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Abstract
In this paper, an optical absorption based fiber optic surface plasmon resonance (SPR) sensor has been studied theoretically. The theoretical
treatment is based on Kretschmann's SPR theory and the Lorentz model that expresses a damped harmonic oscillator is included in the
treatment for optical absorption in the sensing layer. The optical source considered is an un-polarized collimated beam. The light is coupled
to the fiber using a micro scope obj ective that focuses the beam at the center of the input face of the fiber. The effects of the parameters related
to the sensing region, the light source and the optical fiber on the sensitivity and the operating range of the SPR sensor have been studied
with the help of numerical calculations and computer simulations. It has been found that the excitation frequency in absorption-based
fiber optic SPR sensor is an important parameter. The sensitivity is better for the lower off-resonance excitation frequency. The sensitivity
and the operating range of the sensor are better for large value of the core diameter. The optimization of numerical aperture of the fiber,
film thickness and the length of the sensing region is required to achieve the maximum sensitivity. Further, the increase in the extinction
coefficient of the sample increases the sensitivity of the sensor while the decrease in the width of its absorption spectrum increases the
sensitivity. The sensitivity and the operating range of the sensor are better for small values of the refractive index of the absorbing sample.
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1. Introduction
In 1983, Liedberg et al. [1] were the first to point out that
the phenomenon of optical excitation of surface plasmons is
very useful for optical sensing. Since then, there have been
several studies and developments in the field of surface plasmon resonance (SPR) sensors. SPR is a surface-sensitive analytical method for chemical and biochemical sensing [2-6]
that is based on measuring changes in the refractive index
on the noble metal surface. A unique feature of SPR sensors
is a strong localization of the electromagnetic field of the
surface plasmon. Therefore, it is possible to achieve a very
high concentration of this field in the sensing medium and
to reach extremely high sensitivity.
In the early years after the release of SPR phenomenon
by Kretschmann [7-9], few attempts were made to develop
the SPR sensor based on the optical absorption effect. But

these were with very limited improvement because the concerned practical theory described in terms of the relation
between the reflectance and the incident angle (SPR curve)
did not exist. Recently, Kurihara and Suzuki [10] and Kurihara et al. [11] presented a general and practical theory of
optical absorption-based SPR sensors. In their work, they
used the Kretschmann's SPR theory and the optical absorption in the sensing layer was included by the Lorentz model
that expresses a damped harmonic oscillator.
The optical absorption effect stands for the change in
both imaginary as well as real part of the refractive index
of the sensing layer. In the conventional SPR sensor the
change in the real part of the refractive index of the sensing layer is measured from the SPR curves. The absorption
based SPR sensor makes use of changes in imaginary part
of the refractive index of the sensing layer for chemical and
biochemical sensing. The labeling based on the optical absorption using absorption materials such as dye molecules
is more useful for preparing high sensitivity SPR sensor.
In the absorption-based labeling, the amplification of surface plasmon waves (SPW) can be controlled by the concentration of absorption materials. In their work, Kurihara
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and Suzuki [10] described the theoretical background of the
absorption-based SPR for future development of chemical
and biochemical sensors. A three layer Fresnel equation relating p-polarization in which the sensing system consisting
of a prism-metal-absorbing sensing layer was considered.
The SPR curves were obtained as a function of frequency of
light source and the thickness of the metal film on the prism
base. The theory of the optical absorption-based SPR sensor
was explained by the simulation of the SPR curves using optical parameters related to a silver-metal-based SPR sensor.
The prism based SPR sensors are bulky, require expensive
optical equipments and remote sensing is difficult. These
shortcomings of prism based SPR sensor were removed by
replacing prism by an optical fiber [12-15]. Optical fibers
offer many other advantages also. They are perceived as
being safer for in vivo use since the signal is optical and there
is no electromagnetic interference. Since optical fibers avoid
cross-talk, a small, compact, multi-sensing SPR fiber probe
is possible. In this paper we present an optical absorption
based fiber optic SPR sensor. The theoretical approach is
similar to that of Kurihara and Suzuki [10]. The optical
source considered is an un-polarized collimated beam and
the light is coupled to the fiber using a microscope objective
focusing the beam at the center of the input face of the
fiber. The effects of the parameters related to the sensing
region, the light source and the optical fiber on the sensitivity
and the operating range of the sensor have been studied
theoretically with the help of numerical calculations and
computer simulations.
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2. Theory

where prism, metal layer and sensing layer are denoted by
p, m and s letters, respectively; r p m and r m s are the amplitude reflectances given by Fresnel formulae for prism-metal
and metal-sensing layer interfaces, respectively; εj is the dielectric constant of the mediumj; kjz the wave vector component perpendicular to the interface in medium j; kx the
component of the wave vector parallel to the interface; d the
thickness of the metallic film; ω the angular frequency of
the incident light and c is the velocity of light. The dielectric
constant of the prism layer is given by

2.1. Background

ε p = «p

We consider three-layer Fresnel equations for p- and
s-polarization in which the sensing system consists of
a prism-metal-sensing layer (Fig. 1). When the p- or
s-polarized light is incident at an angle θ, the reflectance
R of the light is given by the following three-layer Fresnel
equations as follows:
R=

rpm + rms exp(2ikmzd)
r
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where np is the refractive index of the prism material. Using
Drude model, the dielectric constant of the metal layer is
given as
co2
P
εm = ε
,
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where ω is the frequency of incident light; ωp the plasma
frequency; ωd the damping frequency and s1^ is the background dielectric constant at infinite frequency.
If N represents the number of absorption oscillators per
unit volume then the dielectric constant of the sensing layer
is given by the Lorentz model as
m
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Fig. 1. Kreschmann configuration of a prism-metal-sensing layer interface. The glass prism, the metallic film, and the sensing layer are labeled
p, m, and s, respectively. θ is the incident angle, and d is the thickness
of the metallic film.
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and
N = 10 3 N A C

(13)

where C is the molar concentration of absorption oscillators;
NA the Avagadro's number; e^° the background dielectric
constant of the sensing layer;fis the oscillator strength and
is a function of molar extinction coefficient; λmax and λλmax
are the absorption maximum wavelength and the full width
at half-maximum of absorption spectrum of the sensing layer
sample, respectively; ω0 is the absorption frequency; ε0 the
permittivity of vacuum; e the elementary charge and me is
the electron mass. In order to obtain separately the real and
imaginary parts of the refractive index of the sensing layer,
we take the case when
(14)
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Fig. 2. Illustration of the SPR fiber optic sensor.
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According to Krestchmann's theory [15], Eq. (1) for
p-polarization can be transformed to
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where kmp is the complex wave-vector of surface plasmon
waves generated under the Kretschmann ATR condition; k0p
is the complex wave-vector of the SPW at the metal-sensing
layer interface in the absence of the prism; kRpis the perturbation to k0p in the presence of the prism. The imaginary
parts of the k0p and KRP are the intrinsic and radiative damping, respectively. The former represents the Joule loss in the
metal and the latter represents the leakage loss of the SPW
back into the prism. For s-polarization, the expression for
reflectance Rs is given by
Rs = A 1 -
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Fig. 3. Numerical simulations of transmitted power as a function of
concentration of absorbing sample for optical absorption-based fiber optic
SPR sensor for different values of frequency ω. (a) ω = ω0 — 0.75γ, (b)
co = (Do — 0.5y, (c) co = COQ — 0.25y, (d) co = COQ, (e) co = COQ + 0.25y
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and (f) ω = Ω0 + 0.5γ.
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Fig. 4. Numerical simulations of transmitted power as a function of
concentration of absorbing sample for optical absorption-based fiber optic
SPR sensor for different numerical apertures of the fiber. (a) ω = Ω0 and
(b) ω <
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Both Rs (reflectance for s-polarization) and Rp (reflectance
for p-polarization) contain kx term in their respective expressions. Therefore, these reflectance are functions of the
incident angle θ as kx is a function of incident angle. In order to obtain the reflectance R for the un-polarized light, we
simply take the mean of Rp and Rs [16], that is
R=

(30)

2.2. Principle of the fiber optic SPR sensor
The optical absorption by the surface plasmon wave
at the metal-sensing layer interface around the core of
an optical fiber transmitting the light is the basis of the
absorption-based fiber optic SPR sensor. Here the prism
used in basic theory is replaced by the core of a plastic
cladded optical fiber. The cladding around the core is re-
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Fig. 5. Numerical simulations of transmitted power as a function of
concentration of absorbing sample for optical absorption-based fiber optic
SPR sensor for different values of the fiber core diameter (in [xm). (a)
co = ω0 and (b) ω < Ω0.

moved from the middle portion of the fiber and is coated
with a metal layer which is then surrounded by an absorbing fluid (Fig. 2). The light is launched into one of the ends
of the fiber and is detected at the other end. The presence of
the fluid and its concentration are determined by observing
the change in the transmitted power. The normalized power
transmitted depends on the extent of the optical absorption.
In a fiber optic sensor, light is generally launched into a
multimode fiber from a collimated source using a lens (microscope objective). The lens is used to focus the beam onto
the fiber-end face at the axial point. The numerical aperture
(NA) of the lens is larger than that of the fiber so that all
the bound rays can be excited in the fiber. The power, dP,
arriving at the fiber-end face between the angles θ0 and
θ0 + dθ0 is proportional to (tanθ0/cos2 Θ0) dθ0, where Θ0 is
the angle of the ray from the axis for the ray outside the
fiber. Using Snell's law and θ = 90° - θi, where θi is the
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Fig. 6. Numerical simulations of transmitted power as a function of
concentration of absorbing sample for optical absorption-based fiber optic
SPR sensor for different values of film thickness (in nm). (a) ω = ω0
and (b) ω < ω0.

angle of the same ray from the axis of the fiber but inside
the core, we can write [17]
dP a
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In order to determine the effective transmitted power, the reflectance for a single reflection is raised to the power of the
number of reflections the specific propagating angle undergoes with the sensor interface. Therefore, foranun-polarized
collimated light source, the generalized expression for the
normalized transmitted power, Ptrans, m an optical absorp-
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Fig. 7. Numerical simulations of transmitted power as a function of
concentration of absorbing sample for optical absorption-based fiber optic
SPR sensor for different lengths (in mm)of the SPR probe. (a) ω = ω0
and (b) ω < ω0.

tion based fiber optic SPR sensor is
R

JZ
"trans = ^

P
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Further the number of reflections, AW, in the fiber sensor
area is a function of the mode propagation angle, θ, core
diameter, D, and the length of the sensing area, L. This
relationship is given by
AW = — =

0.02

π 2

/ RsNref(θ)(n21 sinθ cos θ/(1 - n21cos2θ)2)dθ

l\n\ sine cos θ/(1 - « 2 cos 2 0) 2 )de
(33)
where
1

θcr = sin" n —

(34)

is the critical angle of the fiber whereas ncl and n1 are
the refractive indices of the cladding and core, respectively.
Here we have neglected the polarization effect of different
launched rays because in the SPR sensors the sensitive area
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3. Results and discussion

0.75

To obtain the theoretical results, the optical parameters
of Ag for the metal layer were used. For Ag the values of
16
the parameters are e™ = 2.48, ωp = 1.35 x 10 rad/s,
13
and ωd = 7.62 x 10 rad/s. Further, the refractive index
of the material of the fiber core has been taken as 1.48.
The values of the other parameters used for calculations
are: c = 2.998 x 108m/s, e = 1.602 x 10" 1 9 C, me =
9.109x 10" 3 1 kgandN A = 6.02 x 10 23 mol" 1 . Fig. 3 shows
the numerical simulations of transmitted power as a function of the molar concentration of the absorbing sample.
The results have been plotted for different values of ω. The
parameters used for these calculations are: D = 400
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0.35

NA = 0.3, L = 10 mm, d = 30 nm, nf = 1.341, f = 1.0,
λ m a x = 600 nm and λλmax = 100 nm. It can be seen from
the figure that as the concentration increases the transmitted
power received at the other end of the fiber decreases. The
decrement depends on the relation between excitation frequency, ω, and the absorption frequency, ω0. For ω < ω0
the sensitivity is more as compared to ω = ω0 case. The
sensitivity decreases for ω > ω0 case. This result is different from the prism-metal surface-sensing layer combination. This is due to the fact that in the fiber all the guided
rays have been launched and the results in Fig. 3 are due to
all the angles. This suggests that for absorption based fiber
optic SPR sensor one should choose ω < ω0. Therefore to
see the effect of fiber parameters, launching conditions and
the probe geometry on the sensitivity of the sensor we shall
consider only following two cases: ω = ω0 and ω < ω0.
3.1. Fiber parameters

0.01

0.02

0.03

0.04

is generally far from the input end of the optical fiber [18].
It is well known that the SPR phenomenon does not occur
when the incident beam has a s-polarization. In Eq. (33),
the second term corresponds to the normalized transmitted
power for the s-polarized light when the absorption of light
by the sensing layer is taken into account. However it is observed that in the presence of absorbing sensing layer the
value of the second term is approximately equal to 0.68.
This shows that the effect of absorption on the absorption
based SPR phenomenon corresponding to s-polarization is
constant. Thus Eq. (33) can be written as

Fig. 4(a) and (b) shows the effect of the numerical aperture of the fiber on the response characteristics of the sensor
for ω = ω0 and ω < ω0, respectively. The numerical aperture is varied from 0.15 to 0.40. The other parameters remain
same as in Fig. 3. It may be noted that the sensitivity of the
sensor depends on the numerical aperture of the fiber in both
the cases. It first increases then after attaining a maximum
value it decreases. For the present case, the maximum occurs
for the numerical aperture in the range 0.25-0.30. We have
also studied the effect of fiber core diameter on the sensitivity of the SPR sensor. The simulation results are plotted
in Fig. 5(a) and (b) for ω = ω0 and ω < ω0, respectively.
The numerical aperture of the fiber was chosen as 0.30. For
small core diameter fiber, the operating range of the sensor is small. The response curve starts saturating after C =
0.04 M concentration. For large value of core diameter the
sensitivity and the operating range of the sensor are better.

Ptrans

3.2. Probe parameters

Concentration (M)

(b)

Fig. 8. Numerical simulations of transmitted power as a function of
concentration of absorbing sample for optical absorption-based fiber optic
SPR sensor for different values of the oscillator strength. (a) ω = Ω0 and
(b) ω < Ω0.
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Metal film thickness and the length of the probe are
the two important parameters of the SPR probe. Fig. 6(a)
and (b) shows the effect of film thickness on the response
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Fig. 9. Numerical simulations of transmitted power as a function of
concentration of absorbing sample for optical absorption-based fiber optic
SPR sensor for different widths (in nm) of the absorption spectrum of
the oscillator. (a) ω = Ω0 and (b) ω < Ω0.

curve of the sensor for ω = ω0 and ω < ω0, respectively.
The results have been plotted for the fiber core diameter
equal to 400 (xm. The film thickness is varied from 20 to
70 nm. It can be seen from the figures that the sensitivity is
poor for large film thickness. For small thickness the sensitivity is high in the beginning but decreases after certain
concentration thereby decreasing the operating range of the
sensor. The best results are obtained for about 30-40 nm film
thickness. The length of the probe also affects the sensitivity
of the sensor. The sensitivity and the range of the sensor are
optimum for L = 10 mm (Fig. 7(a) and (b)). Taking large
length of the probe is not advantageous.
3.3. Sensing layer
Although Kurihara et al. [10] kept the value of oscillator
strengthffixed at 1.0, we have tried to see the effect of ex-

(b)

700

0.65

0.35
0.01

650
— • 600

0.7

ISUE.

75

5
o
mitted

135
120 .
105

•

—•

750

\

•

r 550

buu
0.01

—
0.02

0.03

0.04

0.05

0.06

Concentration (M)

Fig. 10. Numerical simulations of transmitted power as a function of
concentration of absorbing sample for optical absorption-based fiber optic
SPR sensor for different absorption maximum wavelength (in nm) of the
sample. (a) ω = Ω0 and (b) ω < Ω0.

tinction coefficient of the sensing layer by varying f from
0.1 to 1.0. The value offwas varied keeping other parameters constant. Fig. 8(a) and (b) show the effect offon the
response curves of the SPR sensor for ω = ω0 and ω < ω0,
respectively. It may be noted that, for a given concentration of the absorbing oscillators, an increase in the value of
/ increases the sensitivity of the sensor both the values of
excitation frequency. However, the increase is more in the
case of ω = ω0 — γ/2. The sensitivity also increases with
the decrease in the width of the absorption spectrum of the
absorbing oscillator. This is shown in Fig. 9(a) and (b) for
the value of λλmax in the range of 60-135 nm. We have also
studied the effect of λmax on the response curves. The sensitivity is maximum around λλmax = 650 nm in the cases
co = ω0 and ω = ω0 - γ/2. It is more pronounced in the
second case (see Fig. 10(a) and (b)). Finally, the effect of
refractive index (n^°) of the sensing layer on the sensitivity
of the sensor was studied. Fig. 1 1(a) and (b) show the effect
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the sensor. The sensitivity and the operating range of
the sensor are better for large value of the core diameter. Hence a highly multimoded optical fiber is recommended.
(iii) The sensitivity of the sensor also depends on probe
parameters such as metallic film thickness and its length
along the fiber. The film thickness around 30 run and
length about 1 cm give best results.
(iv) The increase in the extinction coefficient of the sample
increases the sensitivity of the sensor while the decrease
in the width of its absorption spectrum increases the
sensitivity. The sensitivity and the operating range of
the sensor are better for small values of the refractive
index of the absorbing sample.
0.35
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0.06
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(a)

In summary, a new theoretical model has been presented
that combines the sensitivity of absorption-based SPR with
optical fiber technology. The fiber optic SPR probes based
on our consideration will likely be developed for applications in analytical chemistry and biochemical and biomedical sensing because there may be a large number of analytes
that may be sensed with the above concluded criteria.
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of n^° on the response curves. It can be seen that the sensitivity and the operating range of the SPR sensor is greater
for small values of nf°.

4. Conclusions
On the basis of these results following conclusions can
be drawn:
(i) The excitation frequency in absorption-based fiber optic SPR sensor is an important parameter. A lower
off-resonance excitation (ω = ω0 — γ/2) is recommended.
(ii) The fiber parameters affect the sensitivity of the sensor. There is an optimum range (0.25-0.30) of numerical aperture of the fiber for maximum sensitivity of
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