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Abstract: On the basis of Maxwell's equations a light scattering system of
axial symmetry is considered, which consists of a nanoparticle, a dipole and
a metal film (covering a dielectric support). Nanoparticle (NP) and dipole
are situated on an axis of symmetry and the dipole is oriented along the axis
and placed between film and nanoparticle. The field enhancement factor F
and dipole energy flux D are calculated by the Green's function method: the
initial system of Maxwell's equations is reduced to a system of boundary
integral equations, and solutions are obtained by the boundary element
method. Illumination of the scattering system by a radially polarized Bessel
light beam causes a field enhancement in the vicinity of the film surface.
The metallic NP closely placed at the film surface acts as nano-antenna.
Surface plasmons excited in the particle and film convert the incident
propagating EM field into non-propagating evanescent near-field. Then the
field is confined and strongly enhanced in a particle/film gap. The
enhancement of Raman radiation depends on many factors: size and shape
of NP, permittivities of all materials, light wavelength, film thickness, angle
of light beam, and - very strongly - on the gap distance. The field
enhancement in a gap ~1 nm can be 103 and more and the Raman radiation
enhancement factor can reach huge values ~1010-1012. Whereas for small
nanoparticles the field enhancement factor F and the dipole energy flux D
do not depend on the direction of the exciting beam and on the angle of
emission, a strong influence is found for extended particles. This influence
is plausibly explained by a larger overlap between the electric field of the
exciting beam or the emitted radiation field with the near field distribution
of the nanoparticle leading to higher F and D values, respectively.
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1. Introduction
Enhancement factors for Raman radiation of molecules adsorbed on rough metallic surfaces
reach values ~106-107 (phenomenon known as surface enhanced Raman scattering, SERS, [1,
2]). For molecules adsorbed on silver and gold nanoparticles in colloids it is found that the
Raman radiation is enhanced enormously: up to ~1014 times according Kneipp et al. and Nie
and Emory [3, 4]. This phenomenon was explained by Xu et al. and by Michaels et al. [5, 6]
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as effect of field confinement in the gap between two closely placed nanoparticles, where a
Raman radiating molecule is trapped. Due to this huge enhancement factor one can speak
about single molecule surface enhanced Raman scattering (SM-SERS).

Fig. 1. Light scattering system.

Another nano-object which can be considered as nanoparticle (NP) is the tip of a scanning
tunneling microscope (STM) or an atomic force microscope (AFM). The radii of curvature Rc
of these tips are in the order of 10-100 nm. The idea to use a metallic NP for detection of
surface features by Raman signals was suggested by Wessel [7]. Realization of this idea in
experiments with elastic light scattering on a spherical metallic nanoshell [8] and metallic tip
[9] have shown a large increase of scattered energy with decreasing gap size. First
calculations of light scattering on a system Ag sphere/ Ag surface also have shown an increase
of the Raman signal by a factor ~108, [10, 11].
Recent experiments [12-15] have been devoted to tip enhanced Raman scattering (TERS).
In this case an illuminated STM or AFM tip is used to enhance the Raman signal. The largest
estimated Raman radiation enhancement factor (REF) in these experiments is 6·106, [15]. This
value is less by 6-7 orders of magnitude than corresponding REF for SM-SERS, [3, 4]. Due to
a similarity in electromagnetic mechanisms of SERS and TERS one should expect similar
values for REF in SM-TERS and SM-SERS. Because STM and AFM devices are among the
major tools used for investigation on the nanolevel it is important to estimate the potential of
TERS in a sense of single molecule spectroscopy.
The aim of our article is the determination of an efficiency of a metallic NP as a receiving
and radiating nano-antenna: the nanoparticle’s enhancement factors for received (F2) and
radiated (D) signals are introduced and calculated. The total REF is proportional to the
product F2D. Recently, numerically calculated REF ~1010-1012 were announced for clusters of
metallic nanospheres or for metallic tip / metallic surface configurations at gaps g~1 nm, [1618]. It is in accordance with a previously obtained result [5], and with REF calculated in
papers [19, 20]. Li et al. [16] considered a self-similar chain of metallic nanospheres and
found in the gap between the smallest spheres of diameter 5 nm the enhancement factor higher
than 1012. They used in the non-retardation approach a method of decomposition of the
solution over a set of spherical harmonics. Futamata et al. [17], have calculated an
enhancement factor of order of REF ~1010-1011 for two closely placed (1 nm) Ag
nanoparticles. They used the finite difference time domain method. Downes et al. [18], used
finite element method and calculated electromagnetic and temperature fields in and around an
STM (AFM) tip in proximity to a metallic support illuminated from the side. They obtained
REF > 1010 for the p-polarized beam and for a gap distance ~ 1 nm.
In the present article we will expand the previously developed method of calculation of
axially symmetrical solutions of Maxwell equations, [19, 20], to the layered medium (metallic
film on a dielectric support). The boundary element method (BEM), used in [19, 20], is faster
and more robust than the methods described above, [16-18]. We could calculate detailed
results for a wide spectral region (200 discrete photon energies in the visible and infra-red).
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The paper is organized as follows: In section 2 a short description of BEM and Bessel
beam is given; in section 3 the enhancement effect of the metallic film is considered; in
section 4 the main results for the NP enhancement effect are described and section 5 contains
the conclusions.
2. Setting of the problem and method of solution. The Bessel light beam
Let’s consider a dipole (oriented along the z-axis) and a NP placed close to a surface of a
metallic film, deposited on a dielectric support (Fig. 1). Permittivities of support (εs) and
environment (εe) are real and positive. Permittivities of the metallic film (εf) and the
nanoparticle (εp) are complex functions of light frequency. Calculations are based on
Maxwell's equations applied to the axially symmetric scattering system shown in Fig. 1.
Maxwell's equations are reduced to a system of two integral equations with unknown
boundary values of the tangential component of the magnetic field (Hϕ) and its normal
derivative (Hϕ'=∂Hϕ/∂n). Discretization of the system of integral equations in the boundary
element method leads to a system of linear algebraic equations for Hϕ and Hϕ', taken on a
contour of NP. A solution of this system can be obtained by the regular Gauss method. It
gives values Hϕ and Hϕ' on a NP contour. The full electromagnetic field inside and outside the
NP is then represented by the known Green formula [19, 20].
For the case considered previously (empty and metallic semi-spaces, [19, 20]) the kernel
functions in the integral equations were the Green's functions of the vector Helmholtz
equations, expressed via the Sommerfeld integrals [21]. In the present paper the Green's
function method [19, 20] is expanded to the case of a layered medium (thin metallic film
placed between two dielectric semi-spaces).
The boundary element method is widely used in computational electrodynamics (see e.g.
papers devoted to light scattering on a cluster of nanoparticles [22, 23]). But usually, the
complex impact of the layered medium is not taken into account.
The motivation to consider a metallic film is caused by the Kretschmann configuration
[24], frequently used in experiments. The illumination can be applied through the dielectric
support and the film from above (beam angle is positive, θ>0) or from the environment
region, from below (θ<0). A total internal reflection occurs for θ>θcr, where θcr= Sin-1
( ε e / ε s ). This configuration is introduced by Kretschmann [24] for exciting strong plasmon
oscillations in a metallic film (attenuated total reflection, ATR). We use a radial polarized
Bessel beam (BB), considered also by Novotny et al. and Grosjean et al. [25, 26]. Another
light source is a dipole. We use the dipole field [20], generalized here to the case of a dipole
near a thin metallic film, as it is done also by Sakoda et al. [27].
The use of BB instead of a plane wave can be explained as follows: The z-component of
the electric field in a plane p-polarized EM wave, reflected from a layered medium, can be
represented also in cylindrical coordinates:

Ez = E0 sinθ ⎡⎣eikx + R(θ )eik 'x ⎤⎦ = E0 sinθ ⎡⎣ eikz cosθ + R(θ )e−ikz cosθ ⎤⎦ ⋅
⎡

∑J (kρ sinθ)i cos n(ϕ −ψ )

⋅ ⎢ J0 (k ρ sinθ ) + 2
⎣

∞

n=0

n

n

⎤
⎥
⎦

where E0 is an amplitude in the plane wave, coordinates z, ρ, ψ indicate an observation point
(x), a wave vector k has angles in spherical coordinates φ and θ and length k=ε1/2ω/c, where ω
is the light frequency and c is the light velocity. The two terms in the first square brackets
represent the incident and reflected waves, respectively. The second vector k' has the same
angle φ and a reflected angle π−θ. The reflection coefficient R(θ) depends on the parameters:
angle θ, all permittivities εi and film thickness h. From this formula we conclude that on a zaxis (at ρ=0) the contribution to the field Ez comes only from the first term in the second
square brackets (the Bessel function of zero order). This term describes the radial polarized
Bessel light beam. Therefore, for our aims - calculation of enhancement factors for the local

#84907 - $15.00 USD

(C) 2007 OSA

Received 6 Jul 2007; revised 16 Aug 2007; accepted 17 Aug 2007; published 5 Oct 2007

17 October 2007 / Vol. 15, No. 21 / OPTICS EXPRESS 13799

field and for the dipole radiation - it is sufficient to use the model with axial symmetric
illumination sources (BB and dipole).
3. Film enhancement factors
The main calculated values are the enhanced electric field E(z0,g), taken at the dipole position,
and the dipole radiation flux j(z0,g), depending on the dipole coordinate z0 and on the NP/film
gap g. At first the system without nanoparticle is considered, that means g=∞. To characterize
the film impact on the field enhancement and on the dipole radiation the next four
dimensionless factors are introduced:
A+ = E+ ( z0 , ∞) / E0 ; A− = E− ( z0 , ∞) / E0 ; J + = j+ ( z0 , ∞) / j0 ; J − = j− ( z0 , ∞) / j0 ,
where E0 is the electric field in the incident wave, j0 is the semi-flux from the dipole in empty
space. Two signs + and – designate the upper and lower semi-spaces from which the EM
waves can illuminate the scattering system and the directions to which the enhanced Raman
radiation is radiated (see Fig. 1). We obtain J+ and J– by integration of the Poynting vector
over planes situated above or below the film and the dipole, respectively (see details in [20]).

8
A, J

2

J-

1

20*εf''

6

10

3

2

b)

A +J +

I=A J

a)

2

A +J -

2

J+

J

10

2

A- J+
2

0

400

600
800
1000
Wavelength (nm)

10

A- J-

1

4
JJ+
AA+
1000

2
0
400

600
800
Wavelength (nm)

10

-1

400

600
800
W avelength (nm)

1000

Fig. 2. (a) Film amplification factors for electric field (A) and for dipole energy flux (J); (b)
Raman radiation enhancement factor I describing the effect of metallic film.

In Fig. 2(a) the values A for beam angles 45° (A+) and -45° (A–), are shown, respectively.
The optimal choice of the film thickness is h =50 nm: plasmons in an Ag film have maximal
amplitudes at this value of h, [27, 28]. Dimensionless dipole energy fluxes J radiated into the
dielectric support (J+) or into the environment (J–) are shown in Fig. 2(a) for dipole distance z0
= -0.5 nm. Some disturbances on the curve for J+ are connected with experimental errors in
the imaginary part of metal permittivity, εf =Im(εf), taken from Johnson and Christy [29] for
Ag. In the inset of Fig. 2(a) the enlarged value of εf is compared with the fluxes J+ and J–
calculated for the dipole position z0 = -100 nm and a strong correlation between values εf and
J+ is seen. Note, that the disturbances in εf have no strong influence on the reflected flux J–
(see inset in Fig. 2(a)).
One can obtain an expression for the film amplification factor A+:
A+ =

(1 − Λ )(1 + Λ ) exp ⎡⎣i ( χ − χ ) h − iχ z ⎤⎦
⎡1 − Λ Λ exp ( 2i χ h ) ⎤
⎣
⎦
ef

sf

ef

Λij =

χ iε j − χ jε i
;
χ iε j + χ j ε i

f

sf

s

f

χ i = ε i − ε s sin 2 θ ;

e 0

εs
sin θ
εe

(i, j = e, f, s).

The surface plasmons excited in the film by BB at ATR conditions produce a maximal
value of the z-component of electric field at the central point (ρ=0; z=0; Fig. 1). For relatively
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thick films (h>40 nm) one can obtain from A+ an approximate formula connecting the beam
angle and the resonant plasmon frequency ωres
sin θ =

⎛ε
Re ⎜ s
⎜ε
⎝ e

⎞
εs
+
⎟
ε f (ωres ) ⎟⎠

−

1
2

For the air/glass interface the critical angle is θcr=41.81. For decreasing angles less than 42.5°
the resonant frequency of the surface plasmon is shifting to the infrared.
As a measure of the film impact on the dipole Raman radiation one can introduce the total
intensity enhancement factor I = A2 J. There exist four combinations of values A2 and J in the
value I. All these factors I are calculated for the same parameters and shown in Fig. 2(b). Note
that the maximal value of I for the Raman signal radiated from a system dipole/film is about
few hundreds. It is not very much and is in accordance with the known fact: there is no large
SERS effect on flat metallic surfaces [2, 28].
4. Nanoparticle enhancement factors
When a NP is present the problem of calculation of the total Raman radiation enhancement
factor is decomposed into two parts: a) calculation of the field enhancement factor (FEF), that
is the enhanced electric field calculated at the dipole position, divided by the field in the
incident wave: FEF=E(z0,g)/E0; b) calculation of the dimensionless dipole energy flux (DEF),
enhanced due to the presence of NP: DEF=j(z0,g)/j0. DEF is obtained by integration of zcomponent of the Poynting vector over the planes placed above and below the scattering
system shown in Fig. 1. The semi-flux j0 of a free dipole is used to make DEF dimensionless.
The most relevant measures of the effect of the NP in TERS are the relative enhancement
factors introduced by the ratios: F=FEF/A, and D=DEF/J. These factors become equal to one
for very far retraction of a NP from the film. There are two factors F+ and F– for two
directions of illumination (θ>0 and θ<0), and two factors D+ and D– for positive and negative
directions of the dipole radiation with respect to the z-axis. The total Raman enhancement
factor (REF) is determined as the product: REF=I F2 D. There are four combinations for two
incident and two radiated EM waves indicated in subscripts of the introduced factors. In
values REF and I the first sign in the subscript refers to the direction from which the EM wave
comes, the second one indicates the direction of the radiated Raman signal.
In Fig. 3 the relative field enhancement factors F for a silver sphere at the sphere’s poles
situated close and far from the film surface are shown vs. the gap distance g. The value FCLOSE
seems to be proportional to g-4/3 (average trend). It is a stronger dependence than the one can
expected from a simple electrostatic nanocapacitor model (FEF~g-1). Plasmon resonances are
clearly seen for the factor FFAR (insets, Fig. 3). For different silver spheres having diameters
50 and 100 nm the light wavelengths are chosen such, that the first dipole plasmon resonance
occurs at g=1 nm.
A quantum effect can change the huge calculated REF, shown in Fig. 3 for small gaps
(g<0.5nm). It is the electronic tunneling between the NP and metallic film, which must
decrease the electric field confined in the gap (see Otto [30]).
In Fig. 4(a) for a silver sphere of diameter d=100 nm, the relative factors F2 and D are
compared and it becomes clear that they all have very similar values. It is a consequence of
the relative definition of these factors and of the small NP size. In Fig. 4(b) values REF++ for
ATR and REF–+ for non-ATR conditions are demonstrated. From Fig. 4(b) follows: 1) the
maximal REFs are larger for ATR than for non-ATR conditions; 2) decreasing of the BB
angle at ATR conditions shifts the maximum of REF to the red and infrared; 3) REFs maxima
can reach values ~1011-1012.
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thicknesses are h=0, 10, 20, 50 nm; BB angle is θ = 44°.
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non-ATR angle - 45° (in the inset the film factor A is shown). Dipole position is z0=-0.5 nm.

It is interesting that the maxima of calculated REF remain still less than the value 1014
obtained in SM-SERS experiments [3, 4]. It means there is an additional chemical (quantum)
enhancement mechanism, discussed by Otto, [30]. The dynamic charge transfer mechanism is
the resonant electron tunneling via the orbitals of the molecule trapped in the narrow gap
between two metallic electrodes [30]. It determines the SM-SERS selection rules: some
adsorbed molecules produce a strong Raman signal, but vibrating molecules of other types
(with no appropriate orbitals) show no signal. This effect can add two or three orders to the
calculated electromagnetic REF [30].
In Fig. 5 the relative enhancement factors for three NPs having non spherical shapes are
depicted vs. photon’s energy expressed in electron-volt. This representation shows the
calculated factors more clearly in the short wavelength region. Again, the gap distance is g=1
nm, and dipole position is z0=-0.5 nm. Note that for Fig. 5(a,b,c) beam angles are ±45°. One
of them, +45°, corresponds to ATR conditions. For Fig. 5(d) the beam angles are ±40° (both
non-ATR). The spheroid’s sizes, radii and vertical lengths (in nm) are: a) 144, 49; b) 70, 210;
c) and d) 100, 500, respectively. Curvature radii at the very tips have values (in nm): 216 (a);
10 (b); 1 (c, d), respectively. One can see that in the high energy region the two groups of
factors have an opposite tendency: the factors F–2 and D– are increasing, but the values F+2
and D+ are decreasing. The relative factors F2 and D are approximately equal for the first
dipole-like plasmon resonances at low photon energy. In this case, a NP acts as a dipole and
corresponds more closely to conditions of the “optical reciprocity theorem” (ORT), [31, 32].
ORT in its classic form links the electric fields produced by two dipoles at the dipole positions
[31]. Le Ru and Etchegoin [32] generalize ORT to the case when the second dipole is replaced
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by a plane wave. They apply ORT to SERS and show that for some circumstances the
frequently used law REF~|E|4 is really fulfilled. To apply ORT it is important to have two
identical light ways: from one source to another and back. This condition is not exactly
fulfilled in our situation, because we do not calculate the energy returned with the light beam
at the same angle but the total amount of energy crossing the control planes. Therefore, we
can expect only qualitative correlations F+2 ≈ D+, F–2 ≈ D–, seen in Fig. 5(a,b,c), and not exact
equalities.
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Fig. 5. Relative enhancement factors vs. photon’s energy for: a) oblate spheroid; b) prolate
spheroid; c) long NP with a tip radius of curvature Rc~1 nm; d) the same NP as in (c), but for
non-ATR angle of light illumination. Note the behavior of solid lines (F+2) in cases (c) and (d).
BB angles for figures (a), (b), (c) are ±45°, for figure (d) the angle is ±40°.

For the case shown in Fig. 5(d), however, the factor F+2 is considerably larger than the
factor D+. At the illumination angle 40° there is a non-decaying electric field in the lower subspace, where NP is placed. So, we can link the decrease of the factor F+2 in the short
wavelength region of spectrum with a strong exponential decay of the evanescent nonpropagating field. The shorter the wavelength, the stronger is the exponential decay of the
field (ATR) and the lower is the contribution of the distant parts of the nanobody to the field
enhancement at the dipole position. The decrease of the factor D+ with decreasing wavelength
can be explained in the following way by the exponential decay with the z-coordinate of the
emission of a dipolar light source into the angular range of the so called “forbidden” part of
light [33]. For the calculation of D+ we assumed a dipolar source in the gap between
nanoparticle and the surface. This dipole leads to a collective excitation of the nanoparticle,
which can be considered as a distribution of dipolar sources over the surface of the
nanoparticles. Only a small fraction of these distributed dipoles are within the range of the
evanescent modes which are mainly responsible for the D+ radiation. On the other hand all
these dipoles can effectively contribute to the D– radiation. Therefore, for an extended particle
the D– radiation dominates. We conclude that the values of F+/– and D+/– increase with an
increasing overlap of the field of the exciting or of the emitted beam of light, respectively,
with the near field of the nanoparticle.
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In the case of very sharp NPs (Rc~1 nm) and very small gaps (g=0.1-0.5 nm) there is an
additional mechanism which reduces the REFs, the Landau damping, which is connected with
dissipation of plasmon’s energy due to a creation of electron-hole pairs. It is a phenomenon
that can not be described in the classical frame used here. It needs a quantum mechanical
consideration [34, 35]. Due to the Landau damping in the case of a very sharp tip and narrow
gap one can loose an order of magnitude or more in the Raman enhancement factor as
estimated previously [20].
5. Conclusion
The metallic film illuminated at ATR conditions by a radially polarized Bessel light beam
produces an enhanced electromagnetic evanescent field in the vicinity of the film surface. For
a given angle of illumination there exists a certain resonant light frequency at which the field
amplified at the silver film surface is enhanced about ten times. By a small variation of the
illumination angle this maximum can scan the visible and infrared. The dipole radiation in the
far field zone is also enhanced due to excitation of surface plasmons in the metallic film.
In the presence of a nanoparticle the field enhancement can reach 103 and more for a small
gap and radius of curvature ~1 nm of the tip. Relative intensity enhancement factors F2 and D
can have values ~105 (up to 106 for very sharp tips). For NP shorter than Rayleigh scale (λ/2π)
all introduced relative enhancement factors (F2, D) have similar values. This similarity can be
connected with the relative form of these factors. But a full understanding of this fact can only
be obtained by a detailed analysis of the angular distribution of the radiated light. This
analysis is in progress.
In the sense of the introduced relative enhancement factors (F, D), the Kretschmann
configuration responsible for F+ and its inverse configuration of a dipole radiating into the
‘forbidden’ angles, being responsible for D+, has a disadvantage for elongated NP. This is
connected with an exponentially decaying factor which decreases the contribution of distant
parts of the NP to the enhanced field at the dipole position (F+). A similar exponentially
decaying factor decreases the contribution of distant parts of the NP to the radiation into the
‘forbidden’ angular sector above the film (a part of D+).
The total Raman radiation enhancement factor (REF) is the product of the film
enhancement factor (I) and the introduced relative factors: REF=IF2D. The maximum of REF
can reach values ~1010-1012. In the case of the double plasmon resonance, when the resonant
frequencies in the film and in the NP/film system coincide, REF can reach huge values close
to 1013.
An important goal in TERS would be to obtain single molecule sensitivity. The cross
section of the non resonant Raman effect is typically in the order of 10-30 cm2. For single
molecule sensitivity a cross section in the order of 10-16 cm2 is required as is well known from
single molecule fluorescence studies. For single molecule TERS based solely on an
electromagnetic enhancement a REF of 1014 would therefore be necessary [3, 4]. Our
calculations show that such a factor can almost be reached in a configuration of an extended
nanoparticle above a metal film, provided that the Raman dipole and the electric field at the
dipole position are oriented along the symmetry axis and the NP/film gap is ~1 nm.
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