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Abstract: We propose a novel surface-plasmon-resonance sensor design
based on coating the holes of a three-hole microstructured optical fiber with
a low-index dielectric layer on top of which a gold layer is deposited. The
use of all three fiber holes and their relatively large size should facilitate
the fabrication of the inclusions and the infiltration of the analyte. Our
numerical results indicate that the optical loss of the Gaussian guided mode
can be made very small by tuning the thickness of the dielectric layer and
that the refractive-index resolution for aqueous analytes is 1×10−4.
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1. Introduction

Quite recently, Sazio et al. [1] demonstrated that high-pressure chemical deposition techniques
can be used to uniformly coat the hole surfaces of a microstructured optical fiber (MOF) with
a variety of materials, e.g., with gold. Later on, the excitation of plasmon resonances in MOFs
with coated metal inclusions have actively been studied using both experimental [2, 3] and
numerical [4, 5, 6, 7] methods. The resonance wavelength of the plasmon excitation strongly
depends on the dielectric function of the material in contact with the metal. Owing to this char-
acteristic, compact fiber-optic surface-plasmon-resonance (SPR) sensors for liquid substances
can be constructed by infiltrating the analyte into the metal-coated holes of the MOF. The
refractive index of the analyte can then be retrieved either by measuring the transmission spec-
trum or by monitoring the transmitted power at certain wavelength. So far, numerical analyses
of such MOF-integrated SPR sensors based on both index-guiding [5, 6] and bandgap-guiding
[7] fibers have been reported. In these proposed designs, however, selective coating and filling
of the fiber holes are required.

In this paper, we propose a novel SPR sensor design based on coating the inner surfaces of
a three-hole MOF with a dielectric layer on top of which a gold layer is deposited. The use of
all three fiber holes along with their notably large size should facilitate the fabrication of the
inclusions and the infiltration of the analyte. The low-index dielectric is sandwiched between
the original MOF and a thin layer of gold to control the overlap between the fundamental core
mode and the gold coating. We investigate numerically the excitation of plasmon resonances
in the proposed sensor fiber. Three-hole MOFs, also termed suspended-core fibers, have previ-
ously been applied mainly in evanescent-wave sensing [8, 9] but also in dispersion management
[10] and in the construction of a fiber Bragg grating refractometer [11].

This paper is organized as follows. In Section 2, we detail the proposed design and the nu-
merical modeling procedure. The dependence of the plasmon-resonance loss spectrum on the
essential design parameters is characterized in Section 3. The paper is summarized and con-
cluded with a discussion in Section 4.

2. Sensor design and numerical modeling

We start by considering a three-hole MOF, such as the one shown in Fig. 1(a). For sensor oper-
ation, the hole surfaces are first uniformly coated with an auxiliary dielectric layer of thickness
s. The layer is assumed to have a lower refractive index than that of the original MOF to provide
mode confinement. Then, on top of this auxiliary layer, a gold layer of thickness d is deposited.
The cross section of the resulting structure is schematically depicted in Fig. 1(b). The center of
curvature dictating the core shape [point P in Fig. 1(b)] is taken to shape the coated layers as
well [1]. Lastly, the fiber holes are assumed to be filled with an aqueous analyte.

The electromagnetic mode of the sensor fiber is solved with the finite element method (FEM)
by using COMSOL Multiphysics software [12]. For the FEM modeling, we fix the radius of
curvature to r = 4 μm and the thickness of the core struts to c = 200 nm. The refractive indices
of the original MOF and the low-index layer are chosen to roughly correspond to doped silica.
For gold, we use the tabulated refractive-index values [13] with linear interpolation between
the data points. To reduce the computation time, we assume that only the core and its struts
are coated. Furthermore, only one half of the structure needs to be considered thanks to its
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Fig. 1. (a) Cross-section images of a three-hole MOF fabricated at the University of Marie
Curie-Sklodowska, Lublin, Poland (printed with permission). (b) Surroundings of the core
in the proposed sensor fiber. Parameters s (ns), c (nc), and d (nd) denote the thickness
(refractive index) of the auxiliary dielectic layer, the core strut, and the gold layer, respec-
tively. The background refractive index is that of the analyte, na, and r denotes the radius
of curvature from point P. (c) Example FEM mesh and boundary conditions.

symmetry properties [14]. Halving of the structure gives rise to an artificial boundary which is
taken to be either a perfect magnetic conductor (PMC) or a perfect electric conductor (PEC).
The corresponding boundary conditions are written as n×H = 0 and n×E = 0, respectively,
with n being a unit vector perpendicular to the boundary and H (E) denoting the magnetic
(electric) field. At the remaining outer border, a perfectly matched layer is chosen to handle
the boundary condition. Figure 1(c) shows an example FEM mesh along with the boundary
conditions at the borders of the computing region. Within the computing region, continuity of
the tangential field components across the material boundaries is assumed.

In order to find the propagating mode of the sensor, we solve the vector wave equation

∇× ε−1∇×H = k2
0H (1)

with the following ansatz
H(x,y,z; t) = H(x,y)e−i(β z−ωt). (2)

Here, ε describes the relative, complex dielectric function, k 0 = 2π/λ is the wavenumber with
λ being the free-space wavelength, ω is the angular frequency of light, and t denotes time. The
propagation constant can be expressed as

β = neffk0, (3)

where neff is the effective index of the mode. The decay in the power of the mode as it propa-
gates through the sensor fiber (toward the positive z direction) can be described with the formula

P = P0e−αz, (4)

where P0 is the power at the plane z = 0. The attenuation constant α is proportional to the
imaginary part of the effective index according to the relation

α = 2k0Im(neff). (5)
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Fig. 2. (a) Modal loss α as a function of wavelength for different gold layer thicknesses
d. (b) Longitudinal component of the time-averaged Poynting vector,

〈
S
〉

z, on the y-axis.
Left inset: cross-sectional view of the mode profile. Right inset: close-up of the norm of the
electric field with the vertical lines marking the gold layer location.

We use the parameter α to quantify the propagation loss of the Gaussian guided modes which
are obtained by using either the PMC or the PEC boundary conditions. These modes are degen-
erate within the accuracy of our computations.

3. Results

The modal propagation loss peaks at the plasmon-resonance wavelength which depends not
only on the analyte but also on the thickness of the gold layer. Figure 2(a) shows the modal
loss as a function of wavelength for different thicknesses of the gold layer. The thickness of
the dielectric layer is fixed to s = 1.5 μm and the refractive indices of the original MOF, the
dielectric layer, and the analyte are taken to be nc = 1.46, ns = 1.44, and na = 1.33, respec-
tively. The sharp bends in the curves near λ = 564 nm originate from the use of the tabulated
refractive-index data for gold. Consequently, we fix the gold layer thickness to d = 30 nm in
our further calculations to clearly distinguish the plasmon resonance. Figure 2(b) illustrates the
spatial characteristics of the mode (here s = 1 μm and λ = 530 nm). The mode is very close
to Gaussian in its overall shape throughout the loss peak. At the interface between the gold
and the analyte, however, the field amplitude locally decays in both of the materials, which is a
characteristic of plasmon excitation.

The plasmon amplitude and thus the overall loss of the sensor can be tuned to a tolerable
level by selecting the layer thickness s appropriately. This is exemplified in Fig. 3(a) which
shows the modal loss spectrum for several values of the parameter s. Two values, n a = 1.33
and na = 1.34, are used for the refractive index of the analyte to assess the refractive-index
resolution. The other refractive indices are taken to be n c = 1.46 and ns = 1.44. The peak
wavelength and the analyte-dependent shift in the resonance peak, Δλ peak, are identical for
all values of s. Thus, the thickness-parameter s lends itself well to exclusively controlling the
overall loss.

On the other hand, if the refractive index of the core is varied, as in Fig. 3(b), both the peak
wavelength and the analyte-dependent shift Δλpeak will change. Here, we have fixed the pa-
rameters s = 1.5 μm and ns = 1.44. The peak shift is at its strongest when the parameter nc

is in value close to ns. In such a case, the small refractive-index contrast between the core and
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Fig. 3. Modal loss as a function of wavelength for two analytes with refractive indices
na = 1.33 (solid) and na = 1.34 (dashed). The curves are plotted for (a) different dielectric
layer thicknesses s and (b) different refractive indices nc of the core. In (b), the data for
nc = 1.47 are magnified by a factor of 20 for clarity.

the auxiliary dielectric limits the number of core-confined modes. In particular, by choosing
a small-core MOF to begin with, the device can be made to support a single transverse mode
throughout the resonance peak. To estimate the required core dimension, we crudely approxi-
mate our sensor waveguide with a conventional step-index fiber that has an index contrast equal
to Δn = nc −ns = 0.01. In such a case, the effective core radius, calculated through the V para-
meter [15], would have to be smaller than 1.1 μm. The dimensions in our design [see Fig. 1(c)]
are on this order.

By measuring the transmission spectrum of the sensor fiber, refractive-index resolution of

R = ΔnaΔλmin/Δλpeak ≈ 1×10−4 (6)

can be attained by choosing nc = 1.45. Here, the parameter Δna = 0.01 is the difference in
the refractive indices of the two analytes, and the peak shift is estimated from Fig. 3(b) to be
Δλpeak ≈ 10 nm. The instrumental peak-wavelength resolution is assumed to be Δλ min = 0.1
nm. In another approach, the transmitted optical power is monitored at a fixed wavelength. For
this operation mode, it is useful to introduce a sensitivity parameter [5]

S = (Δα/Δna)/α1.33. (7)

This parameter is valid for a sensor of length 1/α1.33, with α1.33 denoting the modal loss for
the case na = 1.33. Figure 4 shows the sensitivity S as obtained from the data of Fig. 3(b).
By using the data of Fig. 3(a), we confirm that these sensitivity curves do not depend on the
value of the parameter s which can also in this operation mode be used to exclusively control
the loss. If one assumes that a 1% change in the transmitted power can reliably be measured
[5], refractive-index changes on the order of 10−4 (for S ≈ 80) could be detected with this
configuration.

4. Summary and discussion

We have proposed a novel surface-plasmon-resonance sensor design based on coating a three-
hole MOF with a dielectric layer on top of which a gold layer is deposited. The presented
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Fig. 4. Sensitivity parameter for the fibers of Fig. 3(b).

design has the following advantages. First, the holes of the three-hole MOF can be tens of
micrometers in diameter, which should facilitate the fabrication of the layered sensor structure
and the infiltration of the analyte. Second, a single design parameter can be used to tune the
loss level of the sensor without affecting the other plasmon-resonance characteristics. Third,
the sensor can be made to support a single transverse mode which is essentially Gaussian in
shape. Finally, the refractive-index resolution is estimated to be 1×10−4 which is comparable
to the figure given in Ref. [5].

We remark that the first fabrication step, i.e., the production of the auxiliary dielectric layer,
could alternatively be done by using the usual stack-and-draw technique. For instance, in
Ref. [16], this technique was used with an appropriate preform to produce annular up-doped
layers (within a hexagonal lattice). We believe that this approach could also be used with three-
hole MOFs to produce down-doped, low-index layers on the hole surfaces. Yet another ap-
proach would be to use a three-hole MOF with an up-doped core, similar to the one presented
in Ref. [11]. This way, one could attain efficient mode confinement for controlling the modal
loss without using a separate low-index dielectric layer. In closing, we note that besides gold,
also copper was found to exhibit a clearly distinguishable plasmon resonance in the course of
our numerical investigations.
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