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The multilayer planar step index waveguides have been studied in detail for many years now. We examined
gradient index waveguide, which was not thoroughly studied. In this article we have studied structures made from
three, four, and five layers. We also used different substrates for this experiment. Gradient index waveguides
were made in Bk7 and Gevert’s glass by the ion-exchange method. Then we put on it a thin layer of polymer
and examined it again. Afterwards we applied a second layer of polymer achieving five-layer planar waveguide.
Layers deposited on gradient index waveguide change the propagating conditions of light beam in waveguide
structures. Using a generalized m-line spectroscopy method we determine thickness and refractive index of each
layer of waveguide structure. In the next step, a simulation for step index planar waveguides was run. The values
for each layer were taken from previously calculated thickness and refractive index for multilayer gradient index
waveguides. Beam propagation method was used to obtain Neg only for step index waveguide structures to
compare with Neg of gradient index waveguide structure. The changes in propagation of a light beam not only in
waveguide (several modes) layer may be applied to sensing and controlling the direction of light in the waveguide

structure (by depositing on it a polymer layer with the appropriate refractive index).

PACS numbers: 42.79.Gn, 42.82.Ds

1. Introduction

In the paper a determination of optical properties of
multilayer structures has been performed. We exam-
ined gradient index waveguides made by the ion-exchange
method. In the process the time of exchange has influ-
enced the thickness of the waveguide. Number of propa-
gating modes in a gradient waveguide was changing due
to the thickness of used waveguides. Second parameter
(which we control) was a temperature, which changes re-
fractive index of the waveguide.

Using m-line spectroscopy method only parameters
(refractive index and thickness) of waveguide (three-layer
structure) may be evaluated [1, 2]. However, generalized
m-line method allows evaluating parameters of thin lay-
ers deposited on the waveguide [3, 4].

The deposition of layers on the waveguide changes
propagating conditions in the structure. After obtaining
thickness and refractive index of investigated structures
we run a simulation using calculated values. Beam propa-
gation method (BPM) method gave us a mode structure
only for step index waveguide and the waveguide with
one and two polymer layers.

Our goal was the determination of influence of different
polymer layers on propagation in the gradient waveguide
structure.

2. Theoretical background
2.1. Determination of parameters
of gradient index waveguide
Figure 1 presents a gradient index waveguide and its
refractive index profile.
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Because of the refractive index profile of the waveguide
(Fig. 1) we used a dispersion equation written as [2]:

X
/ \/n?(0) = N3 dz = F,, , (2.1)
0
where
1 n2(0)\” Qm + 13 —n3
F,=-— t m -0 2
! [(( 0 o
+%+mﬂ7 (2.2)

m — number of mode, X,, — m-th return point, ky —
wave number, A — wavelength, n(z) — refractive index
profile of the waveguide, n(0) — refractive index of the
waveguide on upper surface, ny — medium index of re-
fraction, ng — substrate index of refraction,

Qm = Nesz - ng ’ (23)
0 for TE

= ’ 2.4

P 1 for TM. (2:4)

To obtain thickness we used an equation

Thickness w

Fig. 1. The gradient index waveguide and the refrac-
tive index profile.
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9 (@ dF(a)
o =2 [ ) da, (2.5)
™ Jro a— f(z)
f(@) =n?(x) —n - (2.6)
F(a) is a polynomial continuous function,
n(0) = N_o.rs, (2.7)

which means that the refractive index on the waveguide
surface is determined by effective index for mode m =
—0.75.

2.2. Determination of parameters of thin layers
deposited on the waveguide

Figure 2 presents the waveguide with deposited thin
polymer layer on it (four-layer structure).

)
Ear ny
Layer ng | p?
Waveguide n
Substrate ng

Fig. 2. The four-layer structure.

To determine the thickness and refractive index of the
gradient index waveguide with one layer (Fig. 2) [5] we
need to analyze two possibilities for this case. First, ng <
Negr, the polymer layer has a lower refractive index than
the refractive index of propagation. Second, ng > Neg,
the polymer layer has higher refractive index than the
refractive index of propagation.

In the first case dispersion equation can be written
as [3]:

bX,, = arctan (%)

h(pt inh(p;t
+ arctan (plpmed cosh(pit) + pysinh(p )) -
b pi cosh(pit) + Pmea sinh(p;t)
(2.8)
where
pl:\/Nég*ngv pmcd:\/N(;/f-%fn%a
Ps = Ne”ff2 - n% )

ng — refractive index of thin layer, ¢ — thickness of thin
layer, N ;cf — effective index of propagation for four-layer
structure.

Left side of Eq. (8) for the structure with the gradient
index waveguide can be written as [5]:

Xm
bX,, = ko/ \/n?(z) — N Zdz
0

and

(2.9)

X 1"
ko [0 /n?(x) — N Zdx
b= s L (2.10)

Xm
We can calculate X, from the inverse function of profile

n~(z) = 2(n), (2.11)
X =z(Nog). (2.12)
Transformation of Eq. (8) gave
1 P? — Pmeabtan C >}
t = — |arccoth L , 2.13
Yz |: <pl (btanc - pmed) ( )

where

C =bX,, — mm — arctan (&)
In the second case (ng > Neg) dispersion equation
looks like

bX,, = arctan (pbs )

[ Pmed COS (pl t) + Dy Sin(pl t)

+ arctan | ——; m — +mm,
b 5 <05 (1) + Prmca S0, 0)
(2.14)
where p, = \/n% — NZ; becomes imaginary.
Thickness of thin layer can be obtained from
1 12— Pmeabtan C
t = — |arccot p,{ Pmed? tall +jm|, (2.15)
Vi D, (b tanC — pmed)
where
C =bX,, — mm — arctan (pf) , JEZ

2.3. Multilayer wavequide structure

Figure 3 presents the waveguide with two thin layers
deposited on it (five-layer structure).

X
y S
Ear ny
Layer 2 g
Layer ng | o7
Waveguide ny
Substrate ng

Fig. 3. The five-layer structure.

In this structure electrical field of any waveguiding
layer possesses a component

Eyj (z,2) = Ajexp (i (7,4 + Bmz))

+ By exp (i (—y;2 + Bn2)) (2.16)
and the tangential component of magnetic field can be
written as

. _1 OB,
H.j(xz,z) =1i(wpo) ! axw

where j — for suitable layer (0, 1, 2, 3, 4), w — angular

(2.17)
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frequency, pg — magnetic inductive capacity in vacuum,
Bm = kNeg — propagation constant for m-th mode.

The values as thickness and refractive index for a five-
-layer structure (Fig. 3) [6] can be calculated from trans-
fer matrix M, which binds the electromagnetic fields at
the backplane of the layer to the fields at its frontplane,
and can be associated with each layer

. cos.(wuofyjdj) %sin(wuovjdj) (218)
iy sin(wpoy;d;)  cos(wpoy;d;)

where d; — thickness of j layer, v; = k(wpo) ™' |nF —

]\762ff|0'5 is for propagating wave in layer j, -;

ik(wpo) "t n? — NZ %P is for evanescent wave in layer j.
In the interface of the layer the tangential component

of the magnetic and electric fields must be continuous

at the interface of the layers. These conditions together
with the condition for obtaining guiding lead to

M; =

1 1
( ) Eyy = MyMsM; ( > Eyy , (2.19)
V2 Yo
which has solutions only for
Yomi1 + Y2 yomiz + ma1 + Yomes =0, (2.20)

where m;; are the components of the matrix M.

3. Experimental arrangement

3.1. Preparation of structures

For measurements the planar gradient index wave-
guides were used. As a substrate we used two kinds
of glass: BK7 (ng = 1.51510 &+ 0.00002) and Gevert’s
(np = 1.50450 £ 0.00002). The gradient index wave-
guides (named three-layer structure) have been produced
by ion-exchange method in the glass substrate (Fig. 1).
In the process, the exchange occurs between cations of
Ag and K (from substances KNO3; and AgNOj3) and
cations Na from the glass. The thickness of the wave-
guide was determined in dependence on the time of the
ion-exchange.

In the next step we deposited on the waveguide (by
spin-coating method) the first layer of two kinds of poly-
mers: polystyrene (PS) and polyvinyl acetate (PVAC).
This way we created four-layer structures (Fig. 2).

The second layer was put on the first layer by spin-
-coating method (five-layer structure shown in Fig. 3).
Polymers used in this stage are polyvinylidene fluoride
(PVDF) and polyimide.

We put polymers on layers in three combinations
(layer 1, then layer 2): PS+PVDF, PVAC+polyimide
and PS+polyimide. The values of refractive index of used
polymers are shown in Table I [7, 8].

3.2. Measurement by m-line spectroscopy method

The setup of m-line spectroscopy has been used to mea-
sure coupling angles of laser beam to the waveguide as
shown in Fig. 4.

Laser light (He—Ne with wavelength A = 632.8 nm) is
coupled into the waveguide by the prism. The using of a
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TABLE I

Refractive index of bulk polymers
used as a layer.

Refractive index
PVDF 1.420 4+ 0.001
polyimide 1.700 £ 0.001
PS 1.589 4+ 0.001
PVAC 1.466 4+ 0.001

Screen

Polarizer

Rotation table

Fig. 4. Setup for m-line spectroscopy.

symmetrical prism causes a reverse effect, too, that is
the decoupling of the light beam, but now in the form of
bright lines (m-modes) observed on the screen. By mea-
suring the coupling angles we can determine — out of a
simple geometric dependence [4] — effective propagation
indices in the waveguide.

The changes of the coupling angle after deposition of
the thin layer are by one order larger as compared with
measurement accuracy of 0.5 — effective propagation
index in such a waveguide structure is different and is
changing dependently on the refractive index of deposited
thin layer.

4. Results from experiment

For every measured waveguide structure [8, 9] the
thickness of all layers was calculated as well as their re-
fractive index. Incident angles are used to calculate ef-
fective indices of propagation. First we analyzed effective
index of propagation of gradient index waveguide, then
with first layer and with both layers. Then we simu-
lated, using BPM method, a step index multilayer pla-
nar waveguide. Thicknesses and refractive indices used
in BPM method were taken from calculated values of gra-
dient index waveguide structures as an assumption. We
compared multilayer gradient index waveguide structures
with multilayer step index waveguide structures.

The article presents several examples of the examined
waveguide structures.

As the first structure to analyze we choose the wave-
guide with combination PS and PVDF polymer layers.
Gevert’s glass is used as a substrate. Evaluated data
from this structure are shown in Fig. 5. Theoretical val-
ues for each layer of step index waveguide structure are
shown in Fig. 6. Table II contains the calculated thick-
ness and refractive index of each layer.
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Fig. 5. Experimental data for structure no. 1 made in
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Fig. 6. Theoretical data for structure no. 1.

The data obtained in the experiment for structure no. 1
shows that number of modes increased when second layer
of polymer had been inserted. In Fig. 5 we observed that
first mode in four-layer structure propagated out of the
waveguide layer and two modes in five-layer structure.
Theoretical calculation shown in Fig. 6 illustrated that
two modes in four- and five-layer structure are propagat-
ing out of the waveguide layer.

The structure shown in Fig. 7 contains the same thin
layers but the waveguide was made in Bk7 glass sub-
strate. Theoretical calculations for each layer of the step
index waveguide structure are shown in Fig. 8. Table III
presents the thickness and the refractive index of each
layer.

Structure no. 2 (Fig. 7) has a different substrate (with
higher refractive index) and in this case we do not ob-

TABLE II

Thickness and refractive index for structure no. 1.

Structure no. 1 (PS+PVDF)

Thickness Refractive index
(W £ AW) [pm)] n+ An
waveguide 6.53 £0.20 1.559 £ 0.030
layer 1 1.175 £ 0.022 1.645 + 0.003
layer 2 0.50 4+ 0.01 1.424+0.01 [7]
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Fig. 7. Experimental data for structure no. 2 made in
Bk7 glass substrate.
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Fig. 8. Theoretical data for structure no. 2.

serve changes in number of modes. We observe propaga-
tion outside of first mode of four-layer structure and two
modes of five-layer one. Figure 8 (theoretical calculations
for the structure of the step-index waveguide) shows two
modes propagating outside only in five-layer structure.
However, the theoretical calculations (Fig. 8) show that
the number of modes increases with the deposition of
successive layers.

In the next structure we used different polymer, poly-
imide (with much higher refractive index) for second
layer. The first layer, as before, is made from PVAC.

Calculated effective indices of propagation for struc-
ture no. 3 are shown in Fig. 9. Substrate in this structure
was made of Gevert’s glass. The values of parameters for
structure no. 3 and its theoretical Nqg are illustrated ac-
cordingly in Table IV and Fig. 10.

TABLE III

Thickness and refractive index for structure no. 2.

Structure no. 2 (PS+PVDF)

Thickness Refractive index
(W £ AW) [pm)] n+ An
waveguide 4.18 £0.10 1.587 £ 0.015
layer 1 1.052 £ 0.012 1.648 £ 0.002
layer 2 0.50 4+ 0.01 1.42 £0.01 [7]
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Fig. 9. Experimental data for structure no. 3 made in
Gevert’s glass.
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Fig. 10. Theoretical data for structure no. 3.

The gradient index waveguide structure and step index
waveguide structure behave similarly. The deposition of
the first layer results in one mode propagating out of the
waveguide layer but two layers on the waveguide cause
propagation of two modes outside.

For the structure with the same polymers configura-
tion but on Bk7 glass as a substrate, the experimental
values of Neg are shown in Fig. 11. The calculated thick-
nesses and refractive indices of the layers are illustrated
in Table V and theoretical data of step index waveguide
structure in Fig. 12.

The deposition of the first layer on the gradient in-
dex waveguide structure on Bk7 as a substrate results
in the propagation of one mode outside the waveguide
layer. After depositing on it the next layer, two modes
propagate out of this layer. The calculations of the pa-

TABLE IV

Thickness and refractive index for structure no. 3.

Structure no. 3 (PVAC+polyimide)
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Fig. 11. Experimental data for structure no. 4 made
from BKk7 glass.
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Fig. 12. Theoretical data for structure no. 4.

rameters of the step index waveguide structure show the
propagation outside of two modes after depositing of the
first layer and three after depositing on it of the second
layer.

The last measured structure had polymers configura-
tion consisting of PS and polyimide.

Data from this structure is shown in Fig. 13. Gevert’s
glass was a substrate for above structure.

Theoretical values for each layer of the step index wave-
guide structure are shown in Fig. 14. Table VI contains
calculated thickness and refractive index of each layer.

For the gradient index waveguide structure the depo-
sition on the waveguide of the first and on it the second
layer causes the propagation outside of only one mode.
However, for the step index waveguide structure it re-
sults in an increase to two modes propagating out of the

TABLE V

Thickness and refractive index for structure no. 4.

Structure no. 4 (PVAC+polyimide)

Thickness Refractive index
(W £ AW) [pm] n+ An
waveguide 8.45 +0.20 1.588 £ 0.016
layer 1 1.024 £ 0.012 1.634 £ 0.002
layer 2 0.50 £ 0.03 1.700 £ 0.001 [7]

Thickness Refractive index
(W £ AW) [pm] n+ An
waveguide 3.78 £0.10 1.581 £ 0.015
layer 1 1.001 £+ 0.01 1.632 £ 0.002
layer 2 0.50 £0.03 1.700 £ 0.001 [7]




1086 E. Augusciuk, D. Dzigg

162

O fivelayer structure
fitting
18F H + fourlayer structure |
*\ﬁ ~fitting
o) threelayer structure
1.58 \\\\ Rtk fitting
\\i%\
5 \\§\
ZPUBE L oses iiersimanistion \\,Q\ o e
N
SO
1.54 o \“&\\@\
NI
RN e
N ~%
1.582 ERANS
\Q
1.5 :
u] 2 10 12

6 8
mode number m

Fig. 13. Experimental data for structure no. 5 made
from Gevert’s glass.
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Fig. 14. Theoretical data for structure no. 5.

waveguide layer.

5. Conclusion

In the paper the gradient waveguide with one and two
thin layers deposited on it has been studied. Refractive
indices of the substances of layers are different: smaller
or greater than the one of the waveguide. In all cases the
deposition of the thin layer on the waveguide increases
the values of effective propagation index (of m-mode)
irrespective of the difference of the waveguide with the
layer [10, 11]. It was caused by different positions of
atoms in thin layers than in bulk substance, so thin layers
have different properties. However, in our experiments
the difference between PS refractive index and PVAC
refractive index was kept, but both layers had a refractive
index larger than the waveguide refractive index.

TABLE VI

Thickness and refractive index for structure no. 5.

Structure no. 5 (PS+polyimide)

With the refractive index of the first layer not much
higher in relation to the waveguide and the lower refrac-
tive index layer on the other layer (structure no. 1 and 2),
the second one does not stop the flow of light outside the
waveguide.

However, with the refractive index of the first layer not
much higher in relation to the waveguide and the much
higher refractive index of second layer for increased coef-
ficient of substrate (Bk7) there are cases of propagating
out of the light from the waveguide.

It can be concluded that the multilayer structure made
on the gradient index waveguide is better than the struc-
ture made on the step index waveguide because of a
smaller number of modes propagating out of the wave-
guide into the adjacent layer.

The accuracy is not so good for the upper layer; how-
ever, the error remains smaller than 1 x 1073 for the
refractive index and below 0.2 pym for the thickness when
uncertainty on the measured coupling angles remains
smaller than 0.01°.

The changes in propagation of a light beam not only in
waveguide (several modes) layer may be applied to sens-
ing and controlling the direction of light in the waveguide
structure (by depositing on it a polymer layer with the
appropriate refractive index).
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Thickness Refractive index
(W £ AW) [pm] n+ An
waveguide 8.89 £ 0.20 1.594 £+ 0.030
layer 1 1.054 £ 0.055 1.638 + 0.004
layer 2 0.50 £ 0.03 1.700 £ 0.001 [7]




