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This paper introduces the application possibilities of long-period waveguide gratings in planar structures of
gradient waveguides. The analysis of resonance possibilities of coupling modes in gradient—gradient structures
was carried out. An original configuration of single-mode (gradient) structure and multimode decoupling area
was proposed. The refractive properties of gradient areas were calculated on the basis of experimental data

relating to the Agt < Na' ion exchange in soda-lime glass.
included the actual dispersion of the glass substrate.

The calculations of the resonance properties

The influence of the ion exchange technological pro-

cesses (diffusion, heating) on the character of the coupling modes’ curves was also presented. The calculations
indicate the possibility of obtaining these resonances in the wavelength range corresponding to the visible spectrum.

PACS: 81.20.Fw, 42.70.Ce, 07.07.Df, 42.79.Gn

1. Introduction

The long-period gratings produced in waveguide struc-
tures enable the power coupling between the propagating
wave modes. The long-period gratings in fiber wave-
guides (LPFGs) in optical fibers function as separate
areas, in which periodic corrugations of permittivity of
medium were produced. Those corrugations can be pro-
duced in the whole waveguide’s cross-section or in its bor-
der area. The long-period gratings’ structures were orig-
inally applied in the fiber optics in reference to the fiber
waveguides [1]. They are realized by creating changes in
the refractive index of the core of single-mode fiber. The
techniques used for producing the Bragg gratings (e.g.:
the waveguide core of silica glass doped with GeO, then
subjected to high-pressure exposure Hy + deep UV ra-
diation — obtained refractive changes ~ 1072 [2]), are
also used for this purpose. The LPFGs implement cou-
pling of the basic mode’s optical power to the cladding
modes. This coupling has a resonant character and the
resonance wavelength for it is determined by the corruga-
tion period and propagation constants of coupled modes.
Those resonances for single-mode fiber waveguides are in
the infrared range. LPFG are used as filters [1, 3-5] and
a variety of sensory structures [6-8].

The possibility of long-period gratings usage in the
structures of planar waveguides (LPWG) was demon-
strated in [9]. The strip waveguide step-index type
(epoxy novolak resin) formed on oxidized silicon sub-
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strate (Si02—Si) was used there. The corrugation area of
the silicon substrate surface was prepared by ion reactive
sputtering prior to its oxidation. In such formed LPWG
structure the resonant coupling modes in the wavelength
range: 1280 + 1550 nm and —18 dB transmission peaks
were obtained. In later works the LPWG structures were
produced on substrates including glass, in which the pla-
nar waveguides were obtained by ion exchange method.
In [10], the authors used for this purpose BK7 glass doped
with silver ions (Ag™). On the surface of the waveguide
a corrugated area was produced (ion reactive sputter-
ing). This area was then covered with a 4 pum thick
polymer layer with lower refractive index than the wave-
guide formed in the glass. This layer acted as a cladding
(the equivalent in fiber waveguide), which could promote
leaky modes. In such structures the resonant coupling in
the wavelength range 1590 + 1620 nm were obtained.

In the literature we can find descriptions of theoreti-
cal LPWG structures’ usage in the step-index waveguide
systems: (1D) planar slab waveguides [11, 12] as well as
(2D) ridge waveguides [13, 14]. The attractiveness of such
structures results from the high flexibility of choice of
materials and technologies used in their production. The
possibilities are far greater than that of the LPFG struc-
tures. The choice of materials, which produce both the
same fiber as well as the decoupling layer, allows the for-
mation of A\, resonance wavelength dependence from the
A period corrugations. Resonance characteristics A;(4)
may include here the visible spectrum range. It is also
possible to influence the spectral transmission character-
istics. These features determine the great interest in this
type of structures.

(841)
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In this paper there were proposed the LPWG struc-
tures on the basis of the planar gradient waveguides.
Particular novelty is the use of gradient multimode re-
gion formed in the glass substrate, which is equivalent
to the decoupling layer. Such a solution according to our
knowledge has not been previously discussed in the litera-
ture. The presented calculations regard planar waveguide
structures produced by ion exchange of Ag™ <+ Nat in
soda-lime glass. The choice of this glass was imposed by
the knowledge of the temperature coefficients of diffusion
of exchanged ions. These relationships were determined
experimentally for the source of admixture in the form:
pure AgNOg3 and NaNOj solution of AgNOs3 in the mole
fraction of mf = 0.0025 [9].

2. The idea of the gradient waveguide-based
LPWG structure

The implementation of coupling modes in planar wave-
guides is achieved by creating a periodic corrugation
(with a A period) in the leading area of the wave. For
practical reasons, coupling occurs between the primary
mode (TEg or TMy) and the modes of higher order,
which propagate within the coverage area of the wave-
guide. The A corrugation period is associated with the
K wave vector of the grid |K| = 27/A. The condition
for coupling modes in such a structure is described by
Bragg’s equation

Bo + 4K = B, (1)
where B, and 5;11 — propagation constants of zero and
m-th order, ¢ — coupling order (¢ = +1, £2...).

Since the propagation constants satisfy the relation:
B < By, the coupling order has negative values (g < 0).

For ¢ = —1 Eq. (1) expressed in effective refractive in-
dices of the modes has the form
(No — N2YA = ), (2)

where A, is the resonant wavelength for the coupling
modes of zero and m-th order.

Since the effective refractive indices of the modes Ny ()
and N¢ (M) are of dispersion character, the refractive dis-
persion of the waveguide medium and the coverage area
has also an important influence on Eq. (2).

Figure 1a presents the realization of the LPWG in the
planar waveguide structure step-index type. Such a so-
lution can be found in the literature [10-15]. The usage
of the gradient waveguide (K™ <> Na™ ion exchange in
BKT glass) can be found in [11]. However, in this case
also the decoupling area is a homogeneous layer deposited
on its surface. In Fig. 1b our idea of LPWG realization in
gradient—gradient structure was shown. The single-mode
gradient waveguide has corrugated surface in the form
of relief. The multimode decoupling area arises as a re-
sult of the additional diffusion of admixture into the glass
through the corrugation zone. In this case the decoupling
area is in the glass substrate. Figure 2 presents the se-
quence of technological processes allowing to implement
the structure of Fig. 1b.
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Fig. 1. The realization of LPWG in the planar wave-
guide structure: (a) step-index type, (b) proposed
gradient—gradient structure.

The first technological step is to produce the corruga-
tion (the relief) on a glass substrate (Fig. 2a). This is
done by chemical etching (sputtering) of the glass prior
to doping. In the next stage the selective ion exchange
process through the glass surface (relief) is carried out
(Fig. 2b). The resulting planar waveguide is a multi-
-mode structure. After this step, it is possible to have an
optional heating step, which enables an additional diffu-
sion of admixture introduced previously into the glass.
As a result the refractive index profile of the waveguide
is decreased, while increasing the range of admixture in
the glass (increasing the depth of the waveguide) at the
same time. This procedure allows the formation of the
resonant coupling characteristics of the modes in the final
LPWG structure.
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Chemical etching of grating

soda-lime glass (relief type)

Prelixﬁinary diffusion
b) (multi-mode zone)
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c) (single-mode waveguide)

Fig. 2. The sequence of technological processes’ real-
ization of the structure in Fig. 1b.

The last technological step is to create a single-mode
gradient waveguide across the whole surface of the glass
substrate (Fig. 2c), which is achieved through the short
process of secondary diffusion. In this process the refrac-
tive index of the multi-mode waveguide also increases.
The duration of the secondary diffusion process must be
chosen so that the resulting waveguide was single-mode
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throughout all of the used range of spectrum. This re-
quires knowledge of the refractive dispersion of the glass
substrate. Figure 3 presents the dispersion characteris-
tics of the refraction of the soda-lime glass (own results).
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1501 soda - lime glass
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300 600 900 1200

Fig. 3. Dispersion of the refractive index of soda-lime
glass and its waveguide (admixture) area of Ag" ions
in case of AgNO3 (z = 1 mf) and AgNO3 in NaNOs
(z = 0.0025 mf) solution as admixture source.

Changes in refraction of the waveguide area were in-
cluded assuming a constant refractive index increment
An at the glass surface (regardless of the wavelength).
In Fig. 3, these relationships are shown with red line for
the source of AgNO3 (z = 1 mf) and green for a solution
of AgNOg3 in NaNOjs (z = 0.0025 mf). The magnitude
of these increments was determined experimentally [9].
In the case of ion exchange of Ag™ « Na' in soda-
-lime glass, they amount to, respectively, An = 0.0963
for z = 1 and An = 0.0408 for z = 0.0025. Still, in
all analyses a spectral range of 400 to 1200 nm has been
assumed.

3. Analysis of the LPWG properties on the basis
of gradient waveguides

The assumptions adopted in the previous chapter have
been used to analyze the LPWG structures produced by
using the planar gradient waveguides. All calculations
were made for soda-lime glass and admixture source of
AgNO3 or AgNOj3 solution in NaNOs (z = 0.0025 mf).
Calculations of refractive index profiles resulting from
diffusion and heating processes were conducted on the
basis of model of the binary ion exchange. In this
model a dependence of diffusion coefficients of exchanged
ions from their normalized concentrations [16, 17] was
adopted. Using this model the temperature dependences
of diffusion coefficients of exchanged ions were experi-
mentally determined. These dependences [18] for the
AgNO3 admixture source are described by Egs. (3):

11085.8 2
DA(T) = exp(— + 19.9) {”?}

p( 92;8‘8 19. 1) P“}? } (3)

The corresponding relations for diluted admixture
sources of AgNOg3 in NaNOjs (z = 0.0025 mf) are de-
scribed by Egs. (4):

DB(T) = eX

45.1 2
DA(T) = exp < 89T5 + 16.6> {’“}ﬂ ,

DB(T)zexp(—‘l?)T9+35) [’“}T } (4)

In the above equations, the D4 and Dp are respectively:
the diffusion coefficients of Agt and Na™ in the soda-lime
glass. The temperature is in the absolute scale.

Fig. 4. Mode fields in the area of corrugated planar
LPWG structure.

The waveguide area produced in the soda-lime glass
by ion exchange of Ag™ <+ Na™ has practically no bire-
fringence. All calculations performed relate to the wave-
guide polarization of TE type. Calculated refractive in-
dex profiles were the basis for determining the disper-
sion dependences N,, () of the effective indices of guided
modes. For the calculation the matrix method of planar
waveguide analysis was used [19]. Based on these rela-
tionships the characteristics of the resonant coupling of
modes TEq — TE,,, were determined by using Eq. (2).

Based on the N,,(\) dependence the spectral distri-
butions of the fields of modes Eyo(z,\) and Eym,(z,A)
for the coupling areas of modes in LPWG structures was
also calculated. Distributions of these fields allow calcu-
lations of the coupling coefficients of modes in the corru-
gated area [20]:

sin(am)

l—
A/ No(A) N (A)
" I By o, N By (a2, X) [02(2, ) — n2(\)] dz
\/f ZIO Jf A d'Tf Ey 'rrL( /\)d'T 7
()

where k_1 — coupling coefficient of the coupling row
(¢ = —1), a — duty-cycle of corrugation, h — depth of
corrugation, ng(x, A\) — dispersion dependence of gradi-
ent area refraction in the glass, n.(\) — dispersion de-
pendence of the refraction of the waveguide coverage.

Based on the specified coupling coefficients (5) the
spectral transmission of the basic mode associated with
the decoupling spectrum to the mode of m-th order is
calculated [20].

TTEQ*}TEm ()\7 h’ga a, A7 L)

K—1,TEq—TE,, (A) =

sin” (\/K%I.TEOHTEWL + AZL)
=1- 1+ A2 ) (6)
—1 ,TEg—TEm
where L — length of corrugated area in the direction of
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propagation, A — a factor describing the deviation from
phase matching according to Bragg’s Eq. (1):

AN A) = 7T<)\ -7 (7)

3.1. Influence of the technological processes
on the resonant coupling of modes

A study was carried out to show the impact of techno-
logical processes related to the production of multimode
decoupling area on the nature of the resonance curves
Ar(4). The processes of diffusion and heating have here
major influence on the shape of refractive index profile.

n n
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Fig. 5. The LPWG structure realized in two diffusion
processes: (a) refractive index profile of the multi-mode
area (A = 677 nm) after the preliminary diffusion t =
1h, T = 360°C, (b) refractive index profile of the single-
-mode area after the diffusion ¢ = 2 min, T" = 260 °C,
(c) refractive index profile of the multi-mode area cov-
ered by the secondary diffusion ¢t = 2 min, T = 260 °C,
(d) dispersion of the glass substrate, glass doping area
and the effective refractive index of TEg mode in the
wavelength range 400 + 1200 nm. All calculations
are for soda-lime glass and the solution of AgNOs3 in
NaNO3 = 0.0025 mf as an admixture source.

The first simulation concerns the gradient structure
produced in two stages of diffusion processes. The first
stage is the diffusion from diluted sources in order to
produce a multi-mode waveguide in the corrugated area.
In Fig. 5a the calculated refractive index profile (A =
677 nm) of the multi-mode area formed in the initial dif-
fusion was shown. This process was simulated for the
admixtures source of AgNOg3 in NaNO3z = 0.0025 mf so-
lution, diffusion duration ¢t = 1 h and the temperature of
the process T = 360 °C. The second stage is to produce a
single-mode waveguide. For its production the diffusion
process from the concentrated source (pure AgNO3) was
simulated. Because the waveguide should be single-mode
in the spectrum of A = 400 + 1200 nm a short process of
diffusion is needed here. The time of this process needs
to ensure single-mode for A = 400 nm, while the propa-
gation of single-mode (without cutoff) for A = 1200 nm.

Large increase of refractive index in the case of such dif-
fusion requires a short duration. For practical reasons
(the actual implementation process), it is recommended
to use possible low-temperature diffusion. This process
was simulated for the temperature T' = 260 °C, its dura-
tion is ¢ = 2 min. Figure 5b shows the refractive index
profile calculated for such a waveguide (A = 677 nm). In
turn, in Fig. 5¢ the calculated refractive index profile in
multi-mode area is shown. The calculations have been
taken on a secondary diffusion which gives single-mode
profile (Fig. 5b). Figure 5d shows dispersion character-
istics of the glass substrate, the doping area of the glass
and the effective refractive index of the TE, fundamental
mode. The figure shows the single-mode of waveguide in
the wavelength range 400 <+ 1200 nm. For a multi-mode
gradient area (Fig. 5¢) the dependences were calculated
according to dispersive modes TEg ... TEg. These rela-
tionships are shown in Fig. 6a.

a» o,
ion NT¥_NCFof multi-mode zone
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Fig. 6. (a) Chromatic dispersion of the effective refrac-
tive indices of the modes TEq ... TEg of a multi-mode
area (Fig. 4c). (b) The characteristics of resonant cou-
pling of TEq mode with TE; ... TEs modes in a multi-
-mode area.

Figure 6b shows the characteristics of the resonant
coupling of TEy mode with the modes of higher orders.
These couplings occur in the multi-mode area (Fig. 5c¢).
They were calculated on the basis of Eq. (2).

Two other ways of achieving LPWG structures are
shown in Fig. 7, which are to perform a further heat-
ing process of multi-mode waveguide. In both cases the
same initial diffusion processes were conducted: duration
t = 1 h, diffusion temperature T = 360°C, admixture
source AgNOs3 in NaNOgs (z = 0.0025 mf). In the first
case the heating process was calculated for the parame-
ters: T'= 360°C, t = 1 h. In the second case the same
temperature was preserved while increasing the heating
time twice t = 2 h. Both heating processes will decrease
the refractive profile after the initial diffusion. At the
same time the profile is expanded into the glass. This
effect is obviously greater for a longer heating. The fi-
nal step for both LPWG structures was secondary diffu-
sion process: t = 1 min, T = 330°C, admixture source
AgNOj3 in NaNOs solution (z = 0.0025 mf). This process
produced a single-mode area of the LPWG structure.

Figure 7 presents the results of calculations for the sim-
ulations stated above. The final refractive index profiles
of multi-mode areas are shown in Fig. 7a and c. These
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Fig. 7. Refractive index profiles (A = 677 nm, TE)
of LPWG structures produced in three technological
stages: (a) and (c) and the resulting characteristics of
resonant coupling of TEq-TE,, modes (b) and (d).

profiles are calculated for the wavelength A\ = 677 nm.
The influence of doubled time of multi-mode waveguide’s
heating can be seen. Furthermore there is a greater dif-
ference between the increments in the refractive indices
of the glass substrate. Next to Fig. 7b and d the res-
onant characteristics A;(A) resulting from the refractive
index profiles are shown. Attention is drawn here to the
influence of heating on shifts in the characteristics in the
corrugation period domain. The change is also to the
shape characteristics, especially for the couplings of the
low-order modes.

3.2. Transmission spectra of LPWG
gradient—gradient structures

The phenomenon of coupling modes in planar optical
waveguides with the LPWG structures have been shown
as the power coupling carried out in a basic TEg mode to
higher-order modes. This coupling has a resonant char-
acter. For a given LPWG structure with a A period of
corrugation there are strict wavelengths (2), for which
there is conversion of power from the fundamental mode
to higher order modes. In this case, there is a decrease of
optical power conducted in the fundamental mode. By
analyzing this phenomenon in the wavelengths domain
the transmission characteristics are obtained for the fun-
damental mode (6). The coefficients of coupling modes
K_1,TE,—TE,, appearing in this Eq. (6) depend on the
overlap integrals of the modal fields in the corrugation
area (5). So a decisive influence on the magnitude of
these coeflicients has a depth h of this corrugation. The
changes in these coefficients depend on the wavelength of
chromatic dispersion of mode fields.

Figure 8 shows a comparison of resonance characteris-
tics for waveguide structures described previously. Next,
the transmission characteristics are shown in a basic TEg
mode. In all cases, the same parameters of corrugated
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Fig. 8. The calculated resonance and transmission
characteristics of LPWG structures for waveguides pro-
duced in the processes: (a) and (b) diffusion from so-
lution AgNO3s in NaNOs (z = 0.0025 mf): ¢ = 1 h,
T = 360°C + diffusion AgNOg3: ¢t = 2 min, T = 260 °C,
(c) and (d) diffusion from solution AgNO3 in NaNOs3
(z = 0.0025 mf): ¢t = 1 h, T = 360°C + heating:
t=1h, T = 360°C + diffusion from solution AgNO3
in NaNO3s (z = 0.0025 mf): ¢ = 1 min, 7' = 330°C,
(e) and (f) diffusion from solution AgNOs3 in NaNOs3
(# = 0.0025 mf): t = 1 h, T = 360°C + heating:
t =2h, T =360°C + diffusion from solution AgNO3
in NaNOs (z = 0.0025 mf): ¢ =1 min, 7' = 330°C.

area were assumed: A = 80 ym, h = 10 nm, a = 0.5
and L = 5 mm. These characteristics show from one
to five resonant couplings. The figure of merit of these
resonances varies with the row of modes. The choice of
parameters of corrugated area adopted here is not opti-
mal. For each waveguide structure it should be decided
individually. However, the purpose of this paper was
to show the theoretical possibilities of producing LPWG
structures on the basis of planar gradient waveguides.

4. Conclusions

This paper introduced the application possibilities of
LPWG in planar structures of gradient waveguides. The
element of novelty here is a proposal of gradient multi-
-mode decoupling area of modes in the corrugated area.
The simulations of diffusion and heating processes for
Agt + Na' ion exchange in soda-lime glass were car-
ried out. The calculations included both: AgNO3 as well
as AgNOj solution in NaNOg3 (z = 0.0025 mf) as the ad-
mixture source. The actual dispersion of soda-lime glass
refraction was also taken into account. For the wave-
guide area the assumption of constant refractive index
increment (in relation to the glass substrate) was made
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in the whole analyzed spectral range. For the calcula-
tions, the exchange of binary diffusion model was used.
This model assumes the dependence of diffusion coeffi-
cients of exchanged ions from their normalized concen-
tration. The calculations used a set of experimental de-
pendences of diffusion coeflicients on temperature. This
allowed the modeling of diffusion and heating processes
at different temperatures. The simulations of producing
waveguide LPWG structures in the processes of prelim-
inary diffusion (multi-mode area) + secondary diffusion
(single-mode waveguide) have been made. The calcula-
tions of simulating the process of heating the multi-mode
area has been also done. The use of additional heating
processes of the multi-mode area allows the usage of large
corrugation periods A, for which the resonant coupling of
TEy — TE,, modes occur in the visible spectral range.
For the chosen parameters of corrugation area the com-
parison was performed to compare the transmission char-
acteristics in the basic TEg mode for the three LPWG
structures. These characteristics demonstrate the reso-
nances consistent with calculations based on the proper-
ties of dispersion guided modes. The calculations show
the possibilities of producing LPWG structures in pla-
nar waveguides systems with a gradient area of coupling
modes.
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