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ABSTRACT 

We propose and theoretically study a novel surface-plasmon-resonance sensor based on an H-shaped, elliptical-core 
optical fibre. The two grooves of the H-fibre are coated with a thin, uniform metal layer that in turn is covered with a 
high-index dielectric layer to allow broad spectral tunability. The sensor maintains linear polarization and facilitates 
effortless splicing. Electromagnetic mode analysis indicates a sensitivity of 1800 nm/RIU (refractive-index unit) for 
aqueous analytes. 
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1. INTRODUCTION 
Recently, there has been increasing interest in developing fibre-based plasmonic sensors by using specialty or 
microstructured optical fibres as a template [0–3]. These sensors make use of a surface plasmon polariton that is bound 
to propagate along a metal-dielectric interface with highly dielectric-dependent characteristics. In closed all-in-fibre 
sensors, the dielectric substance (analyte) is infiltrated into the metalized pores of the fibre, and hence, such structures 
might be best employed with very small sample volumes or as packaged (end-sealed) sensor heads. Despite recent 
advancements [4], it is still challenging to fabricate and employ the closed structures, and thus, open metal-coated sensor 
fibres that are embedded into an ambient analyte have retained their popularity. The microstructured-fibre-based open 
sensors can be operated in the same way as, e.g., those based on the D-fibre [5] or a tapered circular-core fibre [6]. 

In this work, we propose a novel surface-plasmon-resonance (SPR) sensor structure based on a highly birefringent H-
shaped optical fibre. Such polarization-maintaining fibres are typically fabricated in two steps. First, an appropriate 
preform is prepared with the stack-and-draw technique so as to yield a fibre with two large pores running through its 
length (a.k.a. the side-hole fibre) [7]. If the preform originally embodied a circular up-doped core, it will assume an 
elliptical shape in the final drawing process. Second, the two holes are opened and exposed to the outside environment 
by chemically etching a segment of the fibre from opposite sides [8]. For SPR sensor operation, a uniform metal layer is 
then deposited via the etched openings. Also, in order to flexibly tune the SPR wavelength and the resonance 
characteristics, an additional high-index dielectric layer is assumed to be deposited on top of the metal layer. The 
principle of using such a thin auxiliary layer is described in Ref. [9]. With both of these material layers in place, the 
structure is expected to support a plasmonic (non-degenerate) fundamental mode that would spatially extend all the way 
to an ambient analyte in the etched openings. Our goal is to find a sensor structure for aqueous analytes that would 
operate in the O-band near the 1.3-micron wavelength.  

This paper is organized as follows. In Section 2, we detail the proposed design and use the customary transfer matrix 
formalism to understand the dependence of the SPR characteristics on the relevant design parameters. Once the right 
parameters for the operation in the O-band are found, a rigorous electromagnetic mode analysis is performed in Section 3 
to assess the sensitivity of an example sensor fibre. The paper is concluded in Section 4. 
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2. SENSOR DESIGN 
The structure of the SPR-based sensing device is schematically shown in Figure 1. It consists of an H-shaped optical 
fibre that is obtained by chemical etching of the side-hole fibre, a thin metallic layer supporting a surface plasmon (SP), 
and a dielectric coating.  When the axial component of the propagation constant of the core mode matches that of a SP, 
the field inside can tunnel through the metallic layer and couple resonantly to the field outside the optical fibre. As a 
consequence, the propagation constant of this mixed mode is highly sensitive to refractive index changes of the analyte. 
In this work, gold and titanium dioxide layers are considered in order to generate a SPR at the near infrared spectral 
region. The thickness of the metallic layer is set to 19 nm and the thickness of the dielectric layer is varied to tune the SP 
resonance to the desired 1.3-micron wavelength region. 

To optimize the dielectric 
thickness, we begin by 
approximating the centre region of 
the fibre device with a multilayer 
structure. This approach is 
acceptable as long as b >> a 
rendering the analysis analogous to 
that of the D-fibre [5] or the slab 
sensor in the Kretschmann 
configuration [10], thus yielding 
similar results. The refractive index 
of the elliptical core is chosen to 
correspond to 10%-Ge-doped silica 
while the rest of the fiber is 
assumed to be pure silica. The 
geometry and the core doping were 
chosen best approximate a real 
situation. For gold, we use the 
tabulated refractive-index values 
[11] with linear interpolation 
between the data points. The value 
of the dielectric refractive index 
depends on the deposition conditions, and for the case of titanium dioxide it can vary from 2 to almost 3 [12]. We 
assumed a mean value of 2.65. A computer simulation was performed on a five-layer system: core – cladding – metal – 
dielectric – analyte. The thickness of the cladding was L = 3 μm, while the thickness of the dielectric layer varied 
between dd = 60 nm and 130 nm. The analyte was assumed to be aqueous with a refractive index of ~1.33. The 
transmittance of the equivalent planar waveguide for TM polarization and for several thicknesses of the dielectric layer 
was computed using the transfer matrix formalism [13], consisting of the light propagation through a multilayer medium 
of (N−1) isotropic and homogeneous layers by solving the Maxwell’s equations subjected to boundary conditions at the 
interface between two adjacent layers. Within the framework of this formalism, the amplitude of E and H vectors in the 
first (E0 and H0) and last (EN and HN) layers are related by:    (1) 
where the transfer matrix M is computed as ∏    

η

η  sin   (2) 

where δk is the phase in the kth layer given as 
λ

(  sin )  and ηk is the optical admittance given as 

η (  sin )⁄ , where εk is the dielectric constant and dk is the thickness of the kth layer, θ0 is the incident 

 

 Figure 1. Cross-section of the sensor with typical template fiber dimensions. The 
parameters a and b stand for the minor and major axes of the elliptical core, 
respectively, with L being the distance between the core and the metal layer. The metal 
(dielectric) layer thickness is denoted with dm (dd). 
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angle, n0 is the core refractive index and λ the wavelength. The reflectivity coefficient of the whole multilayer structure 
is given by: 

η η η

η η η
 (3) 

The results of the simulations are shown in Figure 2, from which it can be seen that for a 19-nm-thick gold layer, the 
SPR can be tuned to the 1300 nm wavelength region by using a 94-nm-thick titanium dioxide layer. These coarse results 
were used as the starting point for a more accurate electromagnetic mode analysis described in the following section.  

  

Figure 2. Transmittance of a multilayer structure with a 19-nm-
thick gold layer for several dielectric thicknesses. The dashed 
line shows the data corresponding to the electromagnetic FEM 
simulation. 

Figure 3. Mode profile of the H-shape fibre at λ = 1314 nm. 

3. ELECTROMAGNETIC MODE ANALYSIS 
We solve the electromagnetic mode of the fibre structure with the finite element method (FEM) by using the COMSOL 
Multiphysics software [16]. Only one quarter of the structure needs to be considered due to its symmetry properties [17]. 
The artificial boundaries are taken to be a perfect magnetic conductor and a perfect electric conductor, so as to yield a y-
polarized mode. At the remaining outer border, a perfectly matched layer is chosen to handle the boundary condition. 
Within the computing region, continuity of the tangential field components across the material boundaries is assumed. 
The mode profile at the SP resonance (corresponding to the transmittance minimum in Figure 2) is shown in Figure 3. In 
Figure 4, we show the optical loss along with selected mode profiles. We then repeated the simulation by setting the 
refractive index of the analyte to 1.34. This change resulted in a shift of ≈ 18 nm in the spectral location of the plasmon 
loss peak as shown in Figure 5. This indicates a sensitivity of ≈ 1800 nm/RIU. 

4. CONCLUSIONS AND FURTHER WORK 
The results obtained from the theoretical analysis of the H-shaped optical fibre SPR structure indicate its high potential 
as a refractive index sensing element. Its geometry permits close distances between the core and the external 
environment due to the deep lateral fibre grooves. In view of all this, and the rather promising sensitivity figure 
(1800nm/RIU), this work is proceeding to another step centered on the fabrication of the proposed fibre structure and its 
experimental characterization. 
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Figure 4. Modal loss as a function of wavelength. Also 
shown are the mode profiles for selected wavelengths. 

Figure 5. Modal loss with two different analytes. 

ACKNOWLEDGMENTS 
This work was performed in the framework of COST Action 299 “Optical Fibres for New Challenges Facing the 
Information Society”. M. Hautakorpi is grateful to the Academy of Finland for financial support (project no: 124165). D. 
Viegas would like to acknowledge the Portuguese government for the grant SFRH/BD/30086/2006.  

REFERENCES 
1. Hassani, A., et al., “Review: Photonic crystal fiber and waveguide-based surface plasmon resonance sensors for application in the 

visible and near-IR”, Electromagnetics, Special Issue in Surface Waves and Complex Mediums 28, 198–213 (2008). 
2. Skorobogatiy, M., “Review: Microstructured and photonic bandgap fibers for applications in the resonant bio- and chemical 

sensors”, J. of Sens. 2009, 524237 (2009). 
3. Byoungho Lee, et al., “Current status of micro- and nano-structured optical fiber sensors”, Optical Fiber Technology, 15(3), 209-

221 (2009).  
4. Sazio, P. J. A., et al., “Microstructured optical fibers as high-pressure microfluidic reactors”, Science 311, 1583–1586 (2006). 
5. Chiu, M.H., et al., “D-type fiber biosensor based on surface-plasmon resonance technology and heterodyne interferometry”, Opt. 

Lett. 30(3), 233-235 (2005). 
6. Villatoro, J., et al., “Fabrication and modeling of uniform-waist single-mode tapered optical fiber sensors”, Appl. Opt. 42, 2278-

2283 (2003). 
7. Xie, H.M., et al, “Side-hole fiber for fiber-optic pressure sensing”, Opt. Lett. 11(5), 333-335 (1986). 
8. Frazão O., et al, “Optical refractometer based on a birefringent Bragg grating written in an H-shaped fiber”, Opt. Lett. 34(1), 76-

78 (2009). 
9. Ctyroky, J., et al., "Tuning of spectral operation range of a waveguide surface plasmon resonance sensor", Electron. Letters , 33 

(14), 1246-1248 (1997) 
10. Köjβlinger, C., et al., “Comparison of the QCM and the SPR method for surface studies and immunological applications”, Sens. 

Actuators B: Chem, 24-25, 107-112 (1995). 
11. Palik, E. D., [Handbook of Optical Constants of Solids], Academic Press, San Diego, Calif. (1998). 
12. Kasikov, A., et al., “Refractive index gradients in TiO2 thin films grown by atomic layer deposition”, J. of Phys. D: Appl. Phys. 

33, 54-60 (2006). 
13. Yeh, P., [Optical waves in layered media], Wiley, New York, 102–117 (1988). 
14. Kanso, et al., “Sensitivity of optical fiber sensor based on surface plasmon resonance: modeling and experiments”, Plasmonics, 3, 

49-57 (2008). 
15. Gupta, et al., “Sensitivity evaluation of a multi-layered surface plasmon resonance-based fiber optic sensor: a theoretical study”, 

Sens. Actuators B: Chem. 107, 40-46 (2005). 
16. http://www.comsol.com/ 
17. Uranus, H.P., “A simple and intuitive procedure for evaluating mode degeneracy in photonic crystal fibers”, Am. J. Phys. 74, 

211–217 (2006). 

1.28 1.29 1.3 1.31 1.32 1.33 1.34
x 10-6

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5x 106

wavelength (m)

O
pt

ic
al

 lo
ss

es
 (W

)

 

 

1280 nm

1314 nm

1330nm

a)

b)

c)a)

b)

c)

1.29 1.3 1.31 1.32 1.33 1.34

x 10-6

0

1

2

3

4

5

6

x 106

wavelength (m)

O
pt

ic
al

 lo
ss

es
 (W

)

 

 

n external = 1.33
n external = 1.34

18nm

Proc. of SPIE Vol. 7653  76532J-4


	SPIE Proceedings
	MAIN MENU
	Contents
	Search
	Close


