipoles of the Au nanorod. In the quasistatic
regime, they are determined by the electric polariz-
abilities, RL and RT, of the two plasmon modes. Simi-
larly, for the effective dipoles p0// and p0^, we can in-
troduce two corresponding effective polarizabilities,
R0

// and R0
^. They can be obtained from

R0
== ¼ 2ε1

ε2 þ ε1
RL (18)

R0
^ ¼ 2ε2

ε2 þ ε1
R^ (19)

Aunanorods are usually treated approximately as prolate
spheroids. Under this approximation, according to the
Clausius�Mossotti equation,49 RL and RT of the Au
nanorod can be expressed as

Rj ¼ 4πab2

3Pj

εAu � ε1

εAu þ 1 � Pj
Pj

 !
ε1

(20)

PL ¼ 1 � e2

e2
1
2e

ln
1þ e

1 � e

� �
� 1

" #
(21)

PT ¼ (1 � PL)=2 (22)

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � b

a

� �2
s

(23)

where εAu is the dielectric function of gold, j denotes
L or T, standing for the longitudinal and transverse
plasmon modes, respectively, PL and PT are the depo-
larization factors, a and b are the lengths of the
semimajor and semimior axes, respectively. After the
polarizabilities are obtained, the wavelength-depen-
dent scattering cross sections can be determined
according to

Csca;==;^ ¼ 1
6π

2π
λ

� �4

jR0
==;^ j2 (24)

The far-field scattering pattern, that is, the spatial dis-
tribution of the scattered light intensity, can be calcu-
lated from

S==(θ, z, λ)�
jR0

==j2

λ2z2
cos4 θ (25)

S^ (θ, z, λ)�
jR0

^ j2
λ2z2

sin2 θ cos2 θ (26)

where θ is the angle between the optical axis of the
objective and the vector from the dipole center to the
observation point.

On the basis of the numerical aperture of the dark-
field objective used in our experiments, we calculated
the far-field scattering spectra and patterns of the Au
nanorod supported on the glass slide (|ε|�2 = 0.1) and
silicon wafer (|ε|�2 = 0.006) according to eqs 24�26.
The choice of the silicon wafer and glass slide is because
the Au nanorods supported on the former give dough-
nut-shaped scattering patterns (Figure 2c) and the
nanorods supported on the latter yield solid bright
spots (Figure 2f). Figure 6 shows the obtained far-field
scattering spectra andpatterns. The scattering signal of
thenanorod supportedon theglass slide is clearly seen to
be contributed dominantly by the longitudinal plasmon
mode that is excited by the field oriented parallel to the
nanorod length axis. The perpendicular excitation pro-
duces a much weaker scattering peak. The far-field scat-
tering pattern is dominated by the in-plane plasmonic
dipole and appears as a solid bright spot (Figure 6a�c).
In contrast, when the nanorod is supported on the silicon
wafer, the contribution to the scattering signal from the
plasmonic dipole excited by the field oriented perpen-
dicular to the substrate is stronglyenhanced (Figure6d�f).
The far-field scattering pattern is therefore dominated
by the normal plasmonic dipole and assumes a dough-
nut shape. The calculated scattering patterns are con-
sistent with our experimental findings.

Electrodynamic Simulations:. We performed finite-
difference time-domain (FDTD) calculations to help in
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understanding the role played by the substrate on the
scattering patterns of the supported nanorods. The
silicon wafer and glass slide were chosen for the purpose
of comparison. Figure 7 shows the calculated scatter-
ing spectra, field intensity enhancements, and corre-
sponding far-field scattering patterns. The calculations
were carried out for the excitation electric field or-
iented parallel to the length axis of the nanorod or
perpendicular to the substrate. Similar to the results
obtained from the image dipole model, the scattering
signal of the nanorod on the glass slide is dominated

by the longitudinal plasmon mode. The far-field scat-
teringpattern appears as a solidbright spot (Figure 7a�c).
The field intensity enhancement around the nanorod
under the longitudinal excitation is alsomuch stronger
than that under the perpendicular excitation (Figure 7d,
e). On the other hand, when the nanorod is supported
on the silicon wafer, the normal plasmonic dipole is
strongly enhanced (Figure 7f�h). In addition, the field
intensity enhancement under the perpendicular exci-
tation is also significantly strengthened (Figure 7i,j).
The far-field scattering pattern therefore becomes

Figure 6. Far-field scattering spectra and patterns obtained from the image dipole model for the Au nanorod supported on
the glass slide and siliconwafer. (a) Scattering pattern of the nanorod supported on the glass slidewhen the excitation field is
perpendicular to the substrate. (b) Scattering pattern of the nanorod on the glass slide when the excitation field is parallel to
the nanorod length axis. (c) Scattering spectra of the nanorod under the perpendicular (green) and longitudinal (red)
excitation. (d�f) Corresponding scattering patterns and spectra for the nanorod supported on the silicon wafer.

Figure 7. Field intensity enhancement contours, far-field scattering spectra, and patterns obtained from the FDTD
calculations for the Au nanorods supported on the glass slide and silicon wafer. (a) Scattering pattern of the nanorod
supported on the glass slide when the excitation field is perpendicular to the substrate. (b) Scattering pattern of the nanorod
on the glass slide when the excitation field is parallel to the nanorod length axis. (c) Scattering spectra of the nanorod under
the perpendicular (green) and longitudinal (red) excitation. (d,e) Field intensity enhancement contours of the nanorod on the
glass slide under the perpendicular and longitudinal excitation, respectively. (f�j) Corresponding scattering patterns,
spectra, and field intensity enhancement contours for the nanorod supported on the silicon wafer, respectively. All of the
contour planes pass through the nanorod length axis and are perpendicular to the substrate. The field intensity
enhancements are drawn at the logarithmic scale.
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doughnut-shaped. The results obtained from the im-
age dipole model agree qualitatively well with those
from the FDTD simulations except the relative scatter-
ing intensities between the in-plane and normal di-
poles of the nanorod supported on the silicon wafer.
The much stronger scattering intensity obtained from
the image dipole model under the perpendicular ex-
citation is believed to be originated from the quasi-
static approximation. The size of the nanorods in our
experiments is relatively large in comparison with the
valid range for the quasistatic approximation, which is
usually less than 30 nm.50 The size of the nanorod can
lead to phase retardation and therefore a reduction in
the magnitude of the plasmonic dipole. The extent of
the phase retardation depends on the direction of the
excitation wave vector relative to the nanorod. In our
experiments, the phase retardation under the perpen-
dicular excitation is more severe than that under the
longitudinal excitation.51 Therefore, the scattering in-
tensity ratio between the normal and in-plane dipoles
from the image dipole model is larger than that ob-
tained from the FDTD simulations. In addition, the
scattering intensity of the calculated pattern for the
normal dipole of the nanorod on the silicon wafer is
larger than that for the in-plane dipole (Figure 7f,g), while
the calculated scattering peak intensity for the former
is smaller than that for the latter (Figure 7h). The dif-
ference can be ascribed to the use of the powermonitors
in the FDTD calculations. Only one power monitor is
positioned above the nanorod in the calculation of the
scattering patterns to simulate the collection of the
scattered light by the objective. In contrast, six power
monitors are set around the system, including the

nanorod and substrate, in the calculation of the scat-
tering spectra. The presence of the substrate can alter
the spatial distribution of the power flux around the
nanorod. Further studies are needed to fully under-
stand this phenomenon.

Spacing Dependence. Experimental Observations: Equa-
tions 2 and 5 show that the electric fields of both the
in-plane and normal image dipoles are functions of the
spacing h between the original dipole and the sub-
strate surface. The scattering patterns of the Au nano-
rods are therefore expected to be strongly dependent
on the spacing between the Au nanorods and the sub-
strate. Since silicon wafers are the most common sub-
strates in the microelectronics and optoelectronics
industries, the Au nanorod on the silicon wafer was
chosen as a model system for investigating the effect
of the nanorod�substrate spacing on the far-field scat-
tering pattern. Mesostructured silica coatings were
employed as the spacers between the nanorods and
silicon wafers. Because the dielectric constant of the
mesostructured silica coating is smaller than that of
glass,52 the presence of the coating will not alter the
scattering patterns of the nanorods as discussed above.
After the silicon wafers were coated with the mesos-
tructured silica layers, which have thicknesses of 2.7(
1.2, 7.6 ( 0.8, and 13.7 ( 2.3 nm, respectively, the Au
nanorods were deposited on the coated silicon wafers.
Figure 8 shows the scattering patterns and spectra
acquired from the Au nanorods supported on the
coated silicon wafers. As the spacing between the
nanorod and the silicon wafer is increased, the scatter-
ing pattern changes gradually from a green doughnut
shape to a red solid bright spot. At the same time, the

Figure 8. Far-field scattering patterns of the Au nanorods supported on the silicon wafers coated with mesostructured silica
filmswith different thicknesses: (a) 0 nm, (b) 2.7( 1.2 nm, (c) 7.6( 0.8 nm, and (d) 13.7( 2.3 nm. (e) Corresponding scattering
spectra.
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scattering spectra also showdistinct changes.When no
spacer layer is present, two scattering peaks are ob-
served. The higher-energy one arises from the normal
plasmonic dipole, while the lower-energy one results
from the in-plane plasmonic dipole. The former and
latter are responsible for the outside green ring and
central red solid spot in the scattering pattern, respec-
tively. As the spacer layer gets thicker, the higher-energy
peak becomes weaker relative to the lower-energy
one. This is consistent with the idea that the outside
green ring becomes weaker and the central red solid
spot gets stronger. At a spacer thickness of 13.7 nm, the
scattering pattern of the nanorod becomes very similar
to that of the nanorod supported on the glass slide.
These findings further confirm that the doughnut-
shaped scattering pattern is induced through the
near-field interaction between the Au nanorods and
silicon wafer. The effective interaction length is found
to be between 8 and 14 nm. This result needs to be taken
into account in the future development of plasmonic
optoelectronic devices with metal nanocrystals depos-
ited on silicon wafers.

Electrodynamic Simulations. We further carried out
the FDTD calculations of the Au nanorod supported on
the silicon wafer. The spacing between the nanorod

and substrate was varied by changing the thickness of
the spacer layer. Figure 9 shows the scattering patterns
and spectra of the nanorod under the longitudinal and
perpendicular excitation. As the nanorod�substrate
spacing is increased, the scattering intensity of the
normal plasmonic dipole gradually fades outwhile that
of the in-plane plasmonic dipole becomes stronger. At
the same time, as the spacer layer gets thicker, thehigher-
energy peak becomes weaker relative to the lower-
energy one. The scattering intensity ratio between the
normal and in-plane dipoles is seen to decay faster than
that observed experimentally. This can be ascribed to
the dark-field excitation configuration used in our
measurements. The oblique illumination through the
dark-field objective contains a stronger light compo-
nent with polarization oriented perpendicular to the
substrate. This causes the normal plasmonic dipole to
have a larger scattering intensity. In contrast, the normal
and in-plane plasmonic dipoles are excited at equal
light intensities in the FDTD calculations.

CONCLUSIONS

We have studied the effects of the dielectric proper-
ties of substrates on the far-field scattering patterns of
supported Au nanorods. The excitation of the plasmon

Figure 9. Spacing-dependent far-field scattering patterns and spectra obtained from the FDTD simulations for the Au nanorod
supportedon the siliconwafer. The thickness of the spacer layer is (a,b) 0 nm, (c,d) 2 nm, (e,f) 6 nm, and (g,h) 13 nm. The upper and
lower rows show the patterns for the longitudinal and perpendicular excitation, respectively. (i) Corresponding scattering spectra.
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resonances of the nanorods induces image dipoles in
substrates. The image dipoles interact, in turn, with the
original plasmonic dipoles in the nanorods. The inter-
action strongly alters the far-field scattering patterns of
the nanorods. The scattering pattern of an individual
Au nanorod is found to be dependent on the modulus
of the dielectric function of the substrate, as well as the
spacing between the nanorod and the substrate. When
the nanorod is in close proximity to a substrate with a
large modulus of the dielectric function, the magni-
tude of the in-plane dipole is reduced, while that of the
normal dipole is enhanced. These changes in the magni-
tudes of the dipoles yield a doughnut-shaped scatter-
ing pattern. When the nanorod is supported on a sub-

strate with a small modulus of the dielectric function,
the scattering pattern is dominated by the contribu-
tion from the in-plane dipole and appear as a solid
bright spot. These results can deepen our understand-
ing of the localized surface plasmon resonances of
metal nanocrystals situated in nonuniform dielectric
environments. They are also of importance in the devel-
opment of plasmonic optical and optoelectronic de-
vices using noble metal nanostructures. Moreover, the
dependence of the scattering patterns on the spacing
between metal nanocrystals and substrates might
provide an approach for the development of plasmo-
nic sensors that can detect nanometer-scale distance
changes.

EXPERIMENTAL SECTION
Growth of the Au Nanorods. The Au nanorods were prepared

using a seed-mediated method together with anisotropic oxi-
dation. Specifically, 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), which was followed by
rapid inversionmixing for 2min. The resultant seed solutionwas
kept at room temperature for more than 2 h before use. The
growth solution was made by the sequential addition of aqu-
eous 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, 0.32 mL) solutions into an
aqueous CTAB (0.1 M, 40 mL) solution. The resultant solution
was mixed by swirling for 30 s. The seed solution was first
diluted by 10 times with deionized water. Then, 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 overnight. The as-grown Au
nanorods had an ensemble longitudinal plasmon wavelength
of 740 nm. Ten milliliters of the as-grown nanorod solution was
subjected to anisotropic oxidation by adding HCl (1.0 M, 0.2mL)
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
redispersion in 0.1 M CTAB solutions to remove the excess re-
actants.

Preparation of the Different Substrates. The silicon wafer with a
natural oxide layer ([100] oriented, Ted Pella), glass slide (Ted
Pella), ITO (SPI Supplies), and single-crystalline ZnO (Wafer
World) were obtained commercially. The ZnO substrate was
ground with sand paper. Its surface was not as smooth as those
of the other substrates. The Pt and Au substrates were fabri-
cated, respectively, by depositing 50 nm thick Pt and 100 nm
thick Au films on clean glass slides with an electron-beam
evaporator (Denton Vacuum). For the Pt film, a 10 nm thick Cr
layer was predeposited as an adhesion layer. The mesostructured
TiO2 film was prepared by the evaporation-induced self-assem-
bly technique through dip coating.53,54 The precursor solution
for the titania film was prepared by first dissolving poly(ethylene
oxide)�poly(propylene oxide)�poly(ethylene oxide) triblock
copolymer (EO20PO70EO20, P123, 0.136 g) in ethanol (1.632 g).
Separately, tetraethyl orthotitanate (TEOT, 0.55 g) was added
into concentrated HCl (0.42 g, ∼12.1 M) and prehydrolyzed
under vigorous stirring at room temperature for 5 min. The two
solutions were thereafter mixed together. The molar composi-
tion was 1 TEOT/0.0097 P123/6 H2O/1.8 HCl/14.7 ethanol. After
the precursor solutionwas stirred at room temperature for 10min,
it was dip-coated onto a siliconwafer at a speed of 10mm 3min�1.
The dip-coating procedure was repeated several times to make
the final thickness of the film to be∼1μm. The consecutive layer

was coated after the previous layer was dried at room tempera-
ture for 1 h. The entire film was dried in a refrigerator at 5 �C
overnight. The same method was utilized to prepare the
mesostructured silica films of different thicknesses on the
silicon wafers as spacer layers. For the coating of the thick films
(13.7 ( 2.3 nm), P123 (0.276 g) was first dissolved in ethanol
(21.6 g). Tetraethyl orthosilicate (TEOS, 1.04 g) was prehydro-
lyzed 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. The pre-
paration of the precursor solution for the other two thin films
(7.6 ( 0.8 and 2.7 ( 1.2 nm) was similar, except that the
precursor solution was diluted 4 times and 16 times by ethanol,
respectively. After the precursor solutions were stirred for 2 h at
room temperature, theywere dip-coated onto the siliconwafers
at a speed of 10mm 3min�1. The resultant silica films were dried
at room temperature overnight before use.

Instrumentation. The extinction spectra were measured on a
Hitachi U-3501 UV�visible�NIR spectrophotometer with 1 cm
quartz cuvettes. Low-magnification TEM imaging was per-
formed on an FEI CM120 microscope at 120 kV. The scattering
patterns and 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 monochromator (Acton SpectraPro 2300i), and a
charge-coupled device camera (Princeton Instruments Pixis
512B). The camera was thermoelectrically cooled to �70 �C
during themeasurements. A dark-field objective (100�, numer-
ical aperture 0.80) was employed for both illuminating the
nanorods with the white excitation light and collecting the
scattered light. The scattered spectra from the individual nano-
rods were corrected by first subtracting the background spectra
taken from the adjacent regions without Au nanorods and then
dividing them with the calibrated response curve of the entire
optical system. In addition to the grayscale scattering images
recorded with the Princeton Instruments camera, color scatter-
ing images were also captured by the use of a color digital
camera (Carl Zeiss, AxioCam MRC5). The thicknesses of the
mesostructured SiO2 and TiO2 coatings were measured with
an atomic force microscope (Veeco Instruments, Veeco Multi-
Mode).

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 propagat-
ing plane wave interacting with the nanorod. The Au nanorod
and its surrounding spacewere divided into 0.5 nmmeshes. The
refractive 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
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dielectric functions of the glass slide and silicon wafer. For the
glass slide, the refractive index is 1.55. For the silicon wafer, the
refractive indexwas calculated from its dielectric function.47 The
refractive index of the mesostructured silica film as the spacer
layer was set as 1.35 according to previous measurements.52

The nanorod was modeled as a cylinder capped with a hemi-
sphere at each end. Its size was set to be the same as the
average size measured from the TEM images. In order to model
the light collection geometry in the experiment, a power
monitor was placed right above the nanorod to record its
scattering intensity in the calculations. The scattering patterns
were thereafter determined.
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