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Abstract: We present and numerically characterize a surface-plasmon-
resonance sensor based on an H-shaped optical fiber. In our design, the two
U-shaped grooves of the H-fiber are first coated with a thin gold layer and
then covered by a uniform titanium dioxide layer to facilitate spectral tuning
of the device. A finite element method analysis of the sensor indicates that
a refractive-index resolution of up to 5 ·103 nm/RIU can be obtained.
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1. Introduction

The resonant formation of surface plasmon waves traveling along the interface between a metal-
lic layer and a dielectric medium has been identified as a phenomenon sensitive to even the
smallest changes in the refractive index of the surrounding medium. Optical sensors have suc-
cessfully utilized this mechanism for accurate measurements of various physical, chemical
and biological parameters, finding their way into numerous commercial products in the past
decades [1].

Surface plasmon waves, or surface plasmon polaritons (SPP), are excitations on the metal-
dielectric interface caused by coupling of an electromagnetic field to the charge-density oscil-
lations on the metal surface. The surface plasmon sensors make use of the extreme sensitivity
of this coupling to the material properties at the metal surface. In the most common sensor
configurations, the plasmon waves are excited by evanescent fields present at total internal re-
flection on a prism surface [2,3]. This generally requires bulky components and restricts the use
of such devices to laboratory environment. The use of optical fibers instead of the prism has
opened the way towards applications of remote sensing based on surface plasmon resonance
(SPR), thus offering many advantages such as compact size and low cost. This has drawn a
lot of attention and many groups have studied both experimentally and theoretically various
optical-fiber-based sensor designs [4–6]. Two parameters are typically used to describe the per-
formance of the sensor: sensitivity and signal-to-noise ratio. It should, however, be stressed that
for detailed comparisons, the intended application of the sensor, and e.g., the spectral range and
the expected variation of the refractive index, should also be taken into account.

In the past years, the need to analyze ever smaller sample volumes has raised an interest in all-
in-fiber sensors that make use of modern microstructured optical fiber (MOF) [7–9]. This type
of fiber is typically characterized by a solid or hollow core surrounded by a microstructured
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Fig. 1. Cross section of the H-shaped fiber sensor.

cladding which consists of an array of air holes running along the length of the fiber [10].
In closed-form all-in-fiber sensors these micrometer-sized pores are intended to be infiltrated
by the analyte [11]. However, despite recent progress, coating the walls of the holes with a
thin metal layer still remains a challenge [12]. Furthermore, the response time determined by
the filling of the microstructure holes through capillary action and diffusion is typically slow,
making online sensing difficult. More feasible are open-structured MOF sensors in which the
grooves can easily be coated with metal and where the analyte is in unobstructed contact with
the metal surface [13–15]. These combine the sensing advantages of microstructured optical
fibers with those of ordinary metal coated optical fibers with, e.g., D-shaped, tapered cross-
section or tilted grating [16–18].

In this work, we propose an open-structured SPR fiber sensor design and present a com-
prehensive numerical characterization based on the finite element method (FEM). The basic
fiber geometry follows the structure of an H-shaped optical fiber, similar to the one that has
previously been incorporated in an optical refractometer [19]. The potential for SPR sensor op-
eration in the O-band near the 1.3-micron wavelength has recently been explored in a theoretical
study [20]. Here, we further develop the fiber geometry for improved sensing performance and
highest coupling efficiency to standard a single mode fiber. In particular, this has motivated us
to select a circular core with a low doping level for the fiber. Coating the grooves with two
layers, a metallic and a uniform high-index dielectric layer, we show that SPPs can resonantly
be excited and that they can extend into the openings filled with the analyte. We investigate
the influence of the key parameters of the design on the overall performance of the sensor.
Our aim is to tailor the device characteristics for aqueous analyte sensing within the C-band,
near 1550 nm, taking advantage of the low transmission losses, commercially available light
sources, and standard fiber components. We find for this experimentally feasible sensor design
a sensitivity, which is to our knowledge among the highest reported for fiber sensors within the
specified wavelength and refractive index range, see e.g. [6, 16, 18].

2. Sensor structure and modeling

A schematic drawing of the proposed sensor’s fiber cross section is shown in Fig. 1. The basic
structure of the sensor forms an H-shaped fiber, produced by chemical etching of an original
side-hole silica fiber [19]. The physical dimensions are matched to those of widely used sin-
gle mode fibers, such as Corning SMF-28, having a circular up-doped core with a diameter
of 8.2 μm and a pure silica cladding of 125 μm. This efficiently minimizes the splicing and
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coupling losses inherent to many other fiber sensors. The width of the grooves is set to 20 μm,
resulting from the optimized trade-off between the mechanical stability of the fiber, good acces-
sibility for metal deposition and a rapid filling with the analyte (refractive index na), necessary
for real-time remote sensing.

The open structure of the H-shaped fiber particularly facilitates the coating of the inner walls
as standard, well established techniques can be used. Here we consider to cover the U-shaped
grooves with two layers: a thin metal layer, which supports the SPPs, and a dielectric layer
on top, which is required for spectral tuning and protection of the metal layer. We select gold
for the metal layer as it is chemically stable and offers exceptional plasmonic properties. Ap-
plying the gold layer, for instance, by thermal evaporation [21] we can expect to achieve a
non-uniform metal thickness inside the groove with its maximum closest to the core as illus-
trated in Fig. 1. Onto the complete surface of the U-shaped grooves a uniform dielectric layer
of titanium dioxide (TiO2) is then added, which is most beneficial for spectral tuning thanks to
its particularly high refractive index. In order to improve the adhesion of the gold layer to the
pure silica grooves we suggest to also add a thin (≤ 5 nm) TiO2 layer between the bare grooves
and the gold coating. Although the adhesion is not as strong as with the typically used Cr or Ti
coatings [22], SPP excitation is unlike by these common coatings not suppressed by TiO2 [23].
In fact, the TiO2 adhesion layer further contributes to the spectral tuning of the SPR wave-
length and is thus treated in the calculations as part of the outer TiO2 tuning layer to reduce
computation time.

Surface plasmon polaritons are excited when the propagation constant along the fiber axis of
the core mode and the one of the plasmonic mode match each other. Through the coupling to the
plasmonic mode the guided light inside the core becomes highly sensitive to the environment
of the fiber, i.e. the refractive index of the analyte. In order to find the coupling condition it is
generally necessary to describe the mode propagation inside the core by a complex wavenumber

k = β− j
1
2
α, (1)

where α is the attenuation constant and β the propagation constant expressed by

α = 2k0 Im {neff} ,and (2)

β = Re {neff} k0. (3)

Here, neff is the effective refractive index of the mode and k0 the vacuum wavenumber. The
decay of the light power P along the fiber axis is then given by

P(z) = P0 exp(−αz), (4)

where z is the propagation distance and P0 is the initial power at z = 0. Once the mode prop-
agation is calculated both for the core and the plasmonic mode, the phase matching condition
is identified as requirement of equality between their wavevectors kcore = kspp. The wavevector
of the SPP mode can be approximated by

kspp ≈ ωc
(
εmεd
εm+εd

)1/2
(5)

with ω and c describing the angular frequency and the speed of the light, respectively. The
parameters εm and εd are the dielectric constant of the metal and of the surrounding dielectric
media. Please note, that in our case εd represents an average value determined by the TiO2

layer, the cladding and the aqueous analyte and can be expressed by a weighted integral of the
ε profile over the mode area, analogous to Eq. (5.47) in [24] for standard optical fibers.
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From Eq. (5) we find that the resonance wavelength can freely be tuned by adjusting the
metal and dielectric coatings, or conversely, the refractive index of the aqueous analyte can be
precisely determined for a given layer structure.

Many computational approaches have been used to find the resonant condition for the prop-
agation constant. In most studies the optical fiber is simplified to a one- or two-dimensional
layer structure in order to reduce the computation time. Here, we select a full-vectorial FEM
analysis to study the light propagation inside the fiber structure. Compared for instance to the
transfer matrix formalism, where only a small portion of the fiber is considered and the struc-
ture is reduced to a parallel multilayer system [4,20], the FEM approach allows us to retain the
exact cross-sectional structure of the fiber.

First, the refractive indices of the fused silica cladding and the GeO2 doped silica core are
calculated using the Sellmeier equations. The refractive index of the gold layer as a function
of wavelength was extracted by linear interpolation from tabulated values [25], whereas for the
TiO2 layer and the aqueous analyte, here represented by water, constant values of 2.65 and 1.32,
respectively, were used.

The geometry of the fiber cross section, with reflection symmetry along the x-axis, favors
one of the light polarization states in contributing to the SPP excitation over the other. Only
light guided inside the fiber with an electric field vector lying in the y-z -plane perpendicular to
the metal-dielectric interface can efficiently induce SPP waves. Consequently, we can simplify
our 2D computational model without loss of accuracy to one half of the original structure and
introduce an artificial boundary condition (perfect electric conductor) along the x-axis crossing
the core. Moreover, we can speed up the simulation for intermediate results by considering only
the geometry inside a 20 μm radius from the fiber center. The highest accuracy results presented
here include the complete cladding radius. Furthermore, we smoothly terminated sharp edges
of the metal layer in order to avoid any artificial effects caused by local field enhancement.

Taking these parameters and geometrical conditions into account, we modeled the light prop-
agation using a FEM eigenmode solver [26] for perpendicular hybrid-mode waves to determine
the wavelength dependent mode profiles and propagation constants.

3. Results

As an example, we show in Fig. 2(a) the calculated effective index values of the core and plas-
monic modes as a function of wavelength together with the core mode loss in the vicinity of
the SPR. The data are based on optimized sensor parameters, represented by 4 mole% GeO2

doping of the core, 9 μm distance from the core edge to the groove bottom, 30 nm and 71 nm
thicknesses for the gold and dielectric layer, respectively, and considering a constant refractive
index na = 1.32 for the analyte. The maximum of the fiber core mode loss coincides with the
avoided crossing of the two effective indices at ≈1540 nm. Two distributions showing the longi-
tudinal power flow through a plane perpendicular to the optical axis are compared in Fig. 2(b):
one at off-resonance (position 1 in Fig. 2(a)) and the other at resonance (position 2 in Fig. 2(a)).
The sections correspond to the inset in Fig. 1. While the off-resonance mode profile is strongly
confined within the core, coupling between the waveguide and plasmonic modes is observed at
resonance. In the latter case, SPP waves are induced at the metal-dielectric interface by transfer
of energy between the modes, causing a drastic increase of the core mode loss at resonance. For
better illustration, we present in Fig. 2(c) the change in the longitudinal flow of power along
the dashed line marked in Fig. 2(b).

The propagation constants of both the core and the plasmonic modes are highly sensitive to
the sensor properties. Here, we compare the influence of four key parameters on the sensitivity
and spectral response of the sensor: thickness of the metal and dielectric layers, core doping
level, and distance between the core edge and the groove. We keep three of the parameters
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Fig. 2. (a) Real parts of the effective indices of the fundamental core and plasmonic modes
(RIU - Refractive index unit) and the fundamental core mode loss (red) as a function
of wavelength. (b) Distribution of the longitudinal component of the fundamental mode
Poynting vector in the plane perpendicular to the optical axis. (c) Numerical values of the
Poynting vector along the dashed line in (b).

fixed while varying the fourth. The resulting fundamental core mode loss curves are shown in
Fig. 3, with the sensor design of Fig. 2 represented by the thick (online: red) line.

First, we analyze the influence of the gold layer thickness m on the SPP excitation. From the
data presented in Fig. 3(a) we find that with an increase in m the resonance shifts towards longer
wavelengths and the resonance broadens. On the other hand, decreasing the layer thickness is,
in practice, limited by the surface roughness of the metal layer, which ultimately determines
the maximum achievable sharpness of the resonance peak. Spectral tuning of the resonance is
most efficiently realized by varying the TiO2 layer thickness d. As illustrated in Fig. 3(b) the
resonance wavelength experiences a similar but more sensitive dependence on d, while the res-
onance width remains nearly constant throughout the selected tuning range. In the next step we
investigate the influence of the fiber material and geometry on the sensor performance. High
GeO2 core doping levels significantly shift the resonance position towards smaller wavelength
and result in a flattening of the resonance curve (Fig. 3(c)). While the shift of the wavelength
can be readily understood from the phase matching condition due to the change of the core
refractive index, peak broadening and the reduced losses are explained by the stronger light
confinement inside the core, resulting in weaker SPP excitation. Lowering the GeO2 core dop-
ing level even further will reduce the numerical aperture (NA) of the fiber so that mode field
matching with a standard single mode fiber will become less efficient. A reduced coupling
strength to the plasmonic mode can partly be compensated for by increasing the depth of each
groove, as shown in Fig. 3(d). However, deminishing the distance l between the core and the
groove will also raise the overall loss and decrease the signal-to-noise ratio (SNR). In the oppo-
site case, increasing l, the off-resonance loss level can indeed be reduced significantly but the
overall signal strength will also become weaker.

For an estimate of the refractive index resolution of the sensor at optimized design param-
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Fig. 3. Fundamental core mode loss spectra for different (a) metal and (b) dielectric layer
thicknesses, m and d respectively, (c) core doping levels and (d) distances l between the
core edge and the groove bottom.

eters (Fig. 2), we compute the fundamental core mode losses for different analyte refractive
indices. Examples of the resulting curves are plotted in Fig. 4(a). From the shift in the reso-
nance wavelength Δλ induced by a change of the refractive index Δna we extract the sensitivity
of the fiber sensor as

S =
Δλ

Δna
. (6)

Considering only aqueous analytes, i.e. na ≥ 1.32, we calculate the sensitivity between different
values of na with a resonance wavelength either inside (solid circles) or outside (open circle)
the specified spectral range of the sensor. We find for the values plotted in Fig. 4(b) a nonlinear
response for the sensor. This response of the sensor is in good agreement with experimental
measurements of [27, 28], where fiber sensors with asymmetric metal coatings were studied.

Typically, fiber sensors show the highest sensitivity to changes in the surrounding media at
low NA, when the difference between the core and cladding indices is small. By varying the
core doping level we determine for the fundamental mode the wavelength shift for a change
in the analyte refractive index from 1.32 to 1.33. The results, representing the average sensi-
tivity within the selected refractive index range, are presented in Fig. 5. These results show an
expected increase in sensitivity at lower values of NA, reaching the highest resolution of up to
5 ·103 nm/RIU at the lowest doping level (4 mole%) considered in the computation. An even
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from 1.32 to 1.33 calculated for different core doping levels (fundamental core mode).

higher sensitivity can in principle be achieved by further decreasing the core doping level but
at the same time this would, as mentioned above, also decrease the coupling efficiency to a
standard single mode fiber. Note also that single mode operation is quickly lost when the NA
increases and higher order core modes start to participate in the SPP excitation, which happens
at core doping levels above ≥ 5 mole%. This will lead to a significant change in the spectral
response.

4. Conclusion

We have presented the design and the comprehensive numerical study of an H-shaped optical
fiber based SPR sensor for remote real-time sensing of smallest quantities of aqueous analytes.
The main design characteristics are the two U-shaped grooves coated by a metal-dielectric
double-layer for best analyte sensitivity within the optical C-band together with a circular core
to guide the light through the fiber. The analysis has utilized the full-vectorial FEM method in
order to take into account the details of the cross-sectional multilayer structure and to identify
the key parameters influencing the performance of the sensor.

Considering the actual coating profiles of the grooves, we find the thinnest feasible gold

#146333 - $15.00 USD Received 21 Apr 2011; revised 16 Jun 2011; accepted 17 Jun 2011; published 7 Jul 2011
(C) 2011 OSA 18 July 2011 / Vol. 19,  No. 15 / OPTICS EXPRESS  13987



layer to be the most beneficial to reach a high signal-to-noise ratio, whereas the thickness of
the protecting TiO2 layer on top of the metal layer is chosen to have a value that tunes the
sensor operation to the required SPR resonance wavelength range. Off-resonance losses can
significantly be suppressed by decreasing the depth of the grooves, but only at the expense of the
overall signal amplitude. This leaves only a narrow window between about 7 μm and 9 μm for
the optimal choice of the core-groove distance in the fiber design. Another important parameter,
the core doping level, has been found to be crucial for two aspects of sensor operation: the
signal-to-noise ratio and the sensitivity of the device. We demonstrate numerically that both
characteristics are drastically improved for low core doping levels. With single mode operation
in the vicinity of 1550 nm and aiming at aqueous analyte sensing, the fiber sensor can achieve
the highest sensitivity of up to 5 ·103 nm/RIU for a core doping level of 4 mole%. This is to the
best of our knowledge among the highest sensitivities reached by fiber-based aqueous analyte
sensing within the C-band.

Particular emphasize was put on the optimization of the fiber design characteristics for the
best practical compatibility with standard fiber components. Among those, the fiber’s cladding
and core sizes were matched to those of the standard single mode fiber, and the circular core
with 4 mole% doping level will allow for lossless splicing and efficient coupling. The groove
width was selected to provide a high stability of the fiber structure while ensuring at the same
time rapid filling of the grooves with the analyte.

We believe that with the presented sensor design we have opened the way towards remote
real-time sensing of the smallest liquid analyte samples in a practical and feasible form.
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