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Surface Plasmon Excitation in Fiber-Optics Sensors:
A Novel Theoretical Approach

Ó. Esteban, R. Alonso, M. C. Navarrete, and A. González-Cano

Abstract—A theoretical method for the study of surface plasmon
excitation in metallic layers, as used in fiber-optics sensors, is pre-
sented. It is based in the calculation of the propagated fields in
the waveguide structure and allows us to compute the loss of op-
tical power in the fiber (which is the measured parameter) from
energy conservation considerations. The agreement with experi-
mental data obtained with real sensors is good. The method is con-
ceptually simple and can be adapted to different configurations of
the sensors.

Index Terms—Fiber-optics sensors, surface plasmons.

I. INTRODUCTION

I N recent years, surface plasmon resonance in metallic layers
included in waveguide structures has been used as the phys-

ical principle for many different fiber-optics devices, including
couplers, polarizers, and sensors [1]–[9]. Although varied theo-
retical methods have been proposed for the study of such phe-
nomena [2], [10]–[15], the results are not always satisfactory,
due to different reasons, such as complexity in the calculations,
approximations not applicable in every case, and poor agree-
ment with experimental data.

The structure studied here (which is representative of the
aforementioned devices) is shown in Fig. 1. A monomode fiber
is polished and a metallic layer is deposited onto it. This kind
of structure has become common in many sensors because it
has been observed that its behavior is strongly dependent on
the refractive index of the surrounding medium [2], [8], [11],
[16]–[18].

Two main difficulties are present in the theoretical problem
of the propagation of light in these structures. First, the cylin-
drical symmetry of the fiber is not kept in the problem, due to
the presence of the deposited plane layer. Practically all of the
theoretical models that have been proposed for these structures
are based on modal decompositions, which are themselves a
major problem because the nonsymmetry of the devices makes
these decompositions approximate, even though they are exact
for simple structures [2], [10]–[12], [14], [17].

The other main complication is that, due to the presence of a
metallic layer, which is absorbent and, therefore, has a complex
refractive index, all of the calculations are to be made in the
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complex plane, which is complicated, especially when integral
equations are present, which occurs in the most sophisticated
models [14].

In this work, we propose a novel theoretical approach, based
on the determination of the propagated fields within the struc-
ture and in the calculation of the loss of the transmitted optical
power, which is the directly measured parameter from the en-
ergy balance between the different fields.

The main idea is to begin the calculation with an incident
field that corresponds to the evanescent wave propagating in the
polished cladding. This field is transferred to the metallic layer,
where, eventually, a surface plasmon can be excited for specific
values of the refractive index of the outer medium. Whenever
a surface plasmon is generated, the transfer of power from the
fiber to the metallic layer is critically increased and, therefore,
the optical power transmitted by the fiber is significantly de-
creased. We can determine the loss of optical power by com-
puting the energy associated to the plasmon.

II. CALCULATION OF THE PROPAGATED FIELDS

We will take as the incident field the one corresponding to the
evanescent wave calculated from the classical treatments of the
cylindrical waveguide [19]

(1)

where is the normalized radial coordinate ( , with
being the core radius), and are the refractive indexes of
cladding and core, is a normalization factor corresponding
to the total field transmitted in the fiber,
is the modal parameter of the cladding,
is the normalized frequency of the fiber ( is the vacuum
wavenumber of the incident light and is the propagation
constant in the direction), and is
the step-index factor.

This field corresponds to a fundamental mode polarized along
the axis of the monomode fiber. It is not included in the effect
of the perturbation due to the polishing of the cladding or the de-
position of the metal layer. In that sense, we must consider (1)
as approximate. The intensity distribution corresponding to (1)
as a function of the distance of propagation and the position
in the plane of the interface is shown in Fig. 2. This intensity
has been obtained from the values of the polished region of the
studied sensors. The dimensions of these regions can be deter-
mined directly by measuring the size of the elliptical section of
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Fig. 1. Scheme of the studied structure. A fiber is polished and a metallic layer is deposited onto it.

Fig. 2. Intensity distribution of the incident field, corresponding to the
evanescent field in the remaining part of the polished cladding, calculated in
the interface with the metal. Normalized intensity is encoded in gray levels.
Diameter of the fiber core is 9 �m, curvature radius of the fiber is 192 mm,
core refractive index is 1.44868, and cladding index is 1.44439. The minimum
distance between core and metallic layer (i.e., minimum thickness of the
remaining cladding) is 5 �m.

the polished cladding, where the fields are to be matched [20],
[21].

We are interested now in propagating this incident field to the
deposited metallic layer. To achieve this, we express the fields
in the different regions of the structure as Rayleigh expansions
[22]

(2)

Here, and are the vector Fourier amplitudes of the field
in the th medium ( , corresponding to cladding,
metallic layer, and outer medium, respectively), with the signs

denoting the fields propagating in the positive and negative
directions and and being the components of the wave vector

parallel to the interface, corresponding to the and coordi-
nates. The third component of the wave vector (corresponding
to the direction, perpendicular to the interface), which varies
in the different layers, can be related to and by

(3)

To calculate the propagated fields (relating the Fourier ampli-
tudes corresponding to the different regions) we must take into
account the condition of zero divergence of the fields

(4)

(5)

and the boundary conditions, which impose the continuity of the
tangential component of the fields in the interface. The obtained
relationships between the Fourier amplitudes of the field in ad-
jacent regions, expressed as vectors of six components, may be
expressed in a matrix form

(6)

for where the 3 3 submatrices are given
by [22] (7)–(10), shown at the bottom of the next page, for

, 2 and with and , where is the
thickness of the layer.

Finally, we impose that the field amplitude corresponding to
the field incoming to the layer from the outer medium is zero

(11)

By using these equations, we can determine the propagation of
the incident field to the different regions and, in particular, on the
upper side of the metallic layer, interface ,
which is where the long-range surface plasmon may be excited.
The short-range plasmon should not, in principle, be excited for
the values of the refractive indexes and thickness considered
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in our experiments, because the value of the effective index of
the mode guided by the fiber is far from the values of effective
indices of short-range plasmons, so we concentrate our study in
the long-range one.

The calculation procedure is as follows.

1) We numerically compute, using (1), the values of the nor-
malized incident field for a given set of initial parameters
of the structure (refractive indexes and thickness of the
core and the cladding that remains after polishing of the
fiber and the curvature of the fiber).

2) We Fourier-transform this field by a fast Fourier trans-
form (FFT) algorithm to obtain the Fourier amplitudes of
the incident field .

3) We use (6) to propagate the field and to determine the
values of the Fourier amplitudes of the field in the dif-
ferent regions, specifically on the metallic layer, and

.
4) We then obtain, again with (6), the Fourier amplitude of

the field in the outer medium, . Because we
impose .

5) Once we know the Fourier amplitudes, we use an inverse
FFT algorithm to determine the field corresponding to
the interface (2, 3), the upper side of the metallic layer.

6) We calculate the energy corresponding to the field dis-
tribution in that surface by averaging the modulus of the
field. Then, we subtract this value from the value of the
incident intensity. This is the way we can evaluate the at-
tenuation of the incident field, which is the main objective
of the calculation.

Fig. 3 shows an intensity distribution corresponding to a sur-
face plasmon generated on the upper side of the metallic layer.
A three-dimensional (3-D) view is shown in Fig. 4. This calcu-

lation has been performed for a gold layer of 21-nm thickness
( ) deposited onto a monomode optical fiber
with a curvature radius of 192 mm and refractive indexes of core
and cladding 1.448 68 and 1.444 39, respectively. As can be ob-
served, the field attenuation in the direction of propagation is
smaller than the attenuation in the transverse direction .

III. EXPERIMENTAL RESULTS

To check the validity of the presented model, we have com-
pared the obtained results with some experimental measures
performed by Alonso et al. [8], [20]. We will also show the per-
formance of this method with respect to other methods of the
literature.

Because the behavior of the devices depends on the refrac-
tive index of the outer medium, we can use our model intro-
ducing different input values for this parameter and computing
the energy associated to the field in the metallic layer and, sub-
sequently, the attenuation of the power transmitted by the fiber
by following the steps described in Section II.

In Fig. 5, we show the results for a structure with a gold layer
of 21 nm and a thickness of the remaining cladding of 5 m.
The continuous curve corresponds to the simulation performed
by applying our theoretical method and the circles to the ex-
perimental results. As can be seen, we can predict the point of
maximum energy in the layer, which of course corresponds to
the minimum transmission of optical power by the fiber. The as-
cending part of the curve is also a good adjustment of the exper-
imental values. For the descending part, the adjustment is not as
good, which is expected, because the mechanism responsible for
the losses of optical power cannot be identified as plasmon exci-
tation, because no plasmon can be excited below a given value

(7)

(8)

(9)

(10)



ESTEBAN et al.: SURFACE PLASMON EXCITATION IN FIBER-OPTICS SENSORS 451

Fig. 3. Intensity distribution (gray-level encoded, arbitrary units) of the field on the upper side of the metallic layer. A plasmon structure is clearly observed. The
result is obtained for the data of Fig. 2 and a hold layer 21-nm thick.

Fig. 4. 3-D view of the intensity distribution of Fig. 3.

of the outer refractive index [1], [8], [20], [23]. However, be-
cause the minimum transmission point and the linear increasing
region are correctly predicted, our method can be used as a basis
for designing devices of this kind that are to be used as sensors,
because, in that case, we must adjust the dynamic range of the
sensor to the expected values of the outer refractive index.

To compare the performance of our method with other
methods, we show the adjustment to the same experimental
values of two other theoretical approaches, namely, index
matching between modes of the guiding structures [1], [23],
[24], (Fig. 6), and perturbative theory [16] (Fig. 7). The
index-matching method predicts that the resonance (point of
minimum transmittance) appears for the value of the outer
refractive index that makes the effective propagation indexes

Fig. 5. Comparison between the prediction of the model (solid line) and
experimental values (circles) for the dependence of the transmitted power with
the refractive index of the outer medium. The data for the structure are those
of Figs. 2 and 3.

of the fiber and the mutilayer structures coincident. It can be
seen that this predicted value is higher than the one actually
occurring in the experiment. Our method permits a better
adjustment of the location of the resonance point. On the other
hand, the perturbative model, as can be seen in Fig. 7, does not
predict accurately the value of the intensity in the resonance,
which can be obtained with our technique. In this way, our
approach is better suited than the others for the prediction of
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Fig. 6. Prediction of the coupling between modes by the index-matching
method. The values of the effective indices for the modes of the structures
are represented as a function of the outer refractive index. The experimental
resonance point (for the values of Fig. 5) corresponds to a lower value (dashed
line) of the outer refractive index than the predicted one.

Fig. 7. Comparison between the experimental data (circles) of Fig. 5 and the
predictions of the perturbative model.

the behavior of this kind of device because it is needed in the
design of the optical fiber sensors based on them.

Fig. 8. Comparison between the prediction of the model (solid line) and
experimental values (circles) for the dependence of the transmitted power with
the refractive index of the outer medium for a thickness for the remaining
cladding of 9 �m.

Finally, we show, in Fig. 8, the results obtained with our
method for a different structure, with a gold layer of 21 nm
and a remaining cladding thickness of 9 m. As expected, the
losses are smaller in the second case because the bigger separa-
tion between the core of the fiber and the metallic layer makes
the evanescent field reaching the layer weaker. As can be seen,
our method permits a good adjustment in this case.

IV. CONCLUSION

We have presented a novel theoretical approach for the
problem of the propagation of fields in waveguide structures
consisting on a metallic layer deposited on a polished fiber,
showing how surface plasmons can be excited in the layer for
given values of the refractive index of the surrounding medium.
The algorithms involved are simple and can easily be imple-
mented in any mathematical software package; in our case, we
have used MATLAB (MathWorks, Inc., Natick, MA 01760-2098
USA). The procedure can, in principle, be adapted to a wide
range of situations, including different indexes and thickness
of any number of layers. The agreement with the experimental
results is remarkably good in the region of refractive indexes
where plasmons are excited and good enough to provide a tool
for the design of devices of this kind for different applications.
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