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Abstract: A theoretical approach to study the influence of temperature
dress of the thermal sensitivity of the effective refractive index for
asymmetrical nonlinear optical waveguides is developed. The structure of the
waveguide sensor consists of thin film surrounded by nonlinear cladding and
linear substrate. In the proposed waveguide sensor, temperature stress is
induced due to the different thermal expansion coefficients of the substrate,
core and cladding. Numerical calculation is carried out to draw the thermal
sensitivities of effective refractive indices against the core thickness for both
transverse eectric modes (TE) and transverse magnetic modes (TM). The
relation between thermal sensitivities and different temperature stress gradient
is derived and plotted. Based on the results, thermal sensitivity of the sensor
can be controlled by temperature stresses which can be controlled by carefully
picking the materials and loading methods.
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1. Introduction

Controlling therma sengitivity of optical parameters by temperature
stress is an important issue in developing optoelectronic devices. The
environmental temperature variation induces thermal stresses due to thermal
mismatch of different components in photonic devices. The thermal stress
causes optical parameters change. This is due to the temperature dependence
of the refractive index and optical path length of the waveguide. The
variation of the optical parameters, such as wavelength and effective
refractive index can be improved so that the resulting change can be used as
a measure of the environmental temperature changes. Optical waveguide
serves as a transducer that converts perturbations like temperature, stress,
strain, rotation or electric and magnetic currents into a corresponding
change in the optical radiation [1].

Substantial efforts have been made to enhance the thermal sensitivity
of the optical sensor by use of elasto-optic effect. Cohen et a. [2] proposed
that stress from differential thermal expansion can be used to control the
effects of risng temperature. Oobe et a. [3] used bimetal plate to induce
thermal stress to improve the thermal effect of a silica arrayed-waveguide
grating. The effective refractive index change under different stress states
and the stress effect on the sendtivity of optica waveguides have been
considered by Huang [4]. El-Khozondar et al. [5, 6] have investigated the
effect of stress on the performance of nonlinear asymmetric waveguide
sensor consisting of three layers: nonlinear cladding, linear film and linear
substrate. El-Khozondar et a.[7] have studied the stress effect on the
nonlinear symmetric waveguide sensor consists of three media: the cladding
and substrate media are assumed to be nonlinear and the core medium is
considered to be linear.

Temperature sensitivity of the effective refractive index of TE mode of
three linear media waveguide has been considered by Huang [8]. The focus
of the present study is on the thermal stress effects on the temperature
sengitivity of asymmetric nonlinear optical waveguide sensors. Section 2
describes concerning the waveguide sensor configuration. The focus of
section 3 is on solving the wave equations and mode equations of the
waveguide sensor. In section 4, the attention will be directed towards
thermal sengitivity of the effective refractive index. Section 5 is dedicated
for Results and discussion, followed by conclusion in section 6.

2. Waveguide Arrangement

As shown in Fig. 1, the basic structure of the waveguide in the present
analysis consists of three layers. the substrate, the core, and the cladding.
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Temperature dependence of the optical nonlinear waveguide

The core is an infinitely large planar dielectric thin film with thickness of
the order of the wavelength. The refractive index of the core is considered
higher than the refractive index of the surrounding media. The surrounding
media are linear substrate and a nonlinear cladding. The cladding refractive
index profile is assumed to have Kerr like intensity dependence expressed as

&g :80+(x|Ey|2, where g is the linear relative permittivity and o is the
nonlinear coefficient [9-11].
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Fig. 1. Schematic of asymmetric three layer planar waveguide

The direction of light propagation is parallel to the z axis, confined in
the x direction within the central core, and the variation in the y direction is
ignored. In this study, the new structure of the waveguide is investigated for
both TE and TM fields.

Core is assumed to have a dielectric tensor depend on stress,
temperature and strain due to photo-elastic effects [12, 13]. The sheer
stresses can be ignored in the z direction because the sensor is considered
very long in this direction. Therefore, the relative permittivity tensor of
anisotropic material filling the waveguide core is

a, n, 00
e=én2 nz 0. (1)

_(;', Xy vy -

2 =+

g 0 0 n,g

where n,,n ,n,,,andn, are the components of the refractive index, which
are functions of x, y, and z.
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3. TheProblem Analysis
The relation between the index and the stress can be expressed by
strain-stress relation:

2,0 a9,6 6C, C, C, 0 0 00e®,0
&, gn &, ¢ c, 0 0 oﬂg e
¢n,+ ¢n,* éc2 C, CC 0 0 00Go,*
%078 0 0 c o 0% 2
Clyz+ = (:a 3 u(}cyz—
¢n_~ GO— €0 0 0 0 C, 0o,
&n,5 505 6 C.to 5

N5 05 60 0 0 0 0 C,g8o,5

where C.= ng(pll_ X plz)/(ZE )’ C,= ng[plz -n (p11+ plz)]/(ZE ), and
C,=ngp./(2G) are stress-optic constants. E, G and v are Y oung’s modulus,
shear modulus and Poisson’s ratio, respectively. For isotropic crystals,
Pu =(Pu- Pp)/2andG =E/2/(1+n) [12, 13].

The relation between refractive index and temperature can be
expressed by thermo-optic relation:

in
—=Bn, 3
0T ©)

where T is temperature and B is the thermo-optic coefficient, which is
usually a function of refractive index, wavelength, and temperature.
Combining the effect of stress and temperature on the dielectric film gives
the refractive index change as follows,

a,, 0 a, 0 ¢, C, C, 0 0 0us,0
gnw; in,l&, coc, 0 0 ofs, T
¢n,, ~ ¢n,+~ &, C, C, 0 0 O0ugs,~
Dgn =BDT C’n - éOZ 02 Ol c 0 Ougs = 4
Clyz + Clyz + e 3 u(;', yz +
Cn, ¢n,” €0 0 0 0 C, 0Us,*
§ s § € §s =
Ny & Ny, 80 0 0 0 0 C,q P
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Temperature dependence of the optical nonlinear waveguide

where An= n(T)-n(To), AT= T- To;, G Gy, Om Oy Ok aNd oy are Stress
components. Ignoring the sheer stress effect on optical performance, the
stress state in the core can be expressed as

S, =0,EDg(T -T,)+s (5)
Syy:gyEDg(T'TO)+Sry’ (6)
s, =0g,EDg(T -Ty)+s ™

Sy, =S,, =S, =0, 8

where Ay = v- Yeore 1S the thermal-expansion coefficient mismatch between
the surrounding media and the core medium; o, oy, and o, are residual
stresses along X, Y, z; O, Oy, and g, are loading parameters which in most
cases need to be determined numerically [8].

To simplify the problem and to accentuate the thermal stress effect on
the core, the photo-elastic effects are ignored at the surrounding media. The
practical waveguide is usually under various stress states due to the thermal
mismatch of different layers. Because of the waveguide shape, the stresses
are inhomogeneous and anisotropic. The shear stresses are ignored because
they have small effect on the optical performance. It is also assumed that the
waveguide is under hydrostatic stress state [4, 5]. For example, the loading
parameters and residua stresses are independent of X, y, and z. Different
loading parameters can bring different thermal stresses in the waveguide.

The field equations for both TE and TM fields are derived below.
Applying the appropriate boundary conditions gives the dispersion
equations which express the relation between the effective refractive and the
thickness of the core for both odd and even modes. TE-mode equations are
derived in section 3.1 and TM-mode equations are derived in section 3.2.

3.1 TE modes
TE mode is considered when the electric field component in the
propagation direction is equa to zero, Ez=0. This will smplify the mode
equations in the three layers. The mode equation in the core region [9]
,-U2<x<t/2,is
2

e
dxzy +k?(n*- nd)e, =0, 9

where n is the refractive index of the core and ne is the effective refractive
index for TE mode. Solving equation (9) gives
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e, =B, cos(kxx/nz- n:)+Cesin(kan2- nez) (10)
In the substrate region, x < -t/2, thefield is
e, =D, exp(kxﬂlne2 - nsz) (12)

where ng is the refractive index of the substrate.
The field in the nonlinear cladding, x > /2, is

e, =A, jfsech(qc (x - %)), (12)

2
where g, =k./nz-e,, L :k7a, and X is a constant of integration at
maximum power [10, 11]. It has been taken into account that fields
approach zero at large values of x for all calculations. The constants Ae, Be,
Ce, and D¢ can be determined from the boundary conditions.

At the core-substrate and core-cladding interface, g, and h, ~ dg/dx
are continuous at x = -t/2 and x= t/2 [14]. Applying these boundary
conditions produce four homogeneous linear equations. For these equations
to have nontrivial solution for the constants, the determinant of the
coefficient must be equated to zero [5]. This produces the following
dispersion equations

i . +/b2+1%  even modes
tanp, =| i a3
1§0e \ /bez+1g; odd modes
!
2 a2
where p, :E n®- nez b, :tm(kel' kez)’ tan(kel) = nez nSZ’
2 n°-n;
tan(k )—k n--n, and h =q, tanh 2, & - x, &
e2 h ’ qc 8qc 82 Oﬂ_g
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3.2. TM modes

TM mode is considered when the magnetic field component in the
direction of propagation is equal to zero, H,=0. The mode equation [15] of
the core, -t/2<x <t/2,is

2

h
2 HkAm® - ndh, =0, (14)

and its solution is

h, =B, cos(kx,/n2 - n,f)+Ch sin(kX«/nz- nﬁ) (15

where ny, is the effective refractive index for TM mode.
In the linear substrate, region, x < -t/2, the field formiis

h, :Dhexp(kx./nﬁ- nsz) (16)

In the nonlinear cladding region, x > t/2, the field is expressed as

h =A, jcf%ch(qc (x - X)), )

where g;, A and % are defined earlier. The boundary conditions of zero
fields at large values of x are considered in all calculations. Ay, B, Cy, and
Dy, are constants. At the interface between core and cladding, the boundary
conditions are the continuity of h, and e, ~ n® dhy/dx across the boundary
[14]. The same procedure is used for TE mode gives the following
dispersion equations

.}(bh+ bhz+1); even modes
tanp, =i (18)
th i b,3+1); odd modes
where
kt _n® |nf-n?
Pn ZE\InZ' ny by, =tan(ky, - k), tan(khl) T 2n? ng_ n2’
c''s h
k4/n%-n? ® o 6o
tan(khz) :Th , and h :qc tanhgqc 85' Xoé_é.
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4. Thermal Sengitivity of the Effective Refractive I ndex

Thermal sengitivity of effective refractive index of nonlinear optical
waveguides under thermal stress is defined as the absolute value of the rate
of change of effective refractive index with respect to temperature, |dni/dT].
The thermal sensitivity is calculated by Differentiating equation (13) for TE
and equation (18) for TM with respect to temperature, T. The therma
sengitivity of effective refractive index of the even and odd modes has
identical shape as

sec’(p) 0 = - (19)

where i denotes e for TE and h for TM. Change of the core refractive index
with respect to temperature, dn/dT can be found from equation (4).

5. Numerical Results

In Fig. 2, the temperature sensitivity, dne/dT, is plotted as a function
of the core thickness for the zero mode of the TE fields. The temperature
sengitivity varies with the core thickness. As the core size increases, the
temperature sensitivity increases until certain cutoff (t=1um), then it drops.
The temperature sensitivity for the zero mode of the TM field, dny/dT, as a
function of core thickness is displayed in Fig. 3. The temperature sensitivity
of the TM mode increases with increasing core thickness. It is aso
noticeable that there is a dip around 5.5 pm at which the senstivity
deceases, then increases again. The temperature sensitivity of the effective
refractive index of the zero mode for both TE and TM are plotted as a
function of different thermal stress gradients in Fig. 4 and Fig. 5
respectively for different core thicknesses. Fig. 4 and Fig. 5 demonstrate
that the higher the core thickness the higher the temperature sensitivity of
the effective index for al thermal stress gradient values. All curves intersect
at thermal stress gradient value equal to 3 °C™. In al the calculations, the
values of the optical parameters are: ng=3.5, N;=3.4, &=2.7, 0=10° m*W,
2=0.83um, and C,/C,=0.1.
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Fig. 2. Temper atur e sengitivity of effectiverefractiveindex
of the TE zero mode (m=0) asa function of core thickness.
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Fig. 3. Temperatur e sensitivity of effective r efractive index
of the TM zero mode (m=0) as a function of core thickness.
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Fig. 4. Temperature sengitivity of the effective refractive index of
the TE fundamental mode (m=0) for a planar waveguide sensor
versus different thermal-stress gradients for various values of
cor e thickness (t).

0% 15

-10

=
rrv b v be v v b e Py v bpaagl

L
i

||||||||||||||||||||1|:|-5

-10 ) a ] 10
d dla,, +a
o, 20m Ly (= ”)("c‘l)

dT dT
Fig. 5. Temperature sensitivity of the effective refractive
index of the TM fundamental mode (m=0) for a planar
waveguide sensor versus different thermal-stress gradients
for various values of core thickness (t).
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6. Conclusion

In the present paper, analytical solutions are developed to estimate the
effects of thermal stress on the temperature sensitivity of optical nonlinear
waveguide sensors. It is found that thermal senstivity of nonlinear
waveguide sensors can be controlled by thermal stresses. Thermal stress in
the waveguide can be controlled by carefully picking the materials and
loading methods. Consequently, the temperature sengitivities of the effective
refractive index can be tuned cautiously. Therefore, introducing suitable
thermal stresses, elevated temperature sensitivity will cause a wider tuning
range in tunable filters and lasers. The approximate solutions developed in
this article can be conveniently used to guide the preliminary design to
consider temperature stress effects to enhance the performance of the
waveguide sensors by enhancing their performance through consideration of
temperature stress effect.
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