I0SR Journal Of Applied Physics (I0OSR-JAP)
e-1SSN: 2278-4861.Volume 17, Issue 2 Ser. 4 (Mar. — Apr. 2025), PP 43-45
www.losrjournals.Org

A Novel Wave Theory For Dielectric-Metal-Dielectric
Optical Fibers

Sachin Srivastaval, Shiv Bhushan Singh?, Jyoti Anand?, Jagneet Kaur Anand?
Keshav Mahavidyalaya, University Of Delhi, India

Abstract:

A three-layer optical fiber with dielectric-core, metal-cladding, and surrounded by a dielectric analyte layer is
analyzed without considering linear polarization of the fields. Eigen value equations are derived for TM modes
in cylindrical coordinates using Bessel’s functions. Transmittance spectrum is generated for sensor applications
and compared with literature.
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. Introduction

A three layer optical fiber is considered, consisting of a center dielectric core of radius a and refractive
index (RI) n,, surrounded by a thin metallic ring of thickness b and complex Rl=m,,, followed by a dielectric
cladding region of Rl=n,. Such a dielectric-metal-dielectric (DMD) structure has been in use as a sensor where
the outer dielectric layer is the analyte containing unknown species to be detected. This configuration supports
surface plasmons (SP) at the metal-dielectric boundaries which are TM (transverse magnetic) in nature. TE modes
are not supported by metal layer and hence these DMD waveguides are used in TE/TM polarizers [1]. The SP
modes are very sensitive to any small changes taking place near the boundary and hence find applications in
optical sensors [2]. In this research work, we have investigated a DMD structure using wave theory in contrast
to the earlier published research available in the literature [3] which is based on the ray theory.

I1.  Theory And Mathematical Modeling
Due to the complex permittivity of the metal, the entire analysis revolves around complex Bessel
functions [4], yielding a complex Eigen value equation as derived below:

The refractive index profile of an all-dielectric cylindrical optical waveguide (Fig. 1) can be written as:

n? =¢; r<a
n?(r)={n% =6, a<r<b 1)
n2 =eg; r>b

where €, , &,, and ¢, are the dielectric permittivities of the dielectric-core, thin metal-ring, and the
cladding respectively. The expression for y(r, ¢) for LP,,, modes is given by transfer matrix method (symbols
have their usual meaning):

Ay J1(e 1) + By Yi(ky 1) r<a
Yim= {42 L(yar) + B K1 (v, 7); as<r<b (2
Az Li(ysr) + B3 K (y37); r=b

Ky = koyni?— 2y, = kovﬁe2 — fi,”,andys; = kovﬁe2 - ng? (3)

Fig.1: DMD optical fiber with coordinates (r, ¢, z). A portion ‘L’ length of the dielectric-cladding region is
removed and a thin metal layer of thickness b (complex refractive index #,,,) is deposited. Over the metal
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region, an analyte of refractive index n, containing the unknown species is placed, giving a DMD structure over
the length L.

The finite components for the TM modes are only

E,, E; and H, out of the six field components, viz. E,, Ey, E,, H,, H,,and H,  in the cylindrical
coordinates. Applying boundary conditions of the continuity of E, and H,, for the TM modes, we get the
following Eigen value equation [5-7]:

Ty = [{(V3 ﬁ_mzKll(hb) I, (y2b) — n; 2 Ki(ysb) I' 1(V2b)) ( ;122 K'1(y2a) J,()1a) —
T %1 Ki(y.a) ]’ (K1a))} {(V3 nr: K'1(ysb) K1(y2b) — na’ Yz Ki(ysb) K 1(V2b))

TLZ

(— V2 7 zI 1(r2a) J1(r1a) + o = L(a)) (’C1a))}] 4)

Eqgn. (4) can be differentiated to obtain an analytical expression for 2 and solved for 71, through

E

numerical techniques employing Newton Raphson method and first order perturbatlon theory [8].

I1l.  Result And Discussion

The results obtained from the solutions of the Eigen value equation are shown in Fig. 2 below. A sharp
peak in the electric field profile at the metal-dielectric interface can be seen (Fig. 2 (a) and (b)). The wavelength
shift in the peak of the imaginary part of the effective index (Fig. 2 (c)) with change in the analyte index can be
visibly seen. This wavelength shift is calibrated to measure the refractive index of the bio-chemical species in the
sensor applications. Fig. 2(d) displays the comparison of the theoretical results from the ray analysis (purple line),
wave analysis proposed here (orange line) with the experimental values (green line), when such a DMD
cylindrical waveguide is used as an optical sensor revealing a better approximation to the actual results from the
proposed analysis.
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Fig. 2. (a) and (b) show the electric field profile in polar and linear coordinates at analyte index of 1.33 and
1.35, (c) shows the imaginary part of the effective index of TM; SP mode at analyte index of 1.33 and 1.35, and
(d) shows comparison of the sensitivity of the optical fiber sensor for the experimental results with the
theoretical results obtained using ray theory and wave theory.
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