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Abstract

We obtain the temperature dependences of the effective refractive index on the parameters of the
sol-gel film. We found and explain the differences in the temperature characteristics of the sol-gel
waveguides for the transverse electric (TE) and transverse magnetic (TM) modes. We consider the
features of these dependencies and make physical interpretations of them under high-temperature
conditions.
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1. Introduction

Further development of telecommunication systems requires usage of new technologies and materials.
They provide improved characteristics for the basic elements of these systems, such as optical waveguides,
splitters, switches, and others based on thin films fabricated of different materials.

In recent years, the attention of the researchers is attracted to waveguides based on the films man-
ufactured by the sol-gel method. This technology is simple enough, economical, and provides good
optical characteristics of the waveguides. Moreover, sol-gel films possess a number of interesting prop-
erties, among which are the possibility of varying the refractive index in wide limits by changing the
fabrication-process parameters, i.e., high photosensitivity, possibility to doping with different elements,
ete. [1-4].

One of the most interesting properties of sol—gel films is a large negative optical temperature coefficient
(OTC), which allows using them in waveguide devices with thermocontrol such as directional splitters,
switches, and commutators [5].

Manufacturing of the integrated optics devices based on the sol-gel-film technology generates a need
for more detailed research of temperature properties of the optical waveguides fabricated of these mate-
rials.

Manuscript submitted by the authors in English on October 10, 2012.
536 1071-2836/12/3306-0536 ©2012 Springer Science+Business Media New York



Volume 33, Number 6, November, 2012 Journal of Russian Laser Research

Studies of the temperature dependence of the effective refractive index (ERI) made in [6] discovered
the difference in the form of the dependences for the TE and TM waveguide modes in the temperature
range from 0 to 100°C. It was shown in [7] that the observed features are caused by two competitive factors
— the temperature dependence of the film thickness (positive factor) and the temperature dependence
of the refractive index of the film material (negative factor, since the film material has negative OTC).

Our aim in this work is to make clear how these two indicated factors influence the behavior of the
temperature dependences of optical waveguides based on TiO2—SiO9 sol—gel films in a wide temperature
range for different TE and TM waveguide modes.

2. Temperature Dependence of the Effective Refractive Index

The effective refractive index of the waveguide modes is calculated using the dispersion equations,
which determine the relations between the corresponding mode ERI, the thickness of the waveguide layer,
the wavelength, and the refractive indices of the media forming the waveguide with taking into account
their temperature dependences.

The dispersion equations are as follows:
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(2)
for the TM modes, where A is the wavelength of the radiation source, neg is the ERI of the waveguide
mode, ni, no, are ng are the refractive indices of air, film, and substrate, respectively, and m is the
coefficient of the waveguide wave (mode).

The temperature dependences of the refractive index and the thickness of TiO2—SiO4 sol—gel films were
calculated using functions ny(7') and h(T') obtained experimentally and approximated by the following
polynomials:

ng(T) = —2.047-1077T? —2.185- 10 °T +ny,  h(T) = (1.168 - 107 °7T% — 1.838 - 107°T + 1)h.

The behavior of these characteristics for the TE; and TM; waveguide modes at temperatures near
100°C [6] suggests that some new features can show up on the further temperature increase. Encouraged
by this assumption, we investigated the characteristics of the optical waveguides fabricated from TiOo—
SiO9 sol—gel films. These studies were carried out in a wide temperature range from 0 to 400°C. The
ERI emperature dependences were calculated for the waveguides with the refractive index 1.8, because
the studied features of the characteristics are much more expressed at high refractive index.

The ERI emperature dependences for the TE; and TM; waveguide modes were calculated for the
film thickness h lying in the range from 0.14 to 0.5 pum. In these calculations, the film refractive index
ng has values 1.49, 1.55, and 1.8.
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to h = 0.5 pm and no = 1.55 is presented in Fig. 1. Fig. 1. The ERI temperature dependences for

We observed interesting dependences of ERI(T) for the TE1 and TM; modes at np = 1.55 and h =
the refractive index ny = 1.8. The behavior of the depen- 0.5 pm.
dence of ERI(T) differs sufficiently for thick (from 0.34 up to 0.5 pm) and thin (from 0.14 to 0.34 um)
films. For thick films, the behavior of the function ERI(T") (Fig. 2) is similar to the function shown
in Fig. 1. As the film thickness increases, the behavior of this function coincides with the behavior of
the function corresponding to ny = 1.55, i.e., the curves corresponding to the TE; and TM; modes are
convex, and the degree of convexity increases with the film thickness (Figs. 2a and b).
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Fig. 2. The ERI emperature dependences for the TE; (a) and TM; (b) modes at no = 1.8 and A = 0.5 pm.

However, the behavior of this function drastically changes for films with small thickness (equal to or
less than 0.34 pum), and the behavior of the curves corresponding to the TE; and TM; modes become
substantially different. For example, for a film thickness of 0.34 um, the function ERI(T") corresponding
to the TE; mode is a convex curve (as in the previous cases), and the function ERI(T") corresponding to
the TM; mode is a concave curve.

The changing of the dependence ERI(T') for the TE; mode with the variation of the film thickness
(from 0.14 to 0.30 pum) is shown on Fig. 3.

At the film thickness of 0.14 pm and the temperature range from 0 to 80°C, the curve is concave
and has a minimum at 80°C. With temperature increase the ERI also increases, so the ERI temperature
coefficient (ERI TC) in this range is positive (Fig. 3a). The negative ERI TC (shown by the curve
decline) in the temperature range 0-80°C has the value of 0.7 - 107, and the positive ERI TC (increase
of the curve) in the temperature range from 80 to 400°C is 1.2 - 107>,

As the film thickness increases up to 0.165 pm, the curve has the second extremum at a temperature
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Fig. 3. The ERI temperature dependences for the TE; mode at ny = 1.8 and h = 0.140 (a), 0.165 (b), 0.180 (c),
and 0.193 pm (d).

near 400°C (Fig. 3b). At higher temperatures, the TC becomes negative again. As this fact takes place,
the position of the first extremum moves towards higher temperature (120°C), and the ERI TCs have
the same absolute values 1-107°.

With further-film thickness increase, the extrema moves towards each other (Fig. 3¢), i.e., the low-
temperature extremum moves to the right, and the high-temperature extremum moves to the left. So,
it results in a decrease in the difference of the extremum values. At a film thickness of 0.180 um, the
negative ERI TC increases in the temperature range from 0 to 140°C up to —1.2-107°, and the positive
ERI TC in the temperature range from 140 to 400°C decreases to 0.3 - 107°.

At a film thickness of 0.193 pm, we observe that the curve has a horizontal segment in the temperature
range approximately from 180 to 260°C, with the ERI value equal to 1.593. Within this segment, the
action of both temperature factors (positive and negative) is compensated, and the ERI does not depend
on temperature (Fig. 3d).

Further increase in the film thickness (0.20 pum) causes the change of the curve shaper — a concave
curve in the temperature range 0—200°C and a convex curve in the temperature range 200-400°C. An
inflection point of the curve is located at 200°C. When the film thickness increases up to 0.30 pm and
higher, the curve becomes uniformly convex. The values of the ERI TC are —3-107° in the temperature
range from 0 to 200°C, and —10 - 107° in the temperature range from 250 to 400°C.

For the TM; mode, the function ERI(T") for thin films (0.140-0.20 pum) also has extremum, however,
it is shifted to low temperatures with respect to the TE; mode, and the change location from 8 to 41°C
with the film thickness increase within the stated limits. Our studies showed that the ERI(T") function
behavior for the TM; mode is similar to that for the TE; mode, but all the characteristic points are
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shifted towards lower film thicknesses (Fig. 4).
Experimental studies of the temperature characteris- 16101

tics of sol-gel waveguides showed that for the most part = )

of studied samples the temperature coefficient of the ERI = 1 00}

was negative. However, for the TM; mode, at a film y /
thickness of 0.2342 pm, the positive ERI TC was observed 1.608 k. g
in the temperature range from 20 to 50°C, which corre-
sponds to the results of our calculations.
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Fig. 4. The ERI temperature dependences for the
TM; mode at no = 1.8 and h = 0.283 pm.

3. Results and Discussion

Our studies proved the assumptions made in [7] that the dependence ERI(T') is determined by two
competitive factors — the temperature dependence of the film thickness (positive factor), and the tem-
perature dependence of the refractive index of the film material (negative factor, since the film material
has the negative OTC). In addition, the action of the negative factor increases with increase in the film
thickness, since the thickness increase results in the concentration of the wave field growth, as shown
in [6].

Lowering of the ERI values at higher temperatures and the convex shape of the curves (see Figs. 1
and 2) reflect the dominance of the negative OTC of the film material. This conclusion follows from the
estimated contribution of the factors stated, presented in [7] where the temperature dependence ERI(T')
was calculated for two different alterations: (1) consideration of the negative-film-material OTC assuming
the film thickness being temperature-independent and (2) consideration of the film thickness variations
caused by the temperature change at a fixed film refractive index.

For the thin films (see Fig. 3), the film-thickness temperature-dependence factor grows up and its
contribution to the ERI is positive. In this case, the influence of the film-material negative OTC is small,
due to low wave-field concentration in the film, as shown in [6].

The extremum points of the ERI curve correspond to equal contributions of the two factors considered.
A subsequent increase in the function ERI(T) is caused by a greater influence of the positive factor
(increase in the film thickness with temperature) on the ERI, which increases the ERI value. As the
temperature overgrowthes the first extremum point, the increase in the ERI value at first becomes
slower, since the competitive negative factor increases with the film-thickness increase, then the action
of both factors becomes equal (the second extremum), and after that the curve ERI(T") becomes convex
and decreases, showing a dominance of the negative factor.

The aforesaid is true for both considered modes. However, for the TM; mode, the features of the
ERI temperature dependence (occurrence of the extrema and their behavior with the varying thickness)
show themselves at higher values of the film thickness. This occurs due to the smaller concentration of
the waveguide mode field in sol-gel films, and the action of a negative factor decreases in accordance
with the portion of the mode power propagating in the sol-gel film.
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