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R
ecent developments in nanoparticle
synthesis and fabrication,1,2 innova-
tions in the characterization proce-

dures and measurements,3,4 and theoretical

understanding,5 have spread out the inter-

est of scientists in surface plasmon-based

photonics or plasmonics.6,7 The focus is to

manipulate and/or to strongly enhance the

electromagnetic fields by means of surface

plasmons (SPs) or localized surface plas-

mons (LSPs).8 In metal nanoparticles (MNPs)

the properties of LSPs (number, frequency,

width, etc.) can be tuned by changing the

particle shape and size, and the

environment.8�10 Several plasmonics appli-

cations aim at increasing the Raman scatter-

ing of organic molecules (SERS, surface-

enhanced raman scattering) or the

fluorescence of emitters8,11 like colloidal

nanocrystals11 or fluorophores12 (MEF,

metal-enhanced fluorescence). In the last

decades SERS measurements and similar

studies, done by Fleischmann et al.,13 Van

Duyne and Jeanmaire14 and Albrecht and

Creighton,15 have demonstrated that

Raman scattering from pyridine on a rough-

ened silver electrode can be enhanced by

at least 6 orders of magnitude. At the same

time, experimental studies using metal mir-

ror surfaces16�20 have shown that, due to

the coupling between the LSPR and the sur-

face plasmon, an underlying metal buffer

can strongly enhance the fluorescence in-

tensities.21 Anyway when metal substrates

are used to amplify signals, such as in biol-

ogy to realize plasmonic biosensors and to

detect molecular-binding events22�24 and in

(opto)electronics,11,25�27 they can present a

disadvantage which must be taken into ac-

count to realize efficient devices: at short

emitter-metal distances these systems can

behave like an acceptor of radiation and

lead to a resonant energy transfer similar
to the Forster transfer8,28 which can strongly
increase the nonradiative (NR) rate of the
emitter and quench the fluorescence.

To avoid NR quenching, nonadsorbing
oxide layers are often used to cover the
plasmonic substrate.25,29 These passivating
layers are also useful in the prevention of
surface recombination in thin-film solar
cells,30 to ensure firm contact between lay-
ers,31 and above all to successfully protect
the nanoparticles from thermal deforma-
tion32 or enhance stability against laser ex-
posures.33 Concerning the effects of oxide
coverages on the optical behavior of the
structures on which they are deposited, ex-
periments and theoretical modeling have
been limited so far to the study of SERS and
others surface-enhanced
spectroscopies.32,33,35�43

With this work, we will study how the ox-
ide layers affect the field enhancement fac-
tor, and we will show that an oxide layer
plays an important active role in the optical
response of a plasmonic structure, since
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ABSTRACT In this paper a theoretical study of polarization properties of a silver nanosphere touching a

homogeneous silver substrate and covered by oxide layers of increasing thickness, is reported. Oxide layers are

often deposited on metallic nanostructures in metal-enhanced fluorescence (MEF) or surface-enhanced raman

scattering experiments to avoid nonradiative energy transfer from emitters to the metal, and to increase the

nanoparticles stability against thermal processes and laser exposure. Not much has been said on the effect of the

oxide on the field enhancement of such kind of plasmonic systems. This work aims at filling this gap by shedding

light on the effects of the oxide coverage on the near and far field behavior: numerical simulations performed in

the framework of the discrete dipole approximation show the presence of new resonances in the absorption

spectra and, of major importance for MEF applications, a strong enhancement of the near field around the

nanosphere.

KEYWORDS: metal-enhanced fluorescence · plasmon · near field · oxide
coverage · metal nanoparticle · discrete dipole approximation ·
substrate · polarization
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it strongly affects the polarization of the metallic nano-

structure. We consider a silver sphere deposited on a Ag

buffer layer and covered by Al2O3 layers with different

thicknesses. The optical properties of MNPs are modi-

fied by the presence of substrates,44�47 and in particu-

lar the plasmonic substrate studied in this work and its

relevance for MEF applications have recently been

investigated:29,34 for randomly distributed metal nano-

particles dispersed on a metal mirror, the coupling be-

tween the LSPRs of MNPs and the underlying metal

buffer has been shown to be very useful to enhance

the fluorescence of the radiators and to enlarge the

fluorescence intensities.

Here the attention is focused on the perturbations

induced by oxide layers on the properties of the local-

ized SPs. In particular five important features are under-

lined: (i) the red-shift in the extinction spectra, (ii) the

appearance of additional resonances, (iii) the strong en-

hancement of the near field, (iv) the nonmonotonic de-

cay of the MEF enhancement at increasing oxide spacer,

and (v) an angular redistribution of the electromagnetic

field.

The results here presented could have important im-

plications for experiments on plasmonics: as an ex-

ample, the knowledge that in the presence of an oxide

spacer the near field and then the MEF enhancement

does not decay monotonically from the nanoparticle

may lead to the consideration for SERS applications of

Al2O3 coatings thicker than those used by Van Duyne,39

with the possibility of providing better protection to

Ag nanoparticles under the reactive environment.

Moreover the nondispersive nature of an oxide makes

the present study quite general: here we analyze in de-

tail the commonly used Al2O3
29 but the same test-

calculations done on SiO2 revealed almost identical be-

havior for the two oxides (see Supporting Information).

RESULTS AND DISCUSSION
In this work, we consider a silver nanosphere with a

diameter of 75 nm lying on a 70 nm-high silver sub-

strate 500 nm large in the y and z directions (which we

will refer to as S0 system) and covered by a thin layer of

Al2O3 (5 nm, 10 nm, and 20 nm thick).

As shown in Figure 1, the oxide layers were repro-

duced with spheroidal concentric shells with a vertical

thickness (h1) (of 5 nm (S5), of 10 nm (S10) and of 20 nm

(S20)) covering the sphere lying on the substrate. The

horizontal spacers around the sphere (h2) were taken

less thick than h1 (h2 � 4/5h1) to take into account the

empirical effect of gravity. Also the entire Ag plane was

covered by a h1-thick oxide layer. The values reported

in the following sections for the mean field enhance-

ment factor (�FE�) will be obtained by taking the aver-

age of the FE values calculated at each point of the ex-

ternal spherical shells (dashed line in panel b of Figure

1) or of the spheroidal layers internal to the oxide (solid

line in panel b of Figure 1).

Being the sizes of the examined target of the same

order of the wavelength of the incident light, the theo-

retical analysis was based on the discrete dipole ap-

proximation (DDA),49 and calculations were performed

with the ADDA code.50

In a recent work29,34 we extended the ADDA code

to compute the near field: we wrote an external rou-

tine,51 able to use the polarizations found by the DDA

calculations to compute the near fields outside the tar-

gets. The calculated values of the external field

Etot(�exc, r) and the E-field enhancements (FEs) are

where Edip(�exc, r) is the complex field at point r due to
the superposition of the N dipolar fields generated by
the N dipoles of the discretized metallic target under an
excitation radiation Einc(�exc, r) of wavelength �exc (see
Methods for details).

By using an uniform incident field propagating nor-
mally to the metallic surface (along x) and polarized
along the y-direction, we computed the extinction and
the absorption efficiencies (see Methods) for the struc-
tures with oxide (S5, S10, and S20) and without oxide

Figure 1. Schematization of the analyzed system. The pink layer in
the 3D-image (a) represents the Al2O3 spacer covering the entire Ag
structure (gray). The 2D-scheme (b) describes the geometrical pa-
rameters used to design the computational target: h is the height
of the Ag substrate, L is the lateral dimension, h1 and h2 are, respec-
tively, the vertical and horizontal thickness of the oxide layer, ht is
the height over which we consider the near field enhancement, r is
the radius of the sphere, and d is the radial distance from the
sphere surface. The dashed and solid arcs represent, respectively,
examples of external and internal shells on which the field en-
hancement is computed.

FE(λexc, r) )
|Etot(λexc, r)|2

|Einc(λexc, r)|2
)

|Einc(λexc, r) + Edip(λexc, r)|2

|Einc(λexc, r)|2

(1)
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(S0). The wavelengths considered in the simulations

were those from 300 to 800 nm with a step of 10 nm.

The obtained absorption spectra are reported in Figure

2 (for the extinction cross section see Figure S1 in the

Supporting Information). Owing to the geometry of

the target and the anisotropy of the space, the displace-

ment of the electronic cloud inside the metallic struc-

ture is not homogeneous, so high-multipolar charge

distributions are induced and a lot of resonant modes

excited,29 this producing the broader profile of the

spectra in Figure 2.

A monotonic red-shift is clearly visible in Figure 2

by going from S0 to S20. This effect, already experimen-

tally observed,40 can be explained by considering the

relation which lags between the dielectric function of

a metallic scatterer (�) and the dielectric constant of the

surrounding background (�B) at the resonance

condition.44,48 According to the Quasi-static Ap-
proximation the polarizability of a particle
smaller than the wavelength of the light, experi-
ences a resonant enhancement under the condi-
tions Re[�](�) � ((l � 1)/l)�B � 0 (with l and l �

1 being the exponents in the radial solutions to
the Laplace’s equation).8,65 It becomes clear that
by going from a few nanometers to more impor-
tant spacers of Al2O3 the “effective” dielectric
function of the confining medium increases and
the frequencies of the resonant modes decrease,
Re[�] of silver being a decreasing function of �.

Moreover, by looking at the absorption spec-
tra in Figure 2 we can see the appearance, at �exc

� 690 nm, of a new resonance peak due to the
oxide coverage. To understand the origin of this
peak we computed for each structure at �exc �

690 nm, the absorption in the i-dipole position or

local absorption �i
abs (see Methods). Results for

S0 and S5 are reported, together to the corresponding

polarization vectors-maps in Figure 3. By comparing the

S0 and the S5 cases, we can observe that even if the alu-

minum dioxide is a “passive” (or nonabsorbing) ma-

terial it produces a confinement of the electromagnetic

field at the bottom side of the Ag sphere which in-

duces a strong polarization of the metal and the excita-

tion of the new resonance. At 690 nm, the oxide

“switches on” the metal and a “surface-state”, confined

at the interface between the substrate and the particle,

appears. This phenomenon is noted also through the

real parts of the polarization vectors obtained for the

points inside the structures (panels a and c, Figure 3).

For the S0 case (a), the polarization vectors are very

small and isotropically oriented; for the case of 5 nm

of Al2O3 (c), a polarization vortex is clearly present.52�55

Figure 2. Comparison of the absorption spectra obtained by the
DDA simulations for four different thicknesses of the Al2O3 layer
(0, 5, 10, and 20 nm). The arrow indicates the direction of the shift
of the peak-wavelengths.

Figure 3. Comparison of the polarization vectors (panels a and c) and of the local absorption cross section (panels b and d)
for the S0 (upper panels) and S5 (lower panels) excited at the same wavelength (�exc � 690 nm). The reported sections are
relative to the planes that are dividing the targets in two halves and parallel to the k and Ey directions. For graphical reasons,
the vectors in panel a were obtained by multiplying the real polarizations �3, and the 2D color maps of the absorption re-
port values in a 10-base logarithmic scale.
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Thus, for �exc � 690 nm the oxide layer, by redirecting

the field as already seen in another recent work,21 gives

origin to a new plasmon resonance effect. The associ-

ated optical phenomena of the vortex, which could be

due to a phase singularity problem,53�55 should be

taken into account in practical applications of these sys-

tems, like nanohole processing/nanofabrication tech-

nologies.52

We note also that, in contrast to the dipole reso-

nance, the 690 nm-LSPR peak does not shift with the

thickness. In fact, for this resonance, the field is almost
completely localized near the bottom the sphere. In our
model, a thin oxide-layer (5 nm-thick) can already pro-
duce a large accumulation of the oxide at the bottom of
the sphere and have a significant role in the trapping
of radiation (see also Figure S2 in Supporting Informa-
tion). Additional oxide layers will only cover the region
of space above the sphere without influencing the LSPR
field distribution and thus without changing the LSPR
peak position (Figure 2).

To better assess the role of the oxide spacer for
MEF application on the optical behavior of such kind
of systems, we investigated also the near-field regime
and calculated the electromagnetic effect of the Al2O3

layer on the field enhancement.34 Usually the emitting
fluorophores are randomly deposited on top of the ox-
ide layers so that the measured MEF can be ascribed to
a global effect of the local field enhancement in the
emitters positions. Thus we computed the mean field
enhancement by making the average of the FE function
on hemispheroidal shells (	d) (see Figure 1) surround-
ing the target with a radial distance d from the sphere
surface:

In Figure 4 (panel a) the three dashed lines repro-
duce the trends of the �FE� for the S5, S10, and S20 sys-
tems at a d respectively of 10, 15, and 25 nm (corre-
sponding to a fixed distance from the oxide surface of
5 nm). The three solid lines reproduce the trends of the
�FE� for the S0 system at the same distances from the
Ag surface analyzed for the oxidated system. By going
from 10 to 25 nm for the structure without oxide we see
a similar profile of the curves, while the height of the
curves decreases at increasing d, as expected due to in-
creased emitter-metal distances. Three resonances are
clearly visible which reproduce those seen in the spec-
tra of Figure 2: the highest at 360 nm which derives by
the excitation of the dipolar resonance of the sphere,
one at 450 nm which can be attributed to the
E-enhancement effects due to the limited substrate
(see Supporting Information), and a minor one at 690
nm which can be associated to the effect of the oxide
on the polarization of the sphere.

The calculations done on the oxidated structures
provide a different fundamental result: the presence of
an Al2O3 layer induces a red-shift of the resonance
peaks and a strong enhancement (50%�100%) of the
near field for the same exciting wavelength. Consider-
ing the main peaks, we have values going from 8.65 to
14.87 for d � 10 nm (� � 400 nm), from 5.46 to 13.01 for
d � 15 nm (� � 420 nm) and from 5.28 to 11.28 for d
� 25 nm (� � 440 nm). These values probe the active
role of an oxide spacer which enlarges the range of the
enhancement by transferring the evanescent field with-
out adsorbing it.

Figure 4. (a) �FE� Trends obtained for the four different thicknesses of
the Al2O3 layer (0, 5, 10, and 20 nm) in the range 350�800 nm. The
three dashed lines concern the S5, S10, and S20 systems with the �FE�
computed at a radial distance from structure d of 5 nm. The solid
lines are related to the �FE� calculated for the S0 system at the same
distances. Vertical lines mark different wavelengths on which analy-
sis will be done. (b) Schematization of the results reported in panel a.
Histogram L1 is related to �exc � L1 � 380 nm, histogram L2 is related
to �exc � L2 � 420 nm and histogram (L3) to �exc � L3 � 460 nm. For
each value on the x-axes (corresponding to the radial distance from
the sphere surface) two bars are reported: the striped-cyan bars con-
cern the system without oxide and the violet ones the system with
oxide.

〈FEd(λexc)〉 )
1

Ωd
∫Ωd

FE(λexc, r')d3r' (2)
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In panel b of Figure 4 we report the �FE� as a func-
tion of the distance d, for three selected wavelengths
(L1, L2, and L3). In the case without the oxide the eva-
nescent nature of the near field produces for all the ex-
citation wavelengths a decrease of �FE� at increasing
distance from the metal (striped cyan bars in the histo-
grams). Note that we are not considering NR energy
transfer, thus the FE is expected to increase at decreas-
ing distance. When an oxide spacer is present, the �FE�

has a new, unexpected nonmonotonic behavior, and can
increase with increasing d. This unexpected result
should be taken into account in considering the experi-
mental behavior of signals like the fluorescence or the
Raman scattering of some emitter located in proximity
of a plasmonic nanostructure. Moreover it can explain
many open questions about the effects of an oxide
spacer. As an example, X. Zhang et al.39 found that the
SERS intensity is not decreasing with the Al2O3 thick-
ness, and assigned this unusual effect to an increasing
number of scattering molecules. The results here pre-
sented, suggest another possible explanation: contrary
to common belief, the enhancement of the near field
can increase with the emitter-substrate distance.

The data reported in Figure 4 consider the near-
field enhancements for different oxide layers, mea-
sured in the free space above the substrate. While di-
rect measurements of the near-field can be obtained,
for example using the scanning near-field optical mi-
croscopy (SNOM),56 an indirect measure of the FE is of-
ten obtained in actual experiments using emitters
(sensing the electromagnetic field) embedded in an or-
ganic medium (OM) covering the surface. To verify if
the oxide thickness effects on the near field previously
discussed are preserved also with an OM covering the
system, we performed additional calculations with a 3
nm-OM. We then model the field-enhancement experi-
enced by the emitters in the OM,57 averaging the com-
puted FE in a shell 3-nm thick (see blue solid arc in Fig-

ure 1). In doing this analysis, we replace
Etot

syst(�exc, r) in eq 7 (see Methods) by the exci-
tation field, that is, the field obtained by con-
sidering the difference between the internal
field and the self-field (in this case, the field
due to the probe-dipole itself).61

The results are reported in Figure 5. First
of all we can note that the intensities are
much larger than those in Figure 4 because
the emitter-metal distances are smaller. How-
ever the trends between different (oxide �

OM) thicknesses are close to those reported
previously in Figure 4. For three selected
wavelengths (L1, L2, and L3) we found that
only for L1 the �FE� is decreasing at increas-
ing oxide thickness. For L2 the same non-
monotonic behavior found in Figure 4b is
found, while for L3 the �FE� is almost inde-
pendent from the oxide thickness.

Thus also in the case where the near-field is mea-

sured inside a thin OM, the trend with the oxide layer

thickness is preserved. However it is worth noting that

a “direct” measurement of the near-field in the empty-

space can yield quite different results as compared to

an “indirect” one in which an OM is employed. Figure 6

(dashed-line) shows the averaged FE computed (or

measured) 5 nm from the Ag sphere surface in the

empty space (see inset). The alternative, indirect experi-

ment for the measure of the near-field in which an OM

covers the surface (with emitter located again 5 nm

from the sphere surface, see inset of Figure 6) will yield

completely different results (solid-line). The OM in fact

redistributes and increases the near-field intensities.

These data attest that an oxide layer, as well as an OM,

strongly perturbs the near-field distribution and thus

cannot be neglected in experimental measurements.

The previous results can be rationalized consider-

ing the near-field distribution induced by the oxide

layer. Two-dimensional maps of the FE obtained for

the wavelength corresponding to the peaks in Fig-

Figure 5. Field enhancement averaged inside 3-nm large medium for
different structures, Sn, where n indicates the total (oxide � OM) thick-
ness in nanometers. In the inset a zoom of the spectra in the range [350
nm:500 nm] is shown.

Figure 6. Comparison of the mean field enhancement val-
ues obtained at 5 nm for the S0 structure (dashed line) and
at 5 nm for the S5 structure (solid line). In the inset a sche-
matization of the two systems is reported.
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ure 4 (360, 400, 420, and 440 nm), together with

the related polarizations maps, are shown in Figure

7. The preserved bilobe character of the near field

around the sphere in the FE maps are related to the

dipolar excitation of the Ag sphere, even if the opti-

cal response of a metallic nanosphere lying on a sub-

strate with the same dielectric function appears to

be very different from that of the particle embedded

in an infinite homogeneous background medium.58

In fact, the presence of the substrate hardly compli-

cates the electromagnetic situation as it breaks the

symmetry by introducing the image field. As a con-

sequence the substrate-induced field acting on the

entire volume of the NP appears to be no longer ho-

mogeneous in space, and multipolar modes of very

high order might be excited in addition to the dipo-

lar one. Here these physical effects are strength-

ened by the oxide presence. The oxide in panels

b�d of Figure 7 in fact polarizes itself following the

force-lines in the metallic structure and in this way

contains the photonic density in the proximity of the

metal. The global effect is an important increase of

the polarization of the metal. The consequent in-

creased image dipoles induced by the sphere polar-

ization on the substrate move the field on the bot-

tom side of the sphere to the top side of the sphere

and spread out of the field in the whole space on

the substrate. Thus, in addition to the fundamental

contribution of Al2O3 in the increase of the near field,

the oxide layer also reorganizes the spatial photo-

nic density and changes the angular distribution of

the near field as well as that of the far field (details

on the angular dependence of the electromagnetic

field can be found in the Supporting Information).

CONCLUSIONS
In this work we have shown the oxide-induced ef-

fects on the optical behavior of a silver nanosphere

touching a silver substrate. Under the action of an ex-

ternal electromagnetic field, the nanoshpere induces a

charge distribution on the substrate, which in turn po-

larizes the MNP. Calculations here reported have at-

tested the importance of an oxide layer in enlarging

these interaction effects.

An oxide spacer strongly affects the polarization

of a metallic nanostructure by generating a red-

shift of the extinction spectrum, the appearance of

a new absorption resonance, and a strong enhance-

Figure 7. Polarization vectors (real parts) and FE maps obtained at the peaks of Figure 4: at �exc � 360 nm for S0, at �exc �
400 nm for S5, at �exc � 420 nm for S10, and at �exc � 440 nm for S20. The planes of the plots contain the propagation x and
the polarization direction y and cut the target in two halves. For graphical reasons the illustrated substrate in the polariza-
tions maps corresponds to 20 nm �100 nm sections, and the scale in the FE maps is a 10 base logarithmic scale.
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ment of the near field around the nanosphere. With
our work we demonstrate in the framework of an
electrodynamic theory free by limiting approxima-
tions that the near field and then the SERS enhance-
ment do not necessary decay rapidly from the nano-
particle surface, therefore, in the light of this, Al2O3

coatings thicker than those commonly used39 (20 nm

instead of 1.0 nm or less) can be considered in SERS
applications with the possibility of providing better
protection to Ag nanoparticles under a reactive
environment.

On the basis of our simulations, the evolution of
SPR processing or the design of metal-oxide plasmonic
devices can be controlled in a better manner.

METHODS
DDA is one of the most used methods to solve the electro-

magnetic problem59 by partitioning a particle into a number N
of elementary polarizable points called dipoles. The field excit-
ing a dipole is a superposition of the external field and the fields
scattered by all other dipoles. This allows one to write a system
of 3N complex linear equations for N fields exciting the N dipoles

where the dipoles are given by P(rk) � 
(rk)E(rk), and G(rj � rk)
is the free space dyadic Green’s function given by the
expression60,61

where R � rj � rk, R � |R|, 1 is the identity tensor, and R̂R̂ is a ten-
sor with elements (R̂R̂)�� � R�R�. Once eq 3 has been solved for
the unknown polarizations Pj � P(rj), the extinction and absorp-
tion cross sections Cext and Cabs may be evaluated by considering
a summation on N terms49

where Ei
exc is the sum of Ei

inc and the field due to all other di-
poles, but excluding the field of the dipole i itself. �i

ext and �i
abs re-

fer, respectively, to the local extinction and absorption cross sec-
tions, while Qext and Qabs are, respectively, the extinction and
absorption efficiencies with Q � C/*(aeff)2 where aeff is the ra-
dius of a sphere with the same volume of the entire scatterer. Un-
til now DDA has supported most of the experimental results in
plasmonics,62,63 and it has been applied to a broad range of
problems64�67 (like metal NPs, particle aggregates, rough films,
etc.) but has not been largely used for particles deposited on an
infinite substrate. The difficulty in performing calculations in the
last case is purely computational and derives from the necessity
to use a box around the particle large enough to simulate the in-
finite plane or to modify the Green’s tensor inside the DDA to
take into account the infinite substrate.68�70 In this case we were
able to use a 70 � 500 � 500 dipoles3 box for the substrate
(tests on the dimensions are reported elsewhere34) and to per-
form the entire investigation (spectra, local absorption, polariza-
tions, and near field) in the DDA framework by using high-
performance parallel computational facilities. Here to avoid the
spurious effects due to the finiteness of the substrate, Etot was
computed by removing from the field of each complete struc-
ture that of the substrate alone according to the formula

assuming |Einc(�exc, r)|2 � 1 and where Etot
syst is the total field calcu-

lated for the whole structure (sphere plus substrate) and Etot
sub is

the total field obtained for the isolated finite substrate. To have
the exact total field of a nanosphere on an infinite substrate, its
reflected field should be added to the calculation,29 but we can
safely assume that its contribution is not significant in making a
comparison between different oxide layers. The interdipole dis-
tance d used for all the calculations was set to 1 nm, a distance
small enough to reach convergence for the extinction and ab-
sorption sections (error � 0.5% with respect to d � 0.5 nm), as
well as for the field values (error � 2%).

We used the DDA implementation proposed by the code of
Yurkin and Hoekstra, ADDA,50 for which calculations are parallel-
ized by dividing the target in multiple slices. This code reads
the target geometry by a file of points given in the LF (lab frame)
and assigns to each occupied point a polarizability 
k(r). Among
the available expressions for the polarizability, LDR (lattice dis-
persion relation) was used; refractive indexes for Ag were those
of Palik.71
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