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1. Introduction

Intensive development of optoelectronics, and in particular
waveguide optoelectronics and waveguide technology, is
inspiring the development of integrated optoelectronics.
Over the last several dozen years people have become
aware of application potentials offered by integrated opti-
cal systems that can change the size of classical optical sys-
tems to planar optical systems measuring a few centi-
metres. The 1970s gave rise to the production of planar op-
tical processors performing definite functions involving the
transformation of signals. The said facilities perform func-
tions that have not been so far realised in the field of volu-
metric optics, e.g., planar optical heterodyne receivers. The
combination of planar structures with fibre waveguides re-
sults in creation of hybrid systems. Fibre waveguides func-
tion as transmission lines, and the units of integrated optics
perform definite functions of signals transformation.

The elements of integrated optics can be used in such
spheres of waveguide optics as:

* local networks, computer networks, networks for con-
trol or automation systems,

» integrated telecommunications systems (optical T-junc-
tions, electroptical switches, multi- and demultiplexers, etc.),

* sensors and waveguide interferometers,

* optical logic elements.

From among a few technologies applied currently in in-
tegrated optoelectronics, the technology of ion exchange in
glass seems to be the most expansive. Technological pro-
cesses based on ion exchange in glass used for the produc-
tion of such elements of integrated optics as: couplers,
T-junctions, double waveguide multi- and demultiplexers,
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sensors became developed enough to meet the require-
ments of large-scale production.

2. Ion exchange in glass

2.1. Single ion exchange

The principal property of glass, which is determining its
application as a base element in gradient planar optics, is
the possibility to carry out ion exchange processes in this
glass. Guiding out of glass a certain number of modifier
ions and replacing them with the ions of other metals (in
the following part referred to as impurity) makes it possible
to create local changes of optical properties of glass in its
surface area. Such a process can be effected after the cre-
ation of glassy structure, after melting it and giving it a def-
inite form (plates, bars, profiles, etc.) by appropriate me-
chanical working.

The impurity ions introduced to glass take over the
places in the glass structure left by modifier ions. Therefore
after the exchange of these ions the structure of glass is left
unchanged. The changes involve optical properties of glass
due to different electrical polarisabilities of the exchanged
ions, difference in their size (ionic radii) and created me-
chanical stresses. By expressing refractive index of glass
by means of the refraction of its components [1]

n=1+ R—O, (1)
Vo
where Ry is the molar refraction of oxygen atoms
(cm?/mole), V, is the molar volume of oxygen atoms
(cm3/mole). We can express the change dn of refractive in-
dex of glass effected by the replacement of some part ) of
glass ions by impurity ions by the following relation [1]
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AR and AV stand here for the changes of values Ry and Vg
effected by the exchange of ions. The first component of
Eq. (2) is the factor contributing to the change of
polarisability. The second element is the result of the
change of glass volume caused by the difference in ionic
radii. Table 1, after Ref. 2, presents the values of electrical
polarisability and ionic radii of impurities most often used
in ion exchange processes compared with sodium treated as
the main component which modifies glass. Basing on Eq.
(2), we can treat the global change of refractive index as
a linear function of concentration of the introduced impu-
rity ¢(x, v, z) [1]

on(x,y,z) ~ c(x, y,2). (€)

Table 1. Tons of the modifiers (after Ref. 2)

lon Electrical [onic radius
polarizability (10710 m)
(x10730 m?)
| Lit 0.03 0.68
Na* 043 0.95
Ag* 2.40 1.26
K* 1.33 133
| TI* 5.20 1.49 |
Rb* 1.98 1.49 |
L Cs* 3.34 | 1.65 |

The above assumption constitutes a basis for the model-
ling of changes of refractive index obtained by the pro-
cesses of diffusive and electrodiffusive introduction of im-
purity to glass. Technological processes which effect ion

Rotary
crucible

————

Glass plate

(a)

exchange in glass are most often carried out with the use of
liquid sources of impurity (melted nitrates: silver and po-
tassium ones). Initial introduction of impurity to glass can
be carried out in the process of purely thermal diffusion, as
well as in the presence of electrical field (electrodiffusion).
The initial distribution of impurity in glass and resulting
from it distribution of refractive index can be afterwards
modified in the secondary processes (diffusion, electro-
diffusion, heating). By the application of sources of ion im-
purity, lowering the refractive index in secondary pro-
cesses, it is possible to produce the structures of so-called
buried waveguides in which the maximum value of refrac-
tive index is moved under the surface of glass base. Fig-
ure 1 presents exemplary diagrams of technological stands
for the realisation of diffusion or electrodiffusion processes
with application of liquid sources of impurity.

The designing process of waveguide structures with the
use of ion exchange technique in glass is based on the
adoption of mathematical model which enables the descrip-
tion of particular technological processes. Parameters de-
termining the kinetics of ion exchange are defined for
a given system glass-impurity by the measurement of re-
fractive profile of the waveguide made in a definite techno-
logical process and by matching the obtained measurement
points with the solution of equation which describes
a given process basing on the accepted mathematical
model. The geometry of the system was accepted as in
Fig. 2. After introduction of the impurity A, two streams of
ions effected by the gradients of their concentration will
occur in the glass area

dBA =-D,Ve, +;1ACAEO (m™“s

(ﬁB = "‘DBVC‘B +:IuBCBEO (”‘ll_ 5 )

Glass plate Cathode

_Furnance
i

(b)

Fig. 1. Section of crucible with hydraulic mixer for the realisation of thermal diffusion processes (a), section of furnace allowing carrying
out electrodiffusion processes with the application of liquid impurity source (b).
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Fig. 2. Geometry of the system.

In the above equations

Eo =Ee Ly,

|

where EG is the local electric field (Vm™), E-.‘e is the exter-
nal electric field (Vm™), £ is the diffusive electric field

resulting from the difference in mobility of the exchanged
ions (Vm).

Due to possible difference of diffusion constants Dy
and Dg of both ion types, a so-called diffusive potential oc-
curs in the glass, which results from the difference in their
mobility. The electric field Ey connected with the said po-
tential is a factor which couples the movement of both
streams (slower ions will be accelerated, and the faster
ones will be slowed down by this field). The external, addi-
tional electric field E, presented in Fig. 2, allows to gener-
alise the investigated exchange process (electrodiffusion).
The equilibrium concentration: ¢y = ¢y + cg, (cp = cp in
glass before the exchange) and normalised concentration of
ions are introduced: u = c,/cy and w = cg/cy satisfying the
condition u + w = 1. For diffusion constants of both types
of ions, the dependence on normalised concentrations is as-
sumed as follows [3]:

D, (u) = Dy 4 exp(Au),

Dy (w) = Dy exp(Bw), (5
* AQ:; i

In the above equation AQ; stands for activation energy of
the i-th element (Jmole='], R is the stands for universal gas
constant (JK-'mole!].

Taking into consideration Eq. (5), from Eqgs. (4) we can
obtain the following equation [4]:

2 —~(Vu)? -

ou Dy A VP
_.= I . +
& 1-ou HKT 1—om ¢

I —ame
l—u e .
Vu———uE, VD, + .
a —a’u)z [ U e u (,] 4 (6)
- 2 -
L "”—[vu— °_uE, VD,
(1 —ou)? HKT —°
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Fig. 3. Refractive profiles of planar waveguides (measurement

points) obtained in sodium-calcium glass in ion exchange

processes Ag*«»Na* — diffusion with the application of melted

(T'=300°C) AgNOj as impurity source, different duration times of

the processes. Full lines stand here for the solutions of equation (6)

obtained for the parameters Dys = 1.63 um?/h, Dgg = 19.44 um?/h,
A =375, B =0.165.
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Fig. 4. Solution of Eq. (6) (full line) describing electrodiffusion

process matched to measurement points defining refractive profile.

Planar waveguide made in sodium-calcium glass through ion

exchange Ag*«>Na™ in the presence of electric field (E = 31.25

V/mm), with the application of melted (T = 300°C) AgNO; as
impurity source,

The above equation together with respective initial
and boundary conditions permits to model respective
technological processes that are used for the production of
both planar and strip waveguide structures. Figures 3 and
4 present exemplary modelling results of thermal diffu-
sion and electrodiffusion basing on Eq. (6). With the ap-
plication of these processes the structures of planar
waveguides in sodium-calcium glass were made, where
the melted silver nitrate was used as the liquid impurity
source of ions Ag*. By matching the solutions of the equa-
tion (6), which is describing a respective process, with the
points of measured refractive profile of the waveguide, re-
spective values of parameters Dy,, Dog, A and B were de-
termined from Eq. (5).
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Fig. 5. Schematic presentation of processes involving the production of strip buried waveguide: (a) generation of the initial distribution of
refractive index, (b) lowering the value of refractive index on the surface side of base glass.

2.2. Production of buried strip waveguides

Buried waveguide structures are characterised by the posi-
tion of maximum value of refractive index shifted under
the surface of base glass. Waveguides of that type (planar,
strip ones) are usually made in successive technological
process whereof the first (thermal diffusion, electro-
diffusion) effects the initial distribution of refractive index
in glass. Refractive profile always has here maximum value
located on the surface of glass. The role of the next process
(processes) is to shift this maximum value under the sur-
face of glass. Such an effect is obtained by the introduction
of ions to glass, which lower the value of refractive index
in the area where the impurity has been already introduced.
At this stage the processes of thermal diffusion or
electrodiffusion can be also applied. When we know the
parameters characterising the kinetics of secondary ion ex-
change, we can form the buried refractive profile by re-
spective selection of technological parameters of the car-
ried out processes. By the application of liquid sources of
impurity ions, the structures of buried strip waveguides are
produced with the use of masking layers (thin metallic lay-

(b)

Fig. 6. Solution of Eq. (6) while modeling the refractive profile of

strip waveguide obtained in the process of introductory diffusion

with the use of metallic mask (a), and subjected to burying process
over the whole surface of glass after the removal of mask (b).
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ers, generally Al) deposited on the surface of base glass. In
such layers, using photolithographic processes, the definite
topology of waveguide structure is formed.

In the initial process (diffusion, electrodiffusion), impu-
rity ions which form the initial waveguide structure are in-
troduced into the unmasked areas of glass (Fig. 5a). The
secondary process, consisting in the introduction of impu-
rity ions lowering the refractive index, is carried out over
the whole glass surface after the masking layer has been re-
moved (Fig. 5b). In the description of the above processes
with the application of mathematical model presented in
Chapter 2.1, respective initial and boundary conditions
must be introduced to Eq. (6). The initial distribution tak-
ing place in glass of the impurity obtained after the initial
process is the initial condition for burying process. Exem-
plary numerical solutions of Eq. (6) in this case are pre-
sented in Fig. 6.

Figure 7 presents the measured refractive profile of the
buried planar waveguide in sodium-calcium glass in the
processes of initial diffusion of ions Ag* and secondary dif-
fusion of ions Na* which result in the lowering of the
change (8n) of refractive index on glass surface.
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Fig. 7. Matching the solution of the equation of secondary diffusion

with the profile of planar waveguide made in sodium-calcium glass

in the following processes: introductory diffusion of jons Ag*: T =

290°C (563 K), t = 2h, + secondary diffusion of ions Na*: T =
370°C (643 K),t=8 h.
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Fig. 8. Production process of strip waveguide using the technique
of silver ions exchange with the use of ion mask (after Ref. 15).

2.3. Double ion exchange

The slowness of ions K* is used to block the diffusion of
Ag* when producing, e.g., strip waveguides using the
method of double ion exchange. At the first stage the plate
masked by the strips of Al layer is immersed in the bath
KNOj;, ions K* penetrate the glass into uncovered areas of
the plate. After this exchange, the mask is removed and the
plate is subjected to the exchange process in AgNO; at
lower temperature and over shorter time that at the first
stage. In the areas where ions K* have already entered, the
penetration of ions Ag* is blocked; due to low mobility of
ions K* the exchange mechanism can not take place. Silver
ions can enter the glass only into areas where the glass base
has already been masked by Al strips. The production of
strip waveguide using the double ion exchange technique is
presented in Fig. 8. The waveguide is constituted by the
area where ion exchange of silver has taken place, and its
refractive index is much higher than the refractive index of
the area where the exchange of potassium ions has been
carried out. On the other hand, the depth at which silver
ions are exchanged in the base is smaller than the depth
into which potassium ions enter. The waveguide obtained
in such a way has an advantage over the waveguide ob-
tained using the standard method. Since the width of the
channel is better blocked by the ion mask than by an ordi-
nary metal one, which does not effect such an effective

1.59 ) )
Strip waveguide
1584 K*: 400°C, 140 min, Ag*; 300°C, 150 min
Strip waveguide
%157 K*: 400°C, 140 min, Ag*: 300°C, 300 min
= Strip waveguide
-a 1.56- Ag*; 300°C, 120 min
2
& 1.55
T
T 1.54-

A Wt Che
152 T T T T T T ; : I ;
1 2 3 4 5 6 7 8 9 10

Depth (um)

Fig. 9. Refractive profiles of planar waveguides obtained in single
and double ion exchange.
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slowing down of ion diffusion on the outside borders of the
strip, the application of ion mask results in smaller loss in
the waveguide than in the case of metallic mask.

Double ion exchange, exchange of potassium ions at
the first stage and exchange of silver ions at the second
stage is used not only in the masking process. It is used
among others for production of diffractive optical elements
on planar waveguides. The process makes use of the advan-
tages resulting from the situation where both single-stage
processes are carried out. Due to the exchange of silver
ions we obtain well-guided modes, what is typical for
waveguides produced with the use of technique of potas-
sium ion exchange.

A simple model satisfactorily describing the process of
double ion exchange in glass has been offered by Auger
and Najafi [6].

It also turns out that the maximum change of refractive
index with respect to Ag* area of double ion exchange is
the same [7] as in the case of single ion exchange, which is
presented by the Fig. 9.

2.4. Doped glass strip waveguides

In the last few years Najafi et al. [8-10] have suggested
doping the glass waveguides with rare-earth elements
(mainly with erbium) in order to obtain sources (or amplifi-
ers) of light coupled with waveguide structure. Two wave-
guide configurations were subjected to testing: in the first
case, in order to produce a waveguide, ion exchange was
carried out in the glass doped with rare-earth elements, and
the second configuration was a structure consisting of
a waveguide obtained through ion exchange in non-doped
glass and glass plate with impurity.

In the first case the ion exchange in glass with impuri-
ties results in the modifications of optical properties of the
base. In the second case the doped glass is pressed to the
waveguide base, with duly selected refractive indexes and
other parameters, about 50% of the energy is transferred to
doped glass.

Application of ion exchange in neodymium glass resulted
in the acquisition of amplifiers and laser at the wavelength
1.06 pm and 1.3 pm (amplification of about 15 dB) [11].

3. Double refraction of glass planar waveguides
and their application as sensor

Chemical composition of glass surface is modified by ion
exchange. The process of ion exchange not only increases
the refractive index on glass surface but also changes other
material constants. As a result of ion exchange, also the
volume of area near the surface, which is connected with
the remaining part of glass, is undergoing changes. The in-
crease or decrease of volume generate compressive or ten-
sile stresses [12,14]. The stresses generated during ion ex-
change cause double refraction, which can be applied in the
integrated optics.
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Fig. 10. Determined differences of propagation constants APga, =

Breo — Brmo for waveguides made in the process of ion exchal;ge

Nat-Ag* for wavelength 0.67 um. (Glass BK7, temperature 400°C,
times respectively 0.25 h, 0.5 h, 1 h).

Figures 10 and 11 present the differences of propaga-
tion constants ARy = Bre, — Bruo Of zero order modes deter-
mined by means of immersion coupler. For the exchange
Na*-Ag* the difference for short diffusion times is positive
APBga, and is getting smaller with the time of the process.
For longer diffusion times ABg,, is becoming negative
(propagation constant of mode TM, is higher than the con-
stant of mode TE;).

In the case of exchange Na*-K* the difference APy is
always negative and its absolute value is increasing with
the time of the process. The described above dependencies
between propagation constants of waveguide modes for
both kinds of ion exchange can be explained by different
involvement of two mode dispersion effects and double re-
fraction. If ion exchange did not result in the generation of
stresses, the profile of refractive index would be the same
for both polarisations. Then, it follows from the solutions
of dispersion equations that modes TE; always have higher
propagation constant than modes TM;. The described effect
is being defined as so called modal dispersion.
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Fig. 11. Determined differences of propagation constants ABgg =

Breo — Prumo for waveguides made in the process of ion exchange

Na*-K* for wavelength 0.67 pm. (Glass BK7, temperature 400°C,
times respectively 0.5 h, I h, 2 h, 5 h).
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The process of ion exchange induces stresses. It leads to
different refraction profiles for both orthogonal polari-
sations. In glass BK7 the stresses in both kinds of ion ex-
change are of compressive character, and hence the refrac-
tive coefficient at a definite point for polarisation TM has
higher value than for polarisation TE. In consequence, the
difference of propagation constants AB; = Bre; — P can be
negative.

For short processes of ion exchange Na*-Ag™ the effects
connected with double refraction are not dominant, there-
fore the difference of propagation constants APy, is posi-
tive. With the increase in diffusion time APy, is decreas-
ing and for long diffusion times it becomes negative. It has
been observed for diffusion time 12.83 h at a temperature
300°C. The effects connected with double refraction of re-
fractive profile begin to dominate, what results in the
change of the sign of the difference of propagation con-
stants. In the case of ion exchange Na*-K* the double re-
fraction of waveguide is a dominant factor from the very
beginning of the process, therefore ABgg = Breo — APrmo 18
always negative.

The dependence of propagation constants in planar
waveguides on refractive indices, i.e., the base ng, the
waveguide ny, the cover n, the layer thickness W and the
frequency @, has been applied in planar waveguide sen-
sors. Propagation constants are also different for modes TE
and TM. The modes differing with polarisation states are
described by differing dispersion equations and by different
influence of double refraction on propagation constants. By
exciting the modes of the same order we bring about the
situation where propagation constants By and By, having
different values, effect the phase difference equal to A
along the propagation line [15].

4. Equipment and elements based on glass
planar waveguides

Double ion exchange due to its advantages, such as:

« small loss of propagation,

» more symmetrical modal profile than in the case of sin-
gle ion exchange,

 possibility to produce waveguides with so-called double
core (which are characterised by two different areas
formed by potassium ions and silver ions, which guide
light),

* good guiding of modes,

= weak absorption of light in the visible range, permits to
produce more sophisticated waveguide structures, and
hence also equipment.

Computer generated waveguide holograms CGWHs
may serve as an example of such equipment; it was created
and tested among others by Saarinen. The formation pro-
cess of waveguide hologram, to effect the separation of op-
tical beam on 1/8, with the application of double ion ex-
change, was presented in Refs. 5, 16 and 17. At the first
stage of the formation process of the above structure, pla-
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Fig. 12. Periodic CGWH structure enabling the division of light
beam on 1/8, made with the technique of double ion exchange
(after Ref. 21).

nar waveguide is made on the base Corning 0211 using ion
exchange technique K*-Na*. Then, its surface is covered by
a layer of aluminium mask.

The CGWH structure is fixed on the mask Cr using the
laser beam. This model of the mask is transformed into the
mask Al with the use of photolithography process, and the
exchange Ag*-Na* is carried out. The parameters of ion ex-
change, temperature and diffusion time are selected in such
a way so that after passing the structure of waveguide front
the modulation of phase could take place. Figure 12 presents
the CGWH structure, which is made up as a grid consisting
of 50 rectangular cells of equal width in each period.

In the experimental system the linearly polarised grid
was lit with a laser beam He-Ne, which was entering the
waveguide through the prism where the mode TN, was ex-
cited. Then the beam, after being split by CGWH, was
leaving through the second glass prism. Figure 13 presents
the recorded diffraction pattern. It shows a non-deflected
line of the zero order which theoretically should have dis-
appeared. Apart from it, the lines of the following orders
appear there: m =4, -3, -2, -1, -1, -2, -3, —4. The inten-
sity of the zero order line results from mismatch of modes
TM, in the area obtained by different techniques of ion ex-
change. A part of the light passes to the mode TM, of the
waveguide obtained as a result of double ion exchange
(CGWH) and returns to the mode TM, of the waveguide
obtained through the exchange K*-Na*. These two modes
have almost equal effective refractive indices and therefore
there is no significant modulation of the phase of mode
TM; and the light again passes to the non-deflected beam.
The line of the order 0 can be eliminated by appropriate de-
signing of the structure CGWH.

Fig. 13. Diffraction image generated by CGWH. Parameters of the

production process of K*-Na* — 45 min, 384°C, Ag*t-Na* —

105 min, 300°C, heating time 20 min., temperature 285°C (after
Ref. 21).
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A lot of works involving the application of double ion
exchange for the formation of optoelectronic line have been
published recently. Mshayekhi [18] has proposed the ele-
ment which couples optical fibre with semiconductor wave-
guide produced on the basis of double ion exchange; the loss
at the junction fibre-waveguide element-waveguide was re-
duced to about 3 dB. Honkonen and Poykonen [19] have
proposed adiabatic waveguide coupler of the Y-type made
using the exchange technique K*-Na*. The loss in this case
was reduced to 1.2 dB. Zhang and Honkanen [20] produced,
on one base Corning 0211 in the same process, two
multiplexers at the wavelength 1.55 pm, and 1.48 pm as well
as 1.30 pm and 1.55 pm. Many other applications of double
ion exchange for production of systems with multiplexing of
wavelength WDM can be found in Refs, 6 and 21.

5. Multimode interference structures in the
technology of elements of integrated optics

Multimode interference (MMI) structures have been a sub-
ject to intensive research studies for a few years [22,23]. It
is a new technology that makes use of the effects of the in-
terference of mode fields in multimode waveguide, which
forms a multimode interference section. Intermode interfer-
ence is accompanied by the so-called events of self-ima-
ging of input field which excites multimode waveguide. As
a result of these events, the input field, which is usually ef-
fected by a single input singlemode waveguide or a group
of singlemode waveguides, is reproduced in simple, re-
flected and multiple images.

In currently available literature we can come across
works involving multimode interference structures made
on the basis of step-index waveguides. The work [24] pres-
ents the possibility for occurrence of self-imaging in gradi-
ent waveguides made by the ion exchange K+«<>Na*.

5.1. Operating

A diagram of a typical MMI structure is presented in
Fig. 14. It consists of a a group of input waveguides (a) that
define input field of a wide multimode section (b) where
we can observe the effects of interference of mode fields
and singlemode output waveguides (c). Singlemode wave-
guides provide stable distribution of input field E(x,y,0).
The field introduced to multimode section is decomposed

X T (b)

Fig. 14. Diagram of a typical MMI structure.
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into mode fields @,,(x,y) of multimode waveguide, of
propagation constants B,

E(x,y,O) =2 Cn,m@n,m('t’ )’)- (7
n.m

The field at the distance z from the introduction point is
the superposition of mode fields, which propagate with dif-
ferent phase velocities and therefore they are in a different
way shifted in the phase

E(x’ y‘z) = 2 C-‘L!??¢?im (I, y) : exp(_jﬁﬂﬂi‘z)’ (8)
n.m

The image of interference of mode fields observed in
the section MMI depends on mode properties of multimode
waveguide. Gradient structures made using the technique
of ion exchange in glass seem to be particularly interesting
for the technology MMI. Due to ion exchange technique
which makes use of multi-stage processes of diffusion,
electrodiffusion, diffusive and electrodiffusive burying, we
can very freely form mode properties of the obtained
waveguides which decide on the effects of intermode inter-
ference.

The present work demonstrates theoretical research stud-
ies using the beam propagation method (BPM) of multimode
gradient interference structures made in a simple diffusion
Agte>Na™ to the glass base plate, in view of their applica-
tion in the systems of integrated optics.

5.2. Self-imaging events in gradient waveguides

The basic element of the investigated gradient MMI section
is made up by a multimode waveguide made using the ion
exchange Agt¢>Nat, of the distribution profile of refrac-
tive index calculated numerically on the basis of nonlinear
diffusion equation [25], for the window 16 pm wide. The
base was made up by borosilicon glass (ng = 1.51) sur-
rounded by air. The following material parameters were
used in the calculations: diffusion depth of ions Ag* =
0.31 um, mobility ratio of exchanged ions r = 0.5 and max-
imum change of refractive index An = 0.1. For selected in
such a way geometry and parameters of technological pro-
cess, as it can be presented on the basis of the method of ef-
fective refractive index, the waveguide is singlemode for
the direction being in agreement with the width of structure
x (it guides 12 modes), and singlemode for the perpendicu-
lar direction y. Therefore unidimentional effects of the in-
terference of mode field will occur.

Figure 15 presents the evolution of normalised ampli-
tude of the field of wave A(x,y) determined by the BPM
method [24], for the structure MMI excited symmetrically
with the field of singlemode waveguide, obtained during
the diffusion through the window 1.2 pm. The distribution
presents contour map of the amplitude along propagation
way for the minimum reference level 0.25 of maximum
value. In such a situation only even modes MMI should get
excited. The image of input field is formed at the distance
L = 650 pm. At the distances L/n symmetrical n-fold im-
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Fig. 15. Evolution of normalised amplitude of the field.
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ages of input field are observed. At the distance z = 170 pm
from the introduction place, the input field is divided into
four almost equal parts, which means that MMI can be ap-
plied as power divider 1x4. Power division can be obtained
for the propagation length z = 329 pm. After passing a sec-
tion twice as long, a simple image of the input field appears.

As it can be seen, the observed interference images rec-
reate the input field only approximately. The quality of in-
terference images is getting worse also with the increase of
propagation area.

5.3. Waveguide T-junctions based on MMI

Making use of the self-imaging effects of input field we
can produce T-junctions and couplers 1XN and NxM hav-
ing very good optical parameters, where the branching of
input field is realised on a very small area of a few hundred
pm. Figures 16 and 17 present numerical simulations, using
BPM method, of exemplary applications of MMI made
with the exchange technique Ag*«>Na* for the realisation
of symmetrical T-junction 1x2, for which we obtain at the
output a uniformly divided signal of the value 0.65 of input
field (total attenuation 0.714 dB) and of the T-junction x4
of the output 0.455, 0.451, 0.457, 0.452 (attenuation
0.85 dB). The value of output signal is influenced by the

© 2000 COSiW SEP, Warsaw



Fig. 16. Distribution of field amplitude in waveguide T-junction
1x2.
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Fig. 17. Distribution of field amplitude in waveguide T-junction
Ix4.

quality of self-imaging of input field and the loss of field
coupling at the output of MMI with singlemode
waveguides,

Figurel8 presents a more complex optical system of
Mach-Zehnder interferometer where MMI elements were
used for branching of input field and coupling of signals
from both arms of the interferometer. The signal at the out-
put had the value 0.84 of the input signal (total attenuation
1.42 dB). A similar method can be applied for realisation
of Mach-Zehnder interferometers of larger number of arms.

5.4. Application potentials of MMI in the technology
of waveguide sensors

Gradient MMI can be also applied in the systems of wave-
guide sensors. The change of external conditions of wave
propagation, connected with the presence of dielectric lay-
ers covering the whole area or a fragment of multimode in-
terference section and changing optical properties when af-
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fected by external physical fields or chemical absorption,
can be recorded in the changes of interference images of
mode fields. The division of wide multimode interference
structure into the sections covered by the strips of layers
sensitive to various measurement values may be applied in
the production of interference sensor for simultaneous de-
tection of several values. Introductory numerical simula-
tions show the sensitivity of multimode interference in gra-
dient multimode structures to slight (of the order 0.5x104)
changes of refractive index of dielectric layer.

6. Plasmon interaction in planar structures

Over the last two decades, the literature all over the world
has been providing information involving the application of
surface plasmon resonance (SPR) in many electro-optical
units. To provide some examples, we can mention such as:
modulators of light intensity, spatial modulators of light,
bistable facilities, units for the generation of second har-
monic, tunable optical filters. And the last decade brought
forth information on the application of SPR for sensor re-
lated purposes. In the beginning, the units were built on the
basis of Kretschmann’s configuration (volumetric), and re-
cently the literature has provided examples for the applica-
tion of cylindrical and planar waveguides for the construc-
tion of gas sensors with the use of SPR.

Along the border between metal and dielectric, the sur-
face plasmon wave, so-called surface plasmon, can be ex-
cited. Optical properties of metal are described with dielec-
tric permittivity €., = €,,, — €, and properties of dielectric
with permittivity €,. Let the electromagnetic wave of the
wave number ky and polarisation TM falls on the border
between the media. Along this border the surface plasmon
wave can be excited (in electron plasma of metal). The eas-
iest way to excite plasmon wave is with the assumption that
Eme < 0, leg,| >> €4, ley,| > €, then the real part of wave
number of surface plasmon [26]

IE E .
ki =ky f—Loar ot ©
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Fig. 18. Mach-Zehnder interferometer.
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It results from the above that the border along which
surface plasmon can propagate must divide the media
whose real parts of dielectric constants have opposite
signs, whereas the imaginary part of dielectric constant of
metal should be small (so that permittivity could be
small). Attenuation of such surface waves is very high and
their range is from several to a dozen or so micrometers.
The penetration range under and over division surface of
the media is still smaller and can equal several dozen
nanometers. Surface plasmons always have polarisation
TM. As it results from Eq. (9), the real part of wave num-
ber of surface plasmon is higher than the wave number of
light wave in dielectric medium. In order to effect the
coupling of light wave propagating in dielectric medium
with surface plasmon (its exciting by light wave), equality
of both wave numbers must be ensured. It is of conse-
quence when considering the excitement ways of surface
plasmons. In order that the excitement of plasmon wave
could take place, the exciting electromagnetic wave must
contain a mode of the wave number ky = n kg = sinf;, sat-
isfying the condition k, = k.. This condition can be satis-
fied by changing the angle 6; or the length of the exciting
wave, since the values €,,, & depend on wavelength.

The structure of waveguide sensor based on the sur-
face plasmon resonance was schematically presented in
Fig. 19.
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Fig. 19. Concept of the structure of plasmon sensor.

Strip waveguide can be both of single- and multimode
character. Polychromatic light is introduced to the wave-
guide. By propagation, the light effects the excitement of
surface plasmons. They can be excited only by the wave
having the length which satisfies the condition of phase
synchronism. Observing the spectral composition of light
reaching the sensor’s output we can make assumptions on
the length of wave which has been decoupled and which
excited the surface plasmon. Since the length of this wave
is the function of €,, and g, therefore we can in this way
measure with high sensitivity the refractive index of the
medium located over the metallic layer (with constant &g,).
It is required from the dielectric sensor layer that it should
change its refractive index in the function of concentration,
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e.g., of gas which it has adsorbed. The thickness of this
layer should be very small (of the order of several dozen
nm) due to two reasons: so that the sensor’s response was
burdened with small time constant, and that the electric
field of surface plasmon could penetrate through its whole
thickness.

7. Conclusions

The technology based on ion exchange in glass has been
known for many years. At first, the technology was devel-
oping slowly, and its application perspectives were limited
to passive elements (T-junctions, couplers, etc.).

Over the last decade, the technology has started to de-
velop intensively and the application potentials have in-
creased considerably. Double ion exchange, waveguide
burying, doping with laser elements, application of ion ex-
change in borosilicon glass offered new application possi-
bilities, not only in passive elements but also in units in
monolithic connection of waveguide structures with the
sources or amplifiers. The development of ion exchange
technology made it possible to join waveguide structures
with quantum dot waveguides [27].

Ton exchange technique has been widely applied in tele-
communications, particularly in local and computer net-
works as well as in sensor related technology. The paper
has demonstrated expanding application potentials in new
kinds of sensors, e.g., plasmon sensors. Over the last five
years the production technology of T-junctions 1xN, dou-
ble wave multi- and demultiplexers has been developed
sufficiently enough to be introduced to industrial mass pro-
duction [28].
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