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Abstract – This paper reports modeling and simulation of
low-loss coupling between two different sections standard
optical fiber. This Technique will use a Tapered waveguide
made by ion exchange technique on glass substrate. The
principle of ion exchange technology, to make a planar
waveguides on glass, is explained. So we have developed a
program that simulates diffusion with or without external
electric field assistance to manufacture diffused waveguides.
On the other hand, the numerical method used to compute
the propagation in those waveguides, is the finite-difference
vector beam propagation method (FD-VBPM). As an
application, concave and convex ion exchange (IEx) Tapers
obtained by varying the parameter α, are analyzed. Length,
input and output cross-section of this component, are also
varied in order to investigate the effects of geometric
parameters on coupling efficiency. The calculated coupling
losses are reasonable and acceptable and prove that using
convex Tapered waveguide is recommended.
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I. INTRODUCTION

Ion Exchange (IEx) technique on glass substrate has
attracted great interest since its technology and ability to
produce a cheap gradient index waveguides is very
significant. This technique based on  a chemical process in
which liquid sources of admixture ions are used (melted
nitrates) as well as glass substrates containing a
considerable amount of the ions of alkali metals
(modifiers) characterized by a relative low activation
energy. Waveguides using this technique are characterized
by gradient distribution of refractive index spreading from
the surface of glass substrate down till the depth of several
to around a dozen or to around a few dozen of
micrometers. The depth (thickness) of the obtained
structure is related to the time of exchange process
(diffusion) and temperature. The thickness of waveguide
determines the character of its transmission properties with
respect to the number of guided modes. Nevertheless, the
distribution character of refractive index, stemming from
particular production technology, the number of guided
modes (with a particular wavelength) is an increasing
function of its thickness [1]. Variable thickness of the
tapered waveguide in ion exchange technique is obtained
by thermal diffusion in the substrate immersed in liquid
admixture source and application of metallic masking
layer having the waveguide form and dimensions. Two
phenomena are observed in the tapered IEx waveguide: the
first is that the energy carried by the waveguide mode is

passing from the substrate, propagating at small angle to
the surface of the waveguide. In the second phenomena,
variation of propagation direction resulting from snellius
law in case of a planar optics and cut-off of the mode
connected with thickness change (depth) of the waveguide
[2].

In this paper, we propose to investigate the principles of
ion exchange technology for making a planar waveguides
on glass. Subsequently, we present the manner to fabricate
ion exchange uniform (linear) and non-uniform (convex or
concave) tapered waveguides. The numerical method will
confirm our approach concerning the propagation in
tapered waveguides listed previously. This method based
on vectorial beam propagation method is also used to
calculate losses and transmittance values.

In this paper, ion exchange tapered waveguides in
coupling different component of integrated optics will be
discussed and generalized to other structures to acquire
similar results.

In communications networks systems, the dimension of
diffused devices will need to be scaled down to the sub-
micro-range for the application of a diffused-integrated
circuit. This requirement has confronted many challenges
in design, fabrication process, and measurement. However,
the greatest problem arises from coupling external light
sources efficiently to the narrow diffused waveguide.
Direct butt coupling from light sources to the narrow
diffused waveguide is not possible as this difference in the
modal cross-sectional area results in high coupling loss. A
serious problem arises because insufficient light coupled
into PC devices will hinder their functionality and
reliability.

To solve this problem, several methods of coupling have
been implemented to couple light efficiently to the
diffused waveguide. They can be generally divided into
two categories: vertical- and lateral-coupling methods.
One vertical-coupling method uses grating-based devices
[3] for coupling. Another vertical-coupling method uses
free-space coupling from a tapered fiber to the diffused
waveguide [6]. Both methods are often subject to
arguments because of their unreliability in coupling
efficiently from the source to the diffused waveguide.
Therefore, researchers have turned to lateral coupling (in
plane coupling) for higher reliability and higher coupling
efficiency. For lateral coupling, more-intensive studies are
carried out by assuming 2D diffused waveguide. A
parabolic mirror called J-coupler is designed to focus light
onto the entrance of the diffused waveguide. Incoming
light is reflected at the mirror and, due to   the converging
properties of the parabolic mirror, will focus at the
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entrance of the diffused waveguide in order to be guided
into the waveguide. Another method uses an external
taper-coupler waveguide to bring light to the waveguide
[4]. These methods of coupling have generally introduced
radiation loss, which lowered the coupling efficiency.
Besides, additional coupling devices means there are more
potential loss spots, thus increasing losses. This in turn
reduces the coupling efficiency of the coupling devices
[5].

Diffused tapers have been integrated with diffused
waveguide for direct coupling between an optical source
and a diffused waveguide. This can be resolved by varying
the shape of the metallic mask to provide desired
waveguides. By the way of the progressive variation of
geometry, light traveling through the taper will experience
adiabatic mode transformation. It allows the design of a
compact coupling structure but suffers from a serious
setback of high radiation loss and back reflection at the
uneven sidewall of the taper. To solve this problem, a
linear diffused taper with a smooth sidewall has been
designed to reduce the losses.

Our objective in this paper is motivated by the problems
of optical fiber butt coupling to the diffused waveguides.
The aim is to design a non-uniform diffused waveguide
taper in the form of a smooth curve shape to obtain higher
mode conversion and coupling efficiency to the narrow
diffused waveguide at a shorter taper length. Two
complementary non-uniform shapes, concave and convex
tapers, will be investigated and compared with the linear
taper for compactness, low reflection loss, as well as
higher coupling-efficiency improvement.

II. ION EXCHANGE TAPER WAVEGUIDE

MANUFACTURING

A.Tapered waveguide description
A tapered waveguide is a lengthened guiding structure

for electromagnetic wave transmission that gradually
becomes narrower toward one end. Figure 1 shows the
schematic layout of the linear tapered waveguide between
two different cross-sectional waveguides. The cross-
sectional mode distribution on the larger waveguide is
“compressed” to the smaller mode distribution of the
narrower waveguide by the virtue of the linear taper
structure. In this section, the mode coupling mechanism in
the tapering section will be discussed.

Fig.1. Structure of tapered waveguide (in the middle)

The main function of the tapered waveguide is to
provide low loss connections between waveguides with
different cross-sectional areas. Possible sources of loss
such as back reflection, intermodal coupling loss,
radiation, and scattering loss arise as a result of the
tapering of mode distribution between the source and the
waveguide size. These losses are due to the change in the
propagation constant of the taper, which in turn affects the
mode-coupling efficiency of the taper.

In our approach, the characteristic of the taper for
effective mode coupling will be analyzed with the Finite
Difference Finite-Difference Vector Beam Propagation
Method (FD-VBPM). First the taper is divided in several
steps (mini-guides) as shown in Figure 2. These steps will
be account for the propagation constant change and hence
loss analysis (part of incoming energy is transmitted and
part is reflected). As light travels through the taper, modal
conversion will be performed to match the changes in the
width of the waveguide.

Fig.2 step analysis for mode conversion in a taper
waveguide (transmitted and reflected energy in mini-

waveguides).

For a computational simplification, the case where both
sides support only one mode is considered. The step on the
left-hand side has a width of h1, whereas the step on the
right-hand side has a width of h2. Due the difference in
width of the waveguide, the incident light Einc will
experience a change in the propagation constant where
most of the light will be transmitted to the step on the
right, and the remaining will be reflected or radiated out.
The determination of mode-coupling efficiency comes
from minimizing the reflection of the light into the source
or reducing radiation loss. Based on the boundary
condition between the two steps, the approximated
reflection coefficient is given as [6,7].
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and β1 and β2 are the propagation constants on the left-
hand and right-hand steps, respectively. Iα,γ is the integral
of the field overlap between the incident and transmitted
field distribution. In the previous equations, the behaviour
of multimode waveguide and hence intermodal coupling
between modes is not considered. Only the simplification
and approximation of a single-mode to single-mode
transmittance is treated in this paper. The main objective is
to provide a simple analysis on the factors affecting the
coupling efficiency for the tapering section. For more
details about real taper analysis, where intermodal
coupling between modes is observed as light propagates
through the taper, equations (1),(2) and (3) have to be
modified for the calculation of intermodal coupling
between the fundamental mode and the higher-order
modes. Readers can refer to Ref. [8] for more-precise
calculation. For short tapers, the main loss mechanism is
the reflection loss [9]. It arises due to the cut-off of the
higher-order modes as the taper gets narrower. This
problem can be solved by increasing the length of the taper
to achieve slow tapering. As the length of the taper
increases, light that propagates through the taper
experiences adiabatic behaviour and high transmission is
achieved. In this paper, the intermodal loss in the taper is
assumed to be negligible compared with the reflection
loss. The reflection loss can be minimized by altering the
shape of the taper from linear to nonuniform. The
nonuniform taper is designed by manipulating the shape of
mask before the ion exchange process, which will be
discussed in the next section.

For a diffused graded index taper waveguide, the
number of modes is dependent on the width of the taper.
For a converging taper (the width decreases along the
taper), the number of mode also decreases along the taper.
In this paper, diffused taper waveguide is a single mode
waveguide obtained by the choice of the appropriate
width. A single-mode waveguide is a guide which can
propagate only the direction parallel to the waveguide. The
core layer thickness ranges between λ/2 and 10λ
depending on the index difference [10], λ is the used
wavelengths.
B. Diffused Taper waveguide making

The guided area is obtained by ion exchange technique
[12]. The Na+ ions of the glass substrate are exchanged by
diffusion process with ions Ag+ of molten salts and result
in an increase of the refractive index, producing the three-
layer structure (air/ions/glass) capable of confining
vertically the light. The implementation of the optical
circuit is obtained by standard photomasking techniques
(shown in Figure 3) to ensure the horizontal confinement
of the light. While ion exchange occurs at the surface of
the glass, an additional step of the process can embed the
guide, either by applying an electric field to force the ions
to migrate inside the structure or by depositing a silica
layer. The waveguide core is the ion exchanged area and
the cladding the glass substrate or the glass substrate and
air. Depending on the type of ions, ∆n can range between
0.009 and 0.1.

The glass used to make diffused waveguide is a silicate
glass mainly formed by SiO2 network former and network
modifier ion Na+. The principle of ion exchange is the
spontaneous local replacement of the glass sodium ions
(Na+) from the glass silver ions (Ag+), causing a local
increase in refractive index glass [1,2,11,12].
Practically, in order to get the taper waveguide of Figure 1,
a metallic mask having the desired shape, defines the area
in which ion exchange will take place. This mask prevents
the diffusion of ions in all the glass substrate. The taper
diffused waveguide is produced over two main stages:
lithography and ion exchange [2,5,6]
B.1. Lithography

This stage includes four phases:
a) Deposit: On the surface of glass are deposited, in

order, a layer of aluminum and a layer of photoresist resin.
Chrome mask is put over the layer of resin. The mask
represents the negative of the final pattern. Then, the mask
is illuminated with an incoherent light whose central
wavelength is around 350 nm, for which resin is
photosensitive. The party of glass which is not hidden by
the mask sees its chemical structure altered Figure3-
(a,b,c,d).
b) Development: The glass plate is then dipped in a
solution that will "develop" the resin. Thus, areas in which
the chemical structure was modified by insolation are
etched Figure3-(e).
c) Etching: The glass plate is then immersed in an etching
solution for aluminum. This solution not attacking the
resin, only the previously developed parts are etched
Fig.3-(f).
d) Cleaning: The resin is finally dissolved with acetone.
Only the aluminum pattern remains on the glass plate as in
Fig.3(g).
B.2. Ion exchange process

The second stage illustrated in Fig.3-(h), consists to
immerse the glass plat prepared through the first stage, in a
solution of silver nitrate at a temperature of 350 ° C for
some time. In contact with the acid solution, silver ions
(Ag+) will penetrate the glass and replace sodium ions
(Na+) that migrate to the acid bath, in consequence a
diffused planar waveguide is obtained. To burry this
waveguide we need to assist this process by an electric
field Fig.3-(j). At the end of this phase, the aluminum
mask is removed by etching Fig.3-(i).

Fig.3. Tapered waveguide manufacture by ion exchange
technology.
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C. Non-uniform ion exchange tapered waveguides
The curvature of the nonuniform diffused Taper is

obtained by varying the photomask shape Figure3-(d).
Based on equation (4), the designs of the nonuniform
diffused taper curve depend on the parameter α. When α =
1, the metallic mask is linear and gives after ion exchange
process linear tapered structure. When values of α are
different to 1, nonuniform-shape tapers are obtained. The
values of α = 0.5 and α = 2 is investigated first to obtain
two nonuniform tapers. Figure4 shows the curvature of the
taper with three values of α. When α = 2, the diffused taper
is concave as the slope is decreasing toward the end of the
taper. When α = 0.5, a convex taper is obtained as the
slope is increasing toward the end of the taper. The length
of the metallic mask (the length of diffused taper) L is
measured from the input end to the output end of the mask.
By varying the length of the taper, the mode-conversion
efficiency can be improved to increase the coupling
efficiency.
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Where the parameters, di and do are the input and output
width of the metallic mask, respectively. As discussed
above di is 9μm and do is 3μm, z is the propagation
direction and x is the transverse direction [7].

Fig.4. Tapered waveguide shapes for different values of α

III. MODELING THE ION EXCHANGE PROCESS

The various fabrication processes described previously,
produce gradient-index profiles n(x,y), where x and y are
the transverse  and depth directions, respectively. To
properly describe the optical properties of the ion-
exchanged guides, it is first necessary to model the
concentration profiles of the exchanging ions as a function
of the processing conditions (temperature, exchange time,
applied electric field, etc.). The diffusion of an ionic
species within a glass network in response to a
concentration gradient and an electric field is described by
the Nernst–Planck drift-diffusion equation. However, in
the case of binary, monovalent ion exchange, there are two
additional factors to consider:
1. The constraint of local charge neutrality requires that
the net ionic flux is zero (or equivalently that the total
concentration of ionic species A and B is constant).
2. When the two inter-diffusing ions have different
diffusion coefficients (and therefore, by the Nernst–
Einstein equation, different mobilities) any concentration
gradient establishes an internal electric field, which exists
even when the fabrication process is purely thermal and
not field-assisted.

A rigorous derivation of the differential equation that
governs binary ion diffusion is given in [14]. We label the
in-diffusing and out-diffusing ionic species A and B,
respectively. For both species, the number flux of ions ji (i
= A, B) has components due to both diffusion in a
concentration gradient and drift in an electric field.
Applying the Nernst–Einstein equation for ionic
conductivity, we have
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here, ci and Di are the concentration and diffusion
coefficient of species i, respectively, E is the total electric
field (the sum of the aforementioned internal field and any
externally applied field), T is the absolute temperature, q is
the proton charge, and k is Boltzmann’s constant. f is a
correlation factor (related to the Haven ratio) to account
for the discrepancy in ion mobility values between the drift
and diffusion phenomena [15,16]. The local charge
neutrality condition is met by requiring that cA + cB = c0,
the total concentration of mobile atoms in the glass. As c0

is constant, we have a further constraint that
 )6(0 BA cc
Applying the continuity equation (Fick’s Second Law),
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We are left with an expression for the time evolution of
the in-diffusing ion concentration cA. It is customary to use
a normalized concentration C = cA/c0, which reads
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Where M = DA/DB, and DA is relabelled as D. The three
terms in square brackets indicate the contribution to
concentration evolution due to diffusion, internal field
drift, and external field (Eext) drift, respectively. The use of
a normalized concentration is justifiable because the index
change is proportional to the concentration of the
incoming ion.

In the above derivation, it is assumed that the self-
diffusion coefficients DA and DB (and therefore M) are
constant. In fact, these parameters are dependent on the
local concentrations of each cation by the mixed-alkali
effect [17,18] (or, more accurately, the mixed mobile ion
effect) [19]. Ionic motion is dependent on the probability
of the ion possessing an activation energy Ea required to
jump between sites in the glass matrix. This relies on the
local electrostatic and stress environment, which is in turn
dependent on the local concentration of the exchanging
ions [20,21]. If the concentration dependences of Di are
known and if they vary slowly over the area of the
waveguide, numerical solutions of Eq. (8) are still valid if
the values of Di are updated at each time step.
A. Solutions of the Diffusion Equation

Equation (8) holds true in any number of spatial
dimensions. While 1D (slab) and 2D (channel) waveguide
modeling are very common. However, full 3D modeling is
necessary when ion exchange is used to create diffractive
elements [22, 23].   For slab waveguides, various
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approximate analytical solutions to Eq. (8) have been
suggested under limiting cases of M and the applied field.
With M=1 and no applied field and neglecting any
concentration dependence of ion mobility, the binary
diffusion equation reduces to the simple form

)9(
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which has the solution )2(),( 0 DtyerfcCtyC  , where

erfc is the complementary error function and C0 is a
constant. For a field-assisted process in which drift
dominates over diffusion, a modified Fermi distribution
has been assumed for the ion concentration [24].
Otherwise, for arbitrary processing parameters, Eq. (8) can
be easily solved in 8 using a variety of numerical methods.
Here, we concentrate on the more substantial problem of
channel waveguide modeling, which imposes stringent
requirements on the stability and speed of the
computational algorithm. Generally speaking, small values
of M lead to computational instability near the glass/melt
interface, where two terms in the denominator of Eq. (8)
become very small. Early efforts at channel waveguide
modeling used the explicit Dufort–Frankel algorithm [14].
However, this method is stable only for values of M
greater than about 0.1, which excludes several practical
ion exchange systems including that of (Ag+ ,Na+)
exchange in many silicate glasses. It has been shown
[25,26] that the alternating direction implicit method of
Peaceman and Rachford [27] is stable down to very low
values of M. The speed improvement over fully implicit
methods such as Crank–Nicolson permits the use of a very
fine computational mesh in both space and time.

Boundary conditions on all four edges of the 2D
computational domain must be imposed. For all processing
steps, at the bottom of the domain (not necessarily the
back side of the substrate, but a distance far enough from
the surface such that the concentration of in-diffusing
atoms is negligible), we force C = 0. An identical
condition is found on the two sides of the domain; these
must be sufficiently far from the mask opening that
transverse diffusion does not impact these boundaries. The
boundaries must be a few Dt from the edge of the
opening, for example. On the top surface of the substrate,
the boundary condition on C depends on the particular
fabrication process. In the case of thermal exchange from a
molten salt, the mask serves to block any diffusion normal
to the surface, leading to the Neumann condition

0 yC , while the open regions of the mask permit a

known normalized concentration C = 1. For field-assisted
burial, as the top surface is exposed to salts that lack ion A,
we have C= 0 everywhere on this surface. In the annealing
procedure, we again have 0 yC on the top surface, as

no ions of either type may enter or exit from the surface of
the substrate. The C = 1 boundary condition on the open
regions of the mask is justified because the time required
for the ionic concentrations to reach equilibrium at the
surface is very short in comparison to the time scales used
in waveguide fabrication [28].

B. Modeling the Electric Field
When an externally applied electric field is present, its

spatial profile Eext(x,y) is critically related to the evolution
of ion concentration. To a first approximation, the field
can be considered constant in time and expressed as the
gradient of a potential profile φ(x,y) that is calculated by
Laplace’s equation. However, when M≠1, the existence of
a spatial variation in ion concentration implies a
proportional variation in electrical conductivity σ(x,y), via
the Nernst–Einstein relation. In this case, φ(x,y) satisfies
the nonstandard Laplace equation,

)10(0),(),(),(),( 2  yxyxyxyx 
If we assume a linear relationship between ion

concentration and conductivity, then
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where the proportionality constant is irrelevant due to the
mathematical homogeneity of Eq. (10). As C(x,y) evolves
over time, so does σ(x,y) and thus also φ(x,y) and Eext(x,y)
(although over lengthy time scales, such that electrostatic
modeling remains appropriate). Therefore, it is necessary
to update the field profile at each time step. The numerical
solution of Eq. (10) in a form well-suited to applying to
Eq. (8) can be found in [29]. The boundary conditions on
φ are set such that φ = 0 at the bottom of the domain and

0 x at the sides of the domain (we extend the

domain far enough from the edges of any mask that the
field lines can be assumed parallel to the sides of the
domain). On the top side, in all regions where the mask is
open, φ = Vh/d, where V is the voltage applied across the
substrate, and h, d are the thickness of the domain and the
thickness of the substrate, respectively. In regions where
the mask is closed, we have the Neumann condition

0 y , since the mask serves as a barrier to ion

motion normal to the surface.
Qualitatively, when M <1, the concentration dependence

of σ perturbs the electric field lines such that they tend to
be excluded from the center of the diffused waveguide.
This has been shown to manifest as a noticeable difference
in the depth of waveguides buried in a field-assisted
process, depending on their pre-burial width [30].
C. Converting ion concentration to refractive index
profile.

The final step in modeling ion-exchanged waveguides is
to convert the exchanged ion distribution C(x,y) to a
refractive index profile n(x,y,λ). For small absolute
concentrations of the exchanging ion, it is relatively easy
to show that there is a linear relationship between
exchanged ion concentration and index change [31]. This
follows from the Lorentz–Lorenz equation, which relates
the refractive index n of a multicomponent dielectric to its
polarizability
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where Ni and αi are the number density and polarization
volume of component i, respectively. The components are
incoming species A, outgoing species B, and all other
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components, indexed by j. If we assume that the exchange
process substitutes a number density ∆N of species B with
an identical number density of species A, then the
Lorentz–Lorenz equation for index n (after the exchange)
and nsub (before the exchange) are, respectively,
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Subtracting these two equations and assuming that
∆N =n-nsub«1 produces the relationship
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which shows that ∆n is linearly proportional to ∆N. In
practice, one does not need to know the ionic
polarizability volumes αA and αB or the absolute value of
∆N. Instead, an empirical value of the maximum index
change ∆n0 is determined for a given glass/salt melt
combination, and this is correlated to the normalized
concentration C = 1. Bearing in mind that this index
change is wavelength-dependent, the index profile can
therefore be expressed as:
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IV. SIMULATIONS RESULTS AND DISCUSSIONS

A.Refractive index of the Diffused Taper waveguide
For each studied Taper, refractive index matrix is

computed using a program which simulates ion exchange
diffusion in the substrate and calculate dimension of
diffused area (width and depth) which are converted
automatically to refractive index matrix. This program had
been developed in collaboration with other members of
our research unit (UR-CSE) and had been validated in
many publications concerning simulations of microlenses
and classic waveguides [5, 11, 12]. The diffused
waveguides obtained are gradient index and the variation
Δn is between 0.041 and 0.0618 depending on mask width
and ions exchange duration.

Fig.5. Refractive index profile of mini-waveguide with
mask width of 3µm, (a) In both directions width and depth,

(b) in width, (c) in depth

In the previous paragraph 2.1 we had divided the
tapered waveguide in several mini-guides in order to
compute the propagation losses. For this reason, we
simulate the ion exchange process in each mini-guide and
compute the refractive index profile for each one. Figure5
shows the index profile of a cross-section mini-guide with

a mask width equal to 3μm immersed in a solution of
silver nitrate at a temperature of 350 ° C for a period of
20min.

This simulation shows that ions exchange in glass
substrate was not limited to the part not covered by the
mask, but it also spreads laterally under the mask, which
justifies the width of the mini-guide obtained and which
was about 14,11µm and depth about 13.28µm (mask of
3µm). The other finding is that the index profile changed
laterally from 1.52 which is the glass index to 1.561 in the
center of the mask and it was the same variation in the
depth direction from 1.52 to 1.561 at the boundary
between the waveguide and the air (Δn is about 0.041).
Under the same conditions, the greatest mini-guide (mask
of 9µm) the maximum refractive index is 1.5756 (Δn is
about 0.0556) in both directions (Figure6-(a)), width is
19.92µm and depth is 17.66µm.

Fig.6. Refractive index profile and dimensions of the
Taper waveguide,

(a) Refractive index profile of the taper entry (di=9µm)
vs. the taper out (do=3µm),

(b) The changes of width and depth along the taper over
50µm.

Fig.6-(b) shows the variations of width and depth from
the input (mask of 9µm) to the output (mask of 3µm) of
the diffused taper waveguide along the taper length which
is about 50µm. And the main ascertainment was that the
depth of the diffused taper waveguide flattens gradually
and ion exchange becomes more important under the mask
laterally then in depth of the glass plate proportionally
with the growth of the mask width.

And the main ascertainment was that the depth of the
diffused taper waveguide flattens gradually and ion
exchange becomes more important under the mask
laterally then in depth of the glass plate proportionally
with the growth of the mask width.
B. Numerical method FD-VBPM

The computational method used to simulate the light
propagation in ours components is the finite difference
vector beam propagation method (FD-VBPM). In fact, the
polarization effects of the electric field can be included in
scalar BPM by recognizing that the electric field E is a
vector, and starting the derivation from the vector wave
equation rather than the scalar Helmholtz equation [13]. In
one approach, the equations are formulated in terms of the
transverse components of the field (Ex and Ey) given by
equation (17). Finally, we obtained a matrix system that
will be resolved using the Bi-CGSTAB algorithm.
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C. Coupling efficiency of diffused taper

Knowing that the intrinsic losses are due to the
difference between the forms and modes extensions of
fiber upstream and downstream, and they therefore rely on
opto-geometric parameters of fibers to be connected.
These losses which are caused by the mismatch of the
mode size between fibers are calculated through the
overlap integral noted η2 between the two fields E1 and E2

respectively of the first and the second of connected fibers,
using the relation (18).
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From this equation, we deduce the losses of connections
through the next relation:

(19))log(-10=Losses(dB) 2
The main object to be reached consists to optimize loss
coupling by varying the geometric parameters of the
diffused Taper (length, curvature α, input and output
section).
C.1 Influence of the Taper length and shape

We began by studying the influence of the Taper shape
upon transmittance. Figure7 shows the transmittance
according to the shape of the Taper (concave, convex or
linear) for variable lengths. We observe that the
transmittance increases rapidly for the shortest Tapers,
whatever their shapes, before stabilizing from a certain
length called saturation length. Taper begin to behave in a
quasi adiabatic manner, which implies that the
transmittance becomes constant and stop fluctuation.
These fluctuations for short lengths of Tapers are due
mainly to the important reflection of the incident waves in
the Tapers.

The second observation generated by this simulation
shows that the transmittance of convex Tapers (α <1) is
better than the linear (α = 1) or concave one (α> 1). We
can explain these results by reflections losses that are more
important in concave and linear Tapers.

Fig.7. Transmittance of Tapers depending on lengths (L)
and curvature (α).

C.2 Influence of input and output diameter.
In this subsection after fixing the Taper’s length (about

60 µm), we varied in a first time its input diameter din, and
after this we varied output diameter dout. For many values
of din and dout we computed loss coupling, and optimal
values that gives acceptable low loss, were found.

For the many values of din as shown in Fig.8 we
conclude that for diameters which are significantly less
than the diameter of the first fiber (incoming fiber), loss
coupling are important and decrease when din increase until
having a value near the one of incoming fiber. After this
value the coupling losses increase proportionally with the
diameter of the Taper because it became greater than the
diameter of the incoming fiber.

Fig.8. Loss coupling depending on input diameter of the
Taper

In the other hand, when varying the dout as shown in
Figure9 we conclude that for diameters which are
significantly less than the diameter of the second fiber
(outcoming fiber), loss coupling are important and
decrease when dout increase until having a value near the
one of the outcoming fiber. After this value the coupling
losses increase proportionally with the diameter of the
Taper because it became greater than the diameter of the
outcoming fiber.

Fig.9. Loss coupling depending on output diameter of the
Taper

For the three kind of Tapers shape, the low losses
respectively for input diameter or output diameter are
optimal when the dimension of the Tapers matches with
those of incoming and outcoming fibers.
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V. CONCLUSION

In this paper, design and formulation of the ion
exchange techniques on silicate glass substrate have been
presented. We have developed a program that simulates
diffusion with or without external electric field assistance.
Hence, we explained the way to manufacture diffused
tapered waveguides. Discussion of use of those optical
components for coupling different waveguides is
established to prove our approach. The idea and design
can also be applied generally to other structures to obtain
similar results. Either, we have compared the loss coupling
generated by the three non-uniforms Tapers and conclude
that the convex Taper generate the minimal loss. Finally,
we have studied the influence of the Taper dimension,
especially the input and output diameters, and proved that
the less losses were obtained when the input or output
diameter match strongly with the diameter of waveguides
to be connected.
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