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We study the variation in localized surface plasmon resonance (LSPR) spectra (λLSPR≈ 600 nm) as a function
of dielectric coating thickness. Langmuir-Blodgett multilayers composed of 22-tricosenoic acid (n ≈ 1.53)
were deposited onto short-range-ordered Au nanodisks and nanoholes on glass in air. For large dielectric
coating thicknesses (d ) 100-340 nm), the LSPRs exhibit a pronounced oscillatory behavior with a periodicity
of ∼190 nm. This is in agreement with a simple image-dipole model, which yields a periodicity of∼λLSPR/
2n. However, the amplitude of the dipolar plasmon resonance wavelength oscillationλLSPR(d) is surprisingly
large, of the order 25-45 nm for d ≈ 300 nm, indicating the importance of finite size effects. The large
LSPR shifts observed at such a large distance from the actual metal surface suggest the possibility of using
comparatively thick dielectric films as spacer layers in bio/chemo LSPR sensor applications.

1. Introduction

It is well-known that excitation of localized surface plasmon
resonances (LSPRs) in noble metal particles or nanostructures
result in intense extinction bands that are absent in the bulk or
for flat surfaces.1 The LSPR wavelength, intensity, and line-
width depends on the size, shape, and dielectric properties of
the nanostructure, as well as on its dielectric environment and
the presence of nearby nanostructures.1-3 This dependence
allows for fine-tuning of various nanoparticle architectures for
use as functional materials in numerous applications, including,
but not limited to, surface enhanced spectroscopies,4-7 cancer
therapy,8 and chemo/bio sensors.9-16 The latter application is
of special interest, because it may allow for label-free detection
of extremely small concentrations of target molecules. Recent
nanoparticle-based sensing mechanisms include nanoparticle
aggregation,9,15,17,18surface enhanced Raman scattering,16 and
refractive index variation detection.11-14 The latter sensing
principle, which relies on adsorbate induced changes in the local
refractive index at the noble metal surface, is the most easily
realized in practice. The strong confinement of the electromag-
netic fields allows one to miniaturize the LSPR-based refractive
index sensors down to the single particle level,12 where spectral
shifts corresponding to zeptomol concentration changes can be
detected. The absolute sensitivity to bulk refractive index (RI)
changes differs to a great extent between different particle
classes (e.g., between spherical particles, nanodisks, nanorods,
and nanoshells), but much of this variation seems to be due to
a linear scaling between sensitivity and LSPR wavelength.19 In
the case of dielectric-coated metallic particles, it is usually
assumed that the LSPR shift exhibits an essentially exponential
decay until saturation sets in for dielectric layer thicknesses
comparable to the particle size.14,20The magnitude of the LSPR
shift is then determined by the thickness of the dielectric layer,
d, the contrast between the refractive indices of the layer and

the bulk environment,20 and the decay length of the E-field
induced through LSPR excitation. This short-distance depen-
dence of the LSPR has been experimentally quantified for single
nanoparticles,12 weakly interacting triangular silver particles
prepared by nanosphere lithography (NSL),13,14 and nanoholes
in optically thin gold films.21 Using self-assembled monolayers
(SAMs), the LSPR shift of the Ag nanoparticles was found to
saturate atd ≈ 40 nm. These kinds of experiments are clearly
important in order to tune the sensing capabilities of nanopar-
ticles to match the dimensions of biological analytes.

However, it is well-known that the LSPR spectrum not only
depends on the dielectric environment in the immediate vicinity
of the metal surface. If the surrounding medium is such that
the LSPR induced far-field is coherently fed back to the
plasmonic nanostructure, a substantial LSPR shift and line-shape
change can occur even at large distances. Such diffractive far-
field coupling has been observed for ordered arrays and lines
of nanoparticles22,23and for particles placed above a reflecting
metal surface.24 In a recent paper, Murray et al. showed that
the latter effect can also be observed if Ag nanoparticles
fabricated by NSL are placed near an interface between two
dielectric media.25 It was observed that a substantial LSPR shift
(amplitude∼ 20 nm) remained at distances up tod ≈ 300 nm
from the metal surface. This effect is analogous to the lifetime
oscillations observed for fluorescent molecules near an interface
between two media,26 which can be interpreted in terms of so-
called cavity quantum electrodynamics. The observation by
Murray et al. clearly motivates further investigations of the long-
range distance dependence of the LSPR in metal nanostructures.
In this paper, we study such effects in short range ordered Au
nanodisks and nanoholes prepared by colloidal lithography. Both
types of structures are highly interesting for bio/chemo sensing
applications.21,27-29 We show that the LSPR position and line-
shape are dramatically affected when the nanostructures are
coated with thick (100-340 nm) dielectric layers. The experi-
mental results are discussed in terms of the classical image-
dipole model, which is in good qualitative agreement with data.
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Further, the rapid change in the LSPR spectrum for large layer
thicknesses indicates that it is possible to detect target molecules
situated hundreds of nanometers away from the metal particle
surface. This observation can be of high practical importance
for the development of novel nanoplasmonic chemo/bio sensors.

2. Experimental Section

The short range ordered arrays of nanometric holes and disks
on glass substrates were fabricated using colloidal lithography,27

which is capable of producing large areas (>cm 2) of nano-
structures. In the case of nanoholes, colloidal polystyrene spheres
(sulfate latex, IDC U.S.A.) were adsorbed on a glass substrate,
and a 20 nm gold film was evaporated on the surface. The Au
covered colloidal polystyrene spheres were then removed by
tape stripping. The result is a 20 nm thick Au film containing
circular apertures with glass at the bottom; see illustrative SEM
image in Figure 1a. In preparing nanometer Au disks, the
colloidal polystyrene spheres were instead adsorbed after the
20 nm gold film has been deposited.30 A heat treatment is then
applied to flatten out the polystyrene spheres. The gold metal
that is not covered by polystyrene is removed using argon ion
beam etching. Finally, the polystyrene particles are removed
by tape stripping. This results in 20 nm high circular Au disks,
see Figure 1b. The nanohole and nanodisk diameters are
controlled by the polystyrene sphere size, and the distances
between the objects are tuned by choosing different sphere
densities. Due to the heat treatment used for fabricating Au
nanodisks, the disk diameters were larger than the diameters of
the nanoholes, i.e.,∼70 nm versus∼60 nm. The nanohole and
nanodisk densities were∼40 and∼50 µm-2, respectively. This
choice of parameters results in very similar LSPR wavelengths,
i.e., λLSPR ≈ 600 nm, for the disks and the holes. However, it
is not possible to also obtain the same line-width for the two
types of samples due to intrinsic differences in LSPR decay
processes. Specifically, the line-width of the nanodisk resonance
is determined by a combination of radiation damping and
internal dissipation,30 while the hole resonance is also affected
by coupling to extended surface plasmon polariton modes of
the thin film.28,31

The Langmuir-Blodgett (LB) technique was used to sequen-
tially deposit multilayer stacks of 22-tricosenoic acid on the
plasmonic nanostructures.32 A layer of 22-tricosenoic acid from
a chloroform solution was first spread on a water surface. The
layer was then slowly compressed to a surface pressure of about
30 mNm-1, which results in monolayer formation. The nanohole

or nanodisk samples were positioned normal to the water surface
and then dipped vertically downward and upward at a rate of
0.25 mm/s while the surface pressure was adjusted to remain
constant throughout the whole sample dipping procedure. The
number of deposited layers varied from 0 to 140. The latter
corresponds to a thickness of∼364 nm. LB films deposited in
this way on nanohole films have been studied before.33 In that
study, it was found that the LB film tends to bridge the
nanoholes. Further, in that study, which looked at fluorescence
from LB film over-coated nanohole films, the assumption of a
planar, homogeneous LB film was found to fit the data well;
we have therefore assumed the LB film deposits on our samples
in the same way.

In the case of the nanohole structures, the sample contained
36 regions that contained a different number of layers and one
uncoated reference region. The reproducibility was checked by
coating three identical samples with 0-6 layers and then
comparing the results. No significant differences were found.
In the case of the short range ordered Au nanodisk structures,
nine identical samples were used. Each sample contained 5
regions with increasing overlayer coating thickness, and one
uncoated reference region to allow for determination of the
relative LSPR shift.

The optical properties of the hole and disk samples were
quantified using normal incidence extinction spectroscopy. A
collimated beam with a divergence of∼0.5° and a diameter of
∼1 mm from a tungsten halogen lamp was directed onto the
nanostructures. The transmitted intensity was measured vs
wavelength using a phase-sensitive lock-in technique,. For a
more detailed description, see ref 25. The beam diameter
corresponds to averaging over∼1.4 × 104 scattering objects.

3. Results and Discussion

3.1. Experimental Results.Extinction spectra for the Au
nanodisk samples as a function of the sequentially increasing
number of dielectric layersN are presented in Figure 2a. As
expected, the LSPR spectra first exhibit a rapid red-shift with

Figure 1. Representative SEM images of∼60 nm short range ordered
arrays of nanoholes (density∼40 µm-2) in a 20 nm Au film on glass
(a) and∼70 nm Au nanodisks (density∼50µm-2) on glass (b) together
with schematics of the nanostructures coated withN layers of
22-tricosenoic acid (c).

Figure 2. Extinction spectra of gold nanodisks (a) and nanoholes (b)
as the number of dielectric layers is sequentially increased fromN )
0 to 130 (d ) 0 to ∼350 nm). The thickness of one 22-tricosenoic
acid layer is approximately 2.6 nm.
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increasing coating thickness. However, forN J 40 andd J
100 nm, whered is the total coating thickness, the LSPR spectra
begin to blue-shift and then exhibit a periodic oscillation. This
behavior is accompanied by a fluctuating peak shape. In
particular, the line width of the LSPR becomes anomalously
broad when the blue-shifting occurs. The same kinds of effects
are seen for the short range ordered nanohole structures, see
Figure 2b. Before analyzing the optical response for thick
dielectric layers (d > 100 nm), it is important to focus on the
well-studied region (d < 100 nm) and compare the results to
previous experimental studies.34 In Figure 3a, the LSPR shift
in relation to the uncoated case,∆λmax(d), for the nanodisk
samples, is shown. In many cases,35-38 the short rage sensitivity
to refractive index changes can be approximated by a model
for surface plasmons on a planar metal surface. The LSPR
wavelength shift is then expected to decrease exponentially as
a function of coating thickness according to

Here m is the refractive index sensitivityδλmax/δn, obtained
from measurements in different uniform refractive index
environments,∆n is the difference in refractive indices between
the thin layer and the surrounding medium,d is the layer
thickness, andL is the characteristic decay length of the local
electromagnetic field surrounding the plasmonic nanostructure.
Using eq 1, the Au nanodisk LSPR shift can be well reproduced
using previously measured values for the different parameters,
i.e., the thickness of the adsorbate layer beingd ) N2.6 nm,39

m ) 100 nm,30 ∆n ) 0.50, or 0.57 andL ) 15 nm;34,40 see
Figure 3b. The two values for∆n are motivated by the fact
that 22-tricoscenoic acid is anisotropic, withn ) 1.57 parallel
andn ) 1.50 perpendicular to the substrate, respectively. Both
values give good agreement with the experimental data, as can
be seen in Figure 3b. Equation 1 predicts that the LSPR shift

should saturate at∆λmax ) m∆n ≈ 50-57 nm ford J 50 nm.
However, this is clearly not the case. Ford > 100 nm, the LSPR
displays a dramatic oscillatory behavior, with a periodicity and
amplitude ofdp ≈ 190 nm and∆λamp,max≈ 45 nm, respectively.
It is also clear that the oscillation is anharmonic; that is, the
plasmon shift is much faster in the blue-shifting regions (at
aroundd ≈ 120 and 280 nm) than in the region between∼150
and 250 nm, see Figure 3a. A closer look at the spectra in Figure
2 shows that these fast shifting regions are also characterized
by broader and asymmetric line shapes. This is highlighted in
Figure 3c, which compares spectra forN ) 102, 114, and 126.

Figure 4a shows the variation in the nanohole extinction peak
maximum obtained from the spectra displayed in Figure 2b.
As in the case of the gold nanodisks, thed < 100 nm region
can be well described using eq 1, see Figure 4b. A refractive
index sensitivitym ) 90 nm and a characteristic decay length
L ) 15 nm from ref 21 obviously yield good agreement with
experimental data. Ford > 100 nm,∆λmax again exhibits an
oscillatory behavior with a period close todp ≈ 180 nm, similar
to the result for the gold nanodisks. Although the amplitude of
the LSPR oscillations for the nanohole structure∆λamp,max≈
25 nm is somewhat smaller than for disks, one notes a similar
anharmonic variation in∆λmax(d). One also notes a similar
broadening in the blue-shifting regions.

Figure 5a,b shows the numerical derivatives of∆λmax with
respect to the layer thicknessd. The most sensitive thickness
regions, corresponding to the rapid blue-shift and marked with
s in the graph, occur atd ≈ 100 nm andd ≈ 290 nm for the
disks and at slightly lower thicknesses for the holes. We note
that the sensitivities in these fast-shifting regions, of the order
δ∆λmax/δd ≈ 1 or above, are only a factor of 2-3 lower than
what is found close to the metal surface.21 This may have
implications for novel LSPR sensor constructs, as mentioned
below.

3.2. Interpretation. The LSPR∆λmax(d) curves for the two
types of nanostructures clearly display very similar patterns. In
the following, we will focus on the optical response of the gold
nanodisks, for which the assignment of the optical resonance
to a dipolar LSPR is well established.1 This allows one to

Figure 3. Summary of LSPR variation induced by an increasing layer
thickness for gold nanodisks. (a) Relative LSPR shift plotted as a
function of the dielectric layer thicknessd. The solid line is a guide
for the eye only. (b) Comparison between experiment and the
exponential decay modes for the LSPR shift, using two refractive index
values for the dielectric layer, in the regiond ) 0-100 nm. (c)
Illustration of line-shape changes and broadening effects in the region
of rapid blue-shifting.

∆λmax ) m∆n[1 - exp(-d/L)] (1)

Figure 4. Same as in Figure 3 but for the short range ordered nanoholes
in a 20 nm gold film.
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formulate a simple physical picture of the observed phenomena
using the image-dipole model, illustrated in the inset of Figure
6c. A similar approach was used by Holland et al.24 to interpret
LSPR frequency shifts observed for Ag and Au islands placed
near a silver surface. We assume that the refractive indices of
the LB film (n ) 1.50-1.57) and the glass substrate (n ) 1.52)
are so close that we can neglect multiple reflections between
the LB-air and the LB-glass interfaces. We then approximate
the nanodisk as a point dipole oscillator that is affected by the
field reflected back from the dielectric-air interface. The dipole
moments for the particlePP and its imagePI can then be defined
as

Here,R is the nanodisk polarizability,E0 is the incident field,
API ) (1/(2d)3 - ik/(2d)2 - k2/2d) exp(ik2d)PI is the image
dipole field, which simulates the field reflected back to the
nanodisk due to the 22-tricosenoic acid-air interface,R ) 0.22
is the amplitude reflection coefficient at the dielectric-air

interface,d is the distance to the interface, andk ) ω/c0n is the
wavevector of the optical field within the dielectric medium.
The coupled dipole equation leads to an expression for the
effective particle polarizability

A gold nanodisk is then approximated by an oblate spheroid
and the polarizability is corrected for radiation damping.30 This
yields

whereR̃ is the quasi-static spheroid polarizability given by1

Here,a andc are the long and the short axis radii of the spheroid,
εs is the complex dielectric function of gold, andεm ) n2 is the
dielectric constant of the surrounding medium.L is the spheroid
shape factor, which can be calculated from the disk aspect ratio
a/c.1 In order to compare the theoretical model with the
experimental extinction spectra, we calculate the effective
extinction efficiency for various layer thicknessesd. This is
given by the sum of the extinction efficiencies for the particle
and its image, which yields

Figure 6 shows the LSPR shift vsd for an oblate Au spheroid
that is 70 nm in diameter and 20 nm in height using the
formalism described above. The dielectric function for gold was
taken from Johnson and Christy,41 and the refractive index of
the dielectric environment was set ton ) 1.52. The reference
(d ) 0) LSPR position, which defines∆λmax ) 0, is obtained
from eq 4 using the average refractive index of glass and air,
as the image-dipole model is not valid for very smalld values.
As is shown in Figure 6a (full line), the calculated∆λmax curve
oscillates with a periodicity of∼200 nm, in good agreement
with the experiment. However, the amplitude of the oscillation
is significantly smaller than the measured one. As shown by
the dashed curve in Figure 6a, a much better agreement is found
if the reflection coefficientR is increased fromR ) 0.22 to
0.50. This change also results in an anharmonic oscillation,
similar to that found in the experiments (i.e., with much more
rapid changes in the blue-shifting regions than in the intermedi-
ate region). The change inR also gives a better agreement with
the measured sensitivity to an increase in layer thicknessd;
compare Figures 5 and 6c.

The main argument behind artificially increasingR is that
the diameter of the nanodisks or nanoholes are not much smaller
than the thickness of the dielectric layers in reality. This means
that the point dipole approximation, which is the basis behind
eq 2, underestimates the field strength close to the particle
surface. Further, the 1/2d far-field component ofA, which
dominates for larged values, can be expected to underestimate
the directionality of the reflected field (a disk would rather act
as a “nanomirror” ford ≈ 2a j λ). These effects taken together
lead to a too weak particle-image coupling, which is partly
compensated for by artificially increasingR.

Figure 5. Derivative of the experimental∆λmax(d) values with respect
to d for (a) nanodisks and (b) nanoholes. The part of the graph marked
with the signs indicates regions that are the most sensitive to a change
in the dielectric layer thickness.

Figure 6. (a) Theoretical prediction of the extinction peak shift∆λmax

as a function of dielectric layer thickness,d, from the image-dipole
model, which is shown schematically in the inset. (b) Illustration of
extinction spectra forR ) 0.50 andd values within the blue-shifting
region. (c) Theoretical derivatives of the∆λmax versusd curves is plotted
versus layer thickness forR ) 0.22 and 0.50.

PP ) R(E0(1 + Rcos(k2d)) + API)

PI ) RPP (2)

Reff ) R
1 + Rcos(k2d)

1 - RAR
(3)

R ) R̃

1 - ik3R̃
6π

(4)

R̃ ) 4πa2c
εs - εm

3εm + 3L(εs - εm)
(5)

Cext ) k(1 + R)Im[Reff]/(πa2) (6)
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In order to further understand the spectral behavior, we keep
only the radiative 1/2d term in A and assume that the particle
polarizability R is approximately a LorentzianR(ω) ) R0ω0/
(ω0 - ω - iγ), whereR0 is the DC polarizability, which is
proportional to the particle volume,ω0 is the eigenfrequency,
and γ is a damping constant. By substituting this expression
into eq 3, one finds that the resonance position is given byω/ω0

) 1 + (R0k2R)/2d cos(k2d), which shows that the LSPR position
oscillates as a function ofd with a periodicity close toλmax/2n
≈ 600/2× 1.52 ) 200 nm, wheren is the refractive index of
the dielectric layer. Similarly, the effective line-width isΓ ) γ
- (R0k2 Rω0)/2d sin (k2d), which exhibits maxima ford ≈ (2m
- 1/2)λmax/4n, m ) 0, 1, 2... These distances correspond to the
regions of maximum blue-shift, which explains the broadening
found in Figures 3c and 4c.

4. Summary

We have studied the optical properties of short range ordered
nanoholes and nanodisks as a function of overlayer thickness.
By adsorbing 22-tricosenoic acid Langmuir-Blodgett films
upon the nanostructures, we could follow the spectral variation
up to a layer thickness ofd ≈ 350 nm. The LSPR peak position
λmax exhibits an oscillatory behavior with a period of∼λmax/2n
≈ 190 nm, wheren is the refractive index of the adsorbate.
The spectral shifts versus coating thickness curves agree
qualitatively with simulations based on a nanodisk polarizability
renormalized through the image-dipole coupling model. How-
ever, the dipole model underestimates the coupling between the
LSP and the interface, indicating the importance of finite size
effects. The magnitude of the plasmon renormalization for large
layer thicknesses, up toδ∆λmax/δd ≈ 2 atd ≈ 290 nm, suggests
that these thick dielectric layers could be utilized in designing
new types of bio/chemo sensors. By embedding the metal
nanostructure in, for example, a layer of SiO2 of optimal
thickness (d ≈ 100 or 290 nm), it should be possible to monitor
molecular adsorption on the glass surface through the change
in the LSPR spectrum. This construct would have at least three
advantages in comparison to the classical, metal surface based,
LSPR sensor. First, the sample would be easier to reuse, because
it is easier to clean a glass surface than the metal (for example
using a Piranha solution). Second, the glass layer would protect
the metal nanostructures from various aging problems, including
oxidation and solvent-induced nanoparticle reshaping effects.34

Third, there would be no chemical contrast between different
regions of the sensor surface, which would greatly facilitate the
functionalization steps necessary for bio/chemo sensing experi-
ments.
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