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Abstract. This paper presents the technological aspect of application of the ion exchange method in producing gradient refractive index
in glass. The possibility of predictable and repeatable producing of the changes in glass refraction with the use of this method has been
presented, as well as the method of in situ control of the process of diffusion doping of glass based on the measurement of the temperature.
This method is based on simultaneous (to the carried process) solving the nonlinear diffusion equation modeling the spatio-temporal changes
in normalized concentration of the admixture ions in glass. For this purpose the knowledge of temperature characteristics of diffusion
coeflicients of exchanged ions is used. The result of such control of diffusion processes is information on the current (temporary) refractive
index profile of the resulting waveguide. The presented method of control has been confirmed by experimental results, which concern
modeling and measurements of planar waveguide structures of slab type. The proposed methodology can also be used to control the
diffusion processes of producing another type of two- and three-dimensional gradient structures. According to the author’s knowledge the
method mentioned above has not been described in literature before.
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1. Introduction

The technological method of ion exchange in glass has been
known for a long time. Its implementation for producing gra-
dient changes in refraction of glass in order to produce a
waveguide structure was first published in the work of Izawa
and Nakagone in 1972 [1]. This method has found its widest
application in relation to the oxide glasses. The physical basis
of this method is the phenomenon of ionic conductivity of the
glass. In the multicomponent glasses the modifiers are incor-
porated into its composition at the stage of preparation of the
glass. After the vitrification process the ions of these modifiers
are associated with glass skeleton by weak Coulomb bonds
[2]. At sufficiently high temperatures, they gain energy allow-
ing their migration in the glass skeleton [3]. The directions of
migration of mobile modifier depend on the local environment
of polar units. After dissociation each of them is capable of
capturing mobile cations. Because the structural units in the
glass forming the glass skeleton do not produce the ordering
of long range, a random network of most probable directions
of hoppings is formed. In the presence of an external electric
field a structured drift of modifiers’ ions forming current of
ionic conductivity occurs.

The ion exchange processes are initiated in the glass as
a result of the appearance of so-called admixture ions in the
surface area of the glass. This situation occurs when at a suffi-
ciently high temperature the glass is in contact with the phase
of the source of these ions (most often it is a liquid phase).
As liquid source of dopant ions, the molten salts of nitrates,
sulfates, chlorides or the corresponding metals can be used.
Among these groups, nitrate salts have relatively low melt-
ing points, and their strong oxidizing properties do not place
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the glass surface cleanliness requirements. For this reason,
they are the most commonly used sources of admixture ions.
Suitably high temperature of the molten salt provides the dis-
sociation of its molecules on the metal cation and metalloid
oxide anion. Then alkaline cations pass the liquid phase in-
to glass, and the mobile modifiers’ cations leave the glass
passing to the liquid. This provides the condition of electrical
neutrality of the glass. As the effect of the appearance of the
new admixture ions at the glass surface, with simultaneous
reduction in concentration of its modifier in this area, two
oppositely directed streams of exchanged ions caused by the
concentration gradients are produced in the glass. Due to the
diffusive nature of these phenomena they are called diffusion
processes. The liquid phase of the source of admixture has a
number of great advantages. Such phase can be regarded as a
virtually unlimited source of admixture which allows for the
adoption of assumption about the temporary stability of the
concentration of ions entering from the source at the glass
surface. By applying a sufficiently large capacity of the bath
and the use of its continuous mixing such a source can be
used for long-term (several hundred hours) processes. Anoth-
er advantage of this type of source is ensuring the stability of
the glass temperature of the entire glass sample. During the
total immersion of the glass substrate in a bath it is isolated
from the influence of the environment.

As the admixture ions the following are used: silver ions
Ag™ [4-13], potassium ions KT [14-23], rarely: cesium ions
Cst [24, 25], copper ions Cu?t [26-28], thallium ions TI*
[1, 29, 30] and lithium ions Li* [31].

Among the above-mentioned admixture ions the most
commonly used are: silver ions Ag™' (silver nitrate AgNOs
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source) and potassium ions KT (potassium nitrate KNO3
source).

Oxide glasses, in which it is possible to carry out the ion
exchange processes, must demonstrate a good ionic conductiv-
ity. They contain a large amount of modifiers weakly bound to
the skeleton of the glass. Such modifier is generally a sodium
ion Na™ as a result of adding the sodium oxide NayO to the
glass composition [32]. As the effect of different properties,
such as electric polarizability and the ionic radius, the dopant
ions introduced into the glass alter locally its optical proper-
ties (refractive index) [33, 34]. Due to the diffusive nature of
the ion exchange phenomenon and the fact that the admix-
ture is introduced into the glass by its surface, the resulting
changes in glass refraction are located at its surface and the
change in the refractive index in the glass has the gradient
character.

2. Applications of producing gradient
refractive index in glass

The nature of changes in the glass refraction and the extent
of these changes achieved as a result of ion exchange deter-
mine the specificity of this technological method’s purpose.
The kinetics of ion exchange processes at the set temperature
of the process depends on the type of glass and the type of
admixture ions. The duration of the ion exchange processes
determines the range (depth) of obtained changes in glass re-
fraction. These depths may vary in range from a fraction of
pm to tens and even hundreds of um. Ion exchange method
has been used primarily in planar optics. With the use of this
method the waveguide structures with the gradient changes
of the refractive index are manufactured. They can be either
one-dimensional (planar slab type) as well as two-dimensional
structure (planar waveguides of channel type). Taking as a
reference the system in Fig. 1 the waveguide structures can
be classified on the basis of the vector of gradient of re-
fraction changes Vn. In the first case, the vector has only
one coordinate g, (Fig. la). In the second case it is a vec-
tor with coordinates g, and g, (Fig. 1b). For both single-and
two-dimensional structures they may be single or multimode
waveguides [35]. In such waveguide structures, the wave vec-
tor k of a propagating wave has a direction parallel to the
plane of the glass surface (Fig. la, Fig. 1b). On the basis
of such structures various elements of waveguide planar op-
tics may be designed, such as splitters of Y type [36], 1xN
splitters [37], multiplexers [38—42], directional couplers [43],
ring resonators [44, 45], planar polarizers [46], planar inter-
ferometers [47, 48], gradient structures of multimode interfer-
ence couplers MMI [49-51]. These elements cooperate with
fiber waveguides. Hence the need to optimize the distribu-
tion of refraction of channel waveguides in terms of minimiz-
ing the loss of optical power at their connections with fiber
waveguides [52, 53]. In addition to the passive elements of
planar optics, the laser structures and optical amplifiers can
also be produced by the ion exchange method. The glass-
es used for this purpose are doped with the rare-earth ions
[54-60]. On the basis of gradient planar waveguide structures
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the optical sensors are also produced [61-65]. In the gradi-
ent waveguides produced by ion exchange in glasses doped
with semiconductors the nonlinear effects are also observed
[66-68].
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Fig. 1. The classification of gradient structures in glass: a) planar of
slab type, b) planar of channel type, c) refractive

Beside the waveguide structures in the surface area of
glass, the refraction structures are also produced by the ion
exchange method [69-71]. In this case the wave vector k of
a wave passing through such structure (Fig. 1c) may be per-
pendicular to the plane of the glass surface in which it was
made. The vector of gradient of changes in refraction in this
case has three coordinates g, g, and g. (Fig. 1c). Refraction
structures can be in this case, for example, microlenses or
microlens arrays [72].

The ion exchange in glass phenomenon is also accom-
panied by geometrical changes (volume changes) of the ad-
mixture area. This is a result of the difference of radii of
dopant ions and the glass modifier ions involved in the ex-
change process. In this case the changes in refractive index of
glass are characterized by the birefringence being the effect of
the stress generated in the glass [73]. The magnitude of these
stresses can reach values of the order of hundreds N/mm?2.
Such situation occurs for example in BK7 glass doped with
the potassium ions (K™*) [74, 75]. The extent of these stresses
is comparable to the range of changes of refraction of glass.
Thus the gradients of these stresses reach very large values in
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the superficial area of the glass. Because the produced stress-
es are of compressive nature, the ion exchange method can be
used for surface hardening of glasses [76-78].

3. Ion exchange in glass
as a technological method

An important advantage of the ion exchange method is its
low cost both in terms of materials used as well as the equip-
ment required for its implementation. The classification of
this method to the category of technological methods require
obtaining predictable and repeatable results by its use. Pre-
dictability of technological method requires the formulation
of a mathematical model describing its effects. Such mod-
el with regard to the obtained technological effects allows to
set certain physical quantities characterizing the technological
process. This is done by fitting a model of the process to set
(on the basis of measurements) quantities characterizing the
obtained technological effect. In turn, obtaining reproducibil-
ity of the technological method requires the determination of
the impact of all the parameters of the process on its final ef-
fect. Then it is possible to determine the tolerance of techno-
logical effect resulting from the tolerance of implementation
of the parameters of the process.

A mathematical model in the case of the ion exchange
phenomenon is the description of the process of diffusion
of the admixture ions introduced into the glass. The tech-
nological result here are the changes of the refractive index
of the glass dependent on the glass and admixture types as
well as the method of realization of the technological process.
These effects are described by means of certain functions un-
der the physical basis of this phenomenon. These functions
represent the dependence of the refractive index change of the
glass from the spatial coordinates. Depending on the type of
produced gradient structure there may be one, two or three
coordinates (Fig. 1). Changes of glass refraction which are
the result of ion exchange are the easiest to be examined in
the case of planar waveguide structures, slab type (Fig. la).
The rationale here is the easiness of taking measurements
while ensuring their high precision. The method applied here
is the waveguide method (m-line method). It uses a prism
coupler to selectively stimulate the waveguide modes. The
measuring effect are the synchronous angles ¢,, (where m
— mode row), on the basis of which the normalized propa-
gation constants of the waveguide modes (effective refractive
indices N,,) are calculated. The measurement uncertainties
AN,, of the effective refractive indices designated by this
method are of the order of 10~* [80]. On the basis of the
determined set of effective refractive indices of the modes
{Ny, :m=0,1..., M — 1} (where M — the number of stim-
ulated modes of the waveguide) the approximate refractive
index profile of the waveguide is reconstructed. This profile
is a set of points {(zy, Np) : m =0, 1..., M — 1}, where x,,
marks a turning point of the mode with a IV, effective re-
fractive index. The procedure for determining the x,,, turning
points on the basis of a set of effective refractive indices of
modes has been described for the first time in paper [79]. The
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modes equation binding monotonic refractive index profile of
the gradient waveguide to the effective refractive indices of
modes is as follows:

Tm,

ko / vn2(z) — N2 dx
0 (1)

) 4 No = i
= — arc — 5
mTim 1 gl r 713 — ]V;i 5

where kyp — wave number of the light in free space, x,, —
the position of the turning point of the m-th mode, n(x) —
refractive index profile of the waveguide, IV,, — effective re-
fractive index of the m-th mode, n. — refractive index of the
environment (coverage) of the waveguide, ng — refractive in-
dex of the waveguide at the glass surface, » = 1 (for the TE
polarization), 7 = (ns/n.)? (for the TM polarization). The
second component on the right side of the equation takes into
account the phase change upon wavelength reflection (mode)
from the glass surface, depending on its state of polarization.

Fidelity to the reconstruction of the refractive profile using
this procedure increases with the number of modes conducted
through the waveguide [80].

Theoretical description of changes in refractive index of
glass is based on a mathematical model of a two-component
ion exchange [80, 81]. It assumes the existence of only two
types of ions involved in the exchange process. These are
the ions introduced to the glass (ions of A type) and the glass
modifier ions (ions of B type). In this model, the diffusion co-
efficients of ions exchanged in the glass are functions of their
normalized concentration and temperature, in the form of:

Da=Da(u,T) = Doa(T) - exp(Au), .
Dp = Dgp(w,T) = Dop(T) - exp(Bw),
where D 4, Dp — diffusion coeflicients, © and w — normalized
concentrations of ions of A and B type, T' — temperature of the
process (K), Doa, Dop, A and B — coeflicients determined
experimentally.

The dependence of the Doy and Dyp coefficients on the

temperature is described by the Arrhenius equations:

Dyi(T) = Dj; - exp (— AQ%)

T (i=AB), 3
wheret AQ); — activation energy of the ¢-th ion type, R —
universal gas constant.

In Eq. (3) the constants: Dj; and AQ); are experimentally
determined for a given glass and admixture type.

The equation describing the spatio-temporal changes in
normalized concentration of admixture ions introduced into
the glass in the one-dimensional thermal diffusion process
has the form [80]:

Ou _ Doaexp (Au) @_’_
ot 1—oau ox?

Do a exp(Au)[ad-(1—u) Al-u(1—a)?Dop B exp[B(1—u)] Ou .
(1—au)? ox )’
D (C))

where v = 1 — =22 . exp [u(A+ B) — BJ.

Dop
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The function u(z,t) which is a solution to this equation
is transformed into one-dimensional refractive index profile
n(x) according to the relation:

n(x) = ny + Ang - u(x). Q)

In the equation above n; is the refractive index of undoped
glass, Ang is the maximum change in the refractive index of
the doping area of the glass (for the preliminary diffusion —
at the glass surface).

For a theoretical description of the formation of the
changes of glass refraction as a result of the ion exchange
process (diffusion of the admixture ions) it is necessary to
know the diffusion coefficients of exchanged ions (2). These
coefficients, which are the functions of normalized concentra-
tion of exchanged ions, require knowledge of four parameters:
Doa, Dop, A and B. Proceedings to their designation con-
sists of three stages [80]. The first implements a process of
diffusion of dopant ions to the given type of glass at a fixed
temperature Ty;r; (the average temperature of the process)

temperature
acquisition
unit

in a known time t4;sf. In the second phase the measure-
ment of the effective refractive indices of the modes of the
produced waveguide is made, as well as the reconstruction
of the refractive index profile (1). In the third step the solu-
tion of the diffusion Eq. (4) transformed into the refractive
index profile (5) is fitted to the points of the profile recon-
structed in the second stage. The parameters Dga, Dop, A
and B giving the best fit are taken as parameters determining
the diffusion coefficients for a given temperature [81]. Carry-
ing out this procedure for different temperatures of diffusion
processes the Dfj; and AQ); values can be determined based
on the Arrhenius Eq. (3). Thus the temperature dependences
Dy4(T) and Dyp(T) of diffusion coefficients of exchanged
ions are obtained.

Knowledge of these relationships allows the in situ control
of the diffusion processes of glass doping. This method [81]
is to solve the diffusion Eq. (4) in real time of the process.
The directly measured value here is the temperature. This
procedure is presented in Fig. 2.

/4 InDgy,

glass plate

u(x,t)

diffusion equation

=

u(x,t,) Antn,= n(x,t)

modal equation: N_(t)
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Fig. 2. The principle of diffusion process control in real time
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The crucible, in which there is the molten salt (the source
of admixture), is placed inside the furnace. The glass plate
(substrate) in which the diffusion process is carried out, is
placed in a special holder that allows continuous mixing of the
surrounding salt. This ensures that the thermal homogeneity
of the source of admixture. Temperature measurement is per-
formed using thermocouple located in the immediate vicinity
of the glass plate (Fig. 3). The diffusion Eq. (4) is integrat-
ed over the time domain with the time step At. Solving this
equation is carried out in parallel with the implementation of
the diffusion process. Measurement of the temperature in the
crucible occurs at certain moments of time ¢,, which are in-
teger multiples of the time step At. The diffusion coefficients
appearing in this equation are calculated at points of time 7,
based on knowledge of their temperature dependences. In this
way the course of the process temperature T, = T'(¢,,) through
the values of diffusion coefficients Dy (T},) and Dop(T},) af-
fects the form of the solution u(x, ;) of the diffusion Eq. (4).
Using Eq. (5) a correlation of the function describing the
distribution of refraction in the glass n(z,t,) is obtained. In
turn, for the modes Eq. (1), for the assumed wavelength and
the polarization state, the values of the effective refractive
indices of modes N,,(t,) corresponding with the refractive
profile n(x,t,) are calculated. Visualization of the current
refractive profile n(x,t,) and the resulting set of effective re-
fractive indices of the modes N, (¢,) allow a direct control of
the diffusion process. After completion of the process (with a
tqif s duration) a registered final profile of the glass refraction
n(xz,tqirs) is obtained as well as a set of effective refractive
indices {Np,(taiff) : m = 0,1...,M — 1} (M — number of
modes).

thermocouple

glass plate

Fig. 3. A method for measuring the temperature of the glass substrate

Faithfulness of this modeling process based on the course
of its temperature is determined by both the temperature mea-
surement (thermocouple closest to the glass plate) and by the
accuracy of determination of the temperature dependences of
the diffusion coefficients. Such a method of controlling the
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diffusion process also allows taking into account the cooling
stage of the glass substrate after removing it from the crucible
(ensuring its continued contact with the thermocouple). This
is important in cases of carrying short diffusion processes. Of
course, the cooling speeds of the substrate and the thermocou-
ple differ. This is because the thermocouple is placed in the
shield isolating it from contact with the salt in the crucible.

The results of this method of process control can be veri-
fied by measuring. This includes comparison of a set of calcu-
lated effective refractive indices of modes { Ny, (taifs) : m =
0,1...; M 40— 1}calc with a set of measured effective refractive
indices of modes {Np, (tairf) : m = 0,1..., Mypeas— 1 meas-
The effects of such process allow us to conclude the pre-
dictability and repeatability of the results obtained by this
method and thus its recognition as a technological method.
According to the Author’s knowledge such method has not
been described in literature before. The next chapter presents
the results of such comparisons, which were made for selected
glass-admixture systems.

4. The results of calculations and measurements

The method of controlling the diffusion processes, which was
described in the previous section, has been verified for the
three types of glass substrate and two types of admixture ions.
The research was carried out for soda-lime glass (Menzel-
Glasser company), BK7 (Schott) and Pyrex (Borosilicate 33
of Corning company). Among these the Pyrex glass has the
lowest refractive index, close to the one of silica. The admix-
ture ions used here was the silver ions Ag™ (source: silver
nitrate AgNO3) and potassium ions K (source: potassium ni-
trate KNO3). Figure 4 presents the characteristics of the tem-
perature dependences of diffusion coefficients of exchanged
ions for the glass-admixture systems mentioned above. These
characteristics were determined on the basis of Egs. (3). Lin-
earized form of these s allows the determination of the co-
efficients In(Dy;*) and AQ);/R determining the temperature
diffusion coefficients. Table 1 summarizes the types of glass
and admixture ions, for which the temperature characteristics
of diffusion coefficients have been designated. The measure-
ments of effective refractive indices of the waveguide modes
were performed for a wavelength of A = 677 nm (TE polar-
ization).

Tables 2—4 present the comparison of the values of the ef-
fective refractive indices obtained in the process of numerical
simulations (/N.q;.) with the values determined on the basis
of the measurement (/V;,cqs). The measure of such compar-
isons are the absolute values of the differences of these values
| Neate — Nimeas|m calculated for each row of modes m. These
comparisons were performed for the glass-admixture systems
listed above. Table 2 contains the results on Agt+«+Na™ ion
exchange processes realized in the soda-lime glass with the
use of AgNOs; as a source of admixture. In this type of
glass these processes occur very quickly. This is evidenced
by the number of supported modes in waveguides manufac-
tured in diffusion processes of several minutes duration. For
the Agt+«>Na™ ion exchange in this glass the largest absolute
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values of differences |Negic — Nimeas|m are of the order of
10~3. In the case of the KT«++Na™ ion exchange realized in
BK7 glass (with KNOg as the source of admixture) the ki-
netics of this process is the smallest (comparing to the other
ones). The production of the multimode waveguides in the
temperature of the diffusion process of about 400° requires
duration of order of tens (to over a hundred) hours. However,
with this type of the ion exchange the control of diffusion
processes gives very good results. The absolute differences
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[Neate — Nimeas|m for the effective refractive indices of the
modes in the produced waveguides are in this case are at the
level of 10~ (Table 3). The Ag™«>Na™ ion exchange real-
ized in Pyrex glass from the AgNOj3 source of admixture has
also small kinetics (but slightly greater than the K™ «+Na™ ion
exchange in BK7 glass). In this case also the absolute differ-
ences |Neaie — Nieas|m are of the order of 1074, This even
applies to the processes that produce single- and two-mode
waveguides (Table 4).
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Fig. 4. Determined by Eq. (3) temperature dependences of diffusion coefficients Doa(T") and Dop(T') for the glass-admixture systems of
Table 1. a) Soda-lime glass: ion exchange Agt«sNa™ (source of admixture ions: AgNO3), b) BK7 glass: ion exchange K™«>Na™ (source
of admixture ions: KNO3), c) Pyrex glass: ion exchange Ag™«Na™ (source of admixture ions: AgNO3)
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Table 1
The types of glass and admixture ions

Type of glass

Ton exchange type

Source of admixture

Diffusion coefficients

ny e77 M Angrz nm

AQ4/R(K) In(Doa*) AQp/R(K) In(Dop*)

Soda-lime Agt—Nat AgNO3 —1.1086-10% 19.894 —9.2988-103 19.017 1.5105 0.0952
BK7 Kt—Nat KNO3 —1.5786-10% 22.740 —1.3376-10% 19.688 1.5137 0.0079
Pyrex Agt—Nat AgNO3 —1.0771-10% 18.847 —1.1044-10% 20.349 1.4678 0.0190

Table 2

Diffusion processes in soda-lime glass. Ion exchange AgT«sNa™. Source of admixture ions: AgNO3

tdiff =3 h, Tyve =296 C

tdiff =3 h, Tyve = 288 C

tdiff =6 h, Tyve = 253 C

m  Negte  Nmeas  |Neale = Nmeas|m  Neale  Nmeas  |Neaie — Nmeas|lm  Neate  Nmeas  |Neaic — Nmeas|m
0 15935 1.5948 0.0013 1.5925 1.5939 0.0014 1.5907 1.5899 0.0008
1 1.5844  1.5848 0.0004 1.5826  1.5833 0.0007 1.5793  1.5778 0.0015
2 1.5771 1.5773 0.0002 1.5748 1.5752 0.0004 1.5702  1.5683 0.0019
3 1.5709  1.5707 0.0002 1.5679  1.5682 0.0003 1.5620 1.5599 0.0021
4 1.5651 1.5647 0.0004 1.5616 1.5619 0.0003 1.5543  1.5518 0.0025
5 1.5598 1.5592 0.0006 1.5557  1.5558 0.0001 1.5467 1.5442 0.0025
6 15546 1.5536 0.0010 1.5499  1.5499 0.0000 1.5390 1.5361 0.0029
7 15496  1.5485 0.0011 1.5441  1.5440 0.0001 1.5312  1.5280 0.0032
8 1.5445 1.5433 0.0012 1.5383  1.5382 0.0001 1.5234  1.5198 0.0036
9 1.5395 1.5380 0.0015 1.5325 1.5323 0.0002 1.5159 1.5124 0.0035
10 1.5345 1.5328 0.0017 1.5267  1.5265 0.0002

11 1.5295 1.5277 0.0018 1.5210  1.5206 0.0004

12 1.5244  1.5224 0.0020 1.5155 1.5151 0.0004

13 1.5195 1.5172 0.0023

14 1.5148 1.5126 0.0022

15 1.5111 1.5088 0.0023

Short time diffusion processes

taiff = 157, Tyve = 300 C

taisf =8, Tave = 300 C

taisf =4, Tave = 302 C

m_ Neale  Nmeas ‘Ncalc — NmeaS‘m Neale  Nmeas |Ncalc — Nmea3|m Necaie  Nmeas |Ncalc — Nmeas|m

0 1.5805 1.5811 0.0006 1.5751  1.5760 0.0009 1.5712  1.5690 0.0022

1 1.5615 1.5621 0.0006 1.5513  1.5520 0.0007 1.5430  1.5389 0.0041

2 1.5454  1.5458 0.0004 1.5295  1.5310 0.0015 1.5154  1.5109 0.0045

3 1.5294  1.5297 0.0003

4 15140 1.5143 0.0003

Table 3
Diffusion processes in BK7 glass. Ion exchange K T«sNat. Source of admixture ions: KNO3
tgipy = 91 h, Tape =413 C tgipy = 118 h, Tgye = 385 C tgipy = 117 h, Tape = 393 C

m  Neate  Nmeas  |Neate = Nmeas|m  Neate  Nmeas  |Neate — Nmeas|lm  Neate  Nmeas  |Neate — Nmeas|m
0 1.5197 1.5202 0.0005 1.5193 1.5195 0.0002 1.5195 1.5195 0.0000
1 1.5183 1.5187 0.0004 1.5177 1.5178 0.0001 1.5180 1.5178 0.0002
2 1.5173 1.5176 0.0003 1.5164 1.5165 0.0001 1.5168 1.5166 0.0002
3 1.5164 1.5167 0.0003 1.5154 1.5155 0.0001 1.5158 1.5157 0.0001
4 1.5156 1.5160 0.0004 1.5145 1.5147 0.0002 1.5150 1.5149 0.0001
5 1.5150 1.5153 0.0003 1.5139 1.5140 0.0001 1.5143 1.5142 0.0001
6 1.5144 1.5147 0.0003
7 1.5140 1.5143 0.0003
8 1.5137 1.5138 0.0001
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Table 4
Diffusion processes in Pyrex glass. Ion exchange Agt+«+Na™T. Source of admixture ions: AgNO3

tdiff =23 h, Tgve = 302 C

tdiff =18 h, Tyve = 307 C

tdiff =18 h, Tgve = 295 C

m  Neate  Nmeas  |Neate = Nmeas|lm  Neate  Nmeas  |Neate — Nmeas|lm  Neate  Nmeas  |Neate — Nmeas|m
0 1.4831 1.4832 0.0001 1.4830 1.4832 0.0002 1.4824 1.4833 0.0009
1 1.4802 1.4802 0.0000 1.4800 1.4801 0.0001 1.4790 1.4798 0.0008
2 1.4778 1.4778 0.0000 1.4776 1.4776 0.0000 1.4762 1.4771 0.0009
3 1.4757 1.4756 0.0001 1.4755 1.4754 0.0001 1.4738 1.4746 0.0008
4 1.4739 1.4737 0.0002 1.4735 1.4735 0.0000 1.4717 1.4725 0.0008
5 1.4721 1.4719 0.0002 1.4718 1.4717 0.0001 1.4698 1.4707 0.0009
6 1.4706 1.4704 0.0002 1.4702 1.4701 0.0001 1.4684 1.4693 0.0009
7 1.4693 1.4691 0.0002 1.4689 1.4688 0.0001
8 1.4683 1.4681 0.0002 1.4680 1.4680 0.0000
Short time diffusion processes

tdiff:3ha Tave = 286 C tdiff:zg h, Tgpe = 287 C tdifleha Tave = 289 C
m  Neate  Nmeas  |Neate = Nmeas|m  Neate  Nmeas  |Neate — Nmeas|lm  Neate  Nmeas  |Neate — Nmeas|m
0 1.4780 1.4777 0.0003 1.4781 1.4791 0.0010 1.4750 1.4742 0.0008
1 1.4713 1.4714 0.0001 1.4713 1.4718 0.0005

The present control method of the process of diffusion
doping of glass on the basis of the temperature measurement
is also used in the aspect of reproducibility of obtained re-
fraction changes. The values of the effective refractive indices
of the modes recorded on an ongoing basis can be compared
with the reference values N,,,,-m,. The set of reference values
of the effective refractive indices can be calculated by model-
ing the planar structure or may be the result of measurement of
the waveguide produced by another diffusion process. Along
with the duration of the process the calculated values N in-
crease. The rate of this increase depends on the temperature.
The temperature increase reduces the time of the diffusion
process, in which the controlled N4, values reach the ref-
erence values N, orm, and vice versa. The diffusion process
(its duration time and temperature) can therefore be directed
so that it gets close up to the reference values.

The above statements have been verified experimental-
ly. The object of the study was soda-lime glass, in which
the diffusion processes were carried out by the Agt«Na™
ion exchange from the AgNOj3; admixture source. Six dif-
fusion processes at different temperatures have been carried
out (Fig. 5a). The result of the first process was a planar
waveguide leading 5 modes of the TE polarization for a wave
of A = 677 nm. The aim of each of the next processes was
to produce the same waveguide with the same effective re-
fractive indices. The thermo-temporal characteristics present-
ed in Fig. 5a show the correctness of shortening the diffusion
time at higher temperatures (or vice versa) while the end re-
sult of the process remains the same. Figure 5b presents the
ranges of the measured values of the effective indices of the
modes for each row of modes for all six produced waveguides.
The smallest dispersion of the measured values occurs here
for the fundamental modes ANy = 0.0008. This is a result
of adopting effective indices of fundamental modes in the
produced and reference waveguides as a comparative criteri-
on.
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Fig. 5. The thermo-temporal characteristics of the diffusion processes
a), the measured values (and their scattering) of the effective indices
of modes for waveguides produced by the diffusion processes b)
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5. Conclusions

The presented results indicate the ability to control the ion
exchange processes in real-time of diffusion processes. In the
case of preparation of planar waveguides of slab type, a re-
peatability (tolerance) of the effective indices of the modes at
the level of AN ~ 1073 can be guaranteed. In the glasses,
in which the kinetics of ion exchange processes is small (e.g.
BK7 glass, ion exchange: KT+«+»Na™), this repeatability may
be of the 10~* order.

For the planar waveguides of the slab type the calcula-
tion time (associated with the simulation of one-dimensional
refractive profiles and designation on their basis of a set of
effective indices) is short. This allows to obtain information
about the process with the time step of the At = 1 s order.
It is a quite sufficient period of time for modeling process-
es whose duration is of the order of minutes. In the case
of simulation of two-dimensional waveguide structures (e.g.
planar waveguides of the channel type) the calculation time
of the refractive profile will definitely be longer. Additional
calculation on the basis of such profile of modes propagation
constants (with the use of the simplest effective index method)
significantly extends the time step of modeling.

In this case, however, the modeling of the equivalent pla-
nar waveguide of slab type can be applied, which could be
formed during the identical (in terms of time and temperature)
diffusion process. The same procedure can be adopted for
an even more complex simulations of the three-dimensional
structures.

The proposed method of control of diffusion processes can
also be transferred to the annealing processes. In this case, the
gradient distribution of changes of refractive index obtained in
the glass is subject to the thermal diffusion process in the ab-
sence of flow of external admixture. Control principle remains
the same here. In the numerical simulations only the initial
and boundary conditions for the distribution of admixture in
the glass are changed.
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