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Abstract: Temperature sensitivity plays an important role in devel oping
optoelectronic devices such as opticad waveguide sensors. Thermal-stress
effect can be used to control temperature sensitivity. The solution to estimate
the stress induced effective index change in a dab waveguide is extended to
estimate the temperature sensitivity of channel waveguide by use of effective
index method. The present study demonstrates two different configurations.
Temperature sendtivities for the proposed configurations are compared
together and with the temperature sensitivity of the linear channel waveguide.
Theresults exhibit that stress can control the therma sengtivity of the channel
waveguide sensors. It is aso found that the higher the value of the nonlinear
term in the nonlinear-linear-nonlinear structure, the higher is the temperature
sensitivity at all values of combination of different thermal-stress gradients.
Moreover, the temperature senstivity has the highest value for the nonlinear-
linear-linear structure for all values of combination of different thermal-stress
gradients.

Keywords: Optica waveguide, thermal-stress, sensor, temperature sensitivity,
channd waveguide.
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1 Introduction

Integrated optics is the knowledge of integrating a variety of optical
components for the production, focusing, splitting, combining, isolation,
polarization, coupling, switching modulation and detection of light, all on a
single chip. Optical waveguide provides the connections between these
components [1]. Optical waveguide sensors appear as very attractive
devices to be employed in a great number of application fields such as
medicine, microbiology, particle physics, automotive, and environmental
safety.

Optical waveguide sensors have attracted considerable attention
because of their resstance to electromagnetic interference, good
compactness and robustness and high compatibility with fiber networks. In
particular, a biosensor has to be contextually highly sensitive and selective
to the analytic material being detected, to be biocompatible and immune to
external perturbations such as either pressure or temperature changes [2].
Planar optical waveguides are senditive to parameter variations such as
refractive index, absorption, and light-emitting processes. Parameter
changes will cause modulation of light traveling within glass waveguides,
and may be useful for optical sensors in industrial and clinica
applicationg] 3].

Haung and Yan have calculated the temperature sengtivities of the
refractive index of planar channel waveguide consisting of three linear
layers [4]. Tremendous work have been made to study the properties of
waves guided by dielectric films and have produced a large amount of
devices. To date, it has been assumed that the relative refractive indexes
associated with al the media which constitute the waveguide are
independent of the field intensity. Recently, dielectric film waveguides
containing one or more media, whose refractive index depends on the local
intensity, have motivated a great deal of theoretical interest [5, 6, 7]. Optical
performance of an asymmetric optical slab waveguide sensor consists of
dielectric dlab inserted between a nonlinear cladding and a linear substrate
can be controlled by different stress states for both TE modes [8] and TM
modes [9]. Thermal senstivity of a symmetrical optical dab waveguide
sensor consists of dielectric film surrounded by nonlinear cladding and
nonlinear substrate subjected to thermal stress has been considered [10,11].

The present study is dedicated to understand the thermal sensitivities of
the refractive index of the optical channel waveguide sensor subjected to
different stress states. Two different configurations are demonstrated. First
one is the channel waveguide sensor consists of dielectric channel
surrounded by nonlinear cladding and nonlinear substrate. The other
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configuration has a dielectric channel, nonlinear cladding, and linear
substrate. In section 2, temperature sensitivity dependence on the thermal
stress will be summarized. Next, attention will be directed towards channel
waveguide sensor structure. The temperature sensitivity of the effective
index under thermal stress can be solved analytically for a planar
waveguide. Asymmetric slab nonlinear waveguide sensor in which only one
layer is nonlinear cladding is considered in sections 3, and symmetric
nonlinear waveguide sensor in which both cladding and substrate are
nonlinear media is summarized in section 4. The focus of section 5 is on
estimating the temperature sensitivity of effective index for a channel
waveguide under thermal stress by using the effective-index method [12-
14]. Section 6 is dedicated to discuss the results. In this section the relation
between thermal sensitivity of effective index in terms of thermal-stress is
compared for both proposed configuration with the linear case in which both
cladding and substrate are linear.

2 Effect of thermal stress on temperature senstivity of channel
waveguide
The dielectric constant of anisotropic and inhomogeneous medium, g, is
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where Ny, Ny, Nz, Ny, Nk, Ny, ae the refractive indexes. The photo-elastic
effect causes the refractive indexes change with stress and strain [4]. The
relation between refractive index, n, and strain, y for media with cubic
structure is expressed by different authors [15, 16]. The variation of
refractive index with temperature is given by the thermo-optic relation [15].
Considering the effect of stress and temperature on the dielectric film
produces the refractive index change as
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where G, C,, and G are stress-optics constants depend on Young’s modulus,
shear modulus and Poisson’s ratio; An=n(T)-n(To) ; AT=T-To; Oxx, Oyy, Oz, Oyz,
Oxz, and oyy are stress components, and B is the thermo-optic coefficient
depends on refractive index, wavelength, and temperature [4, 10]. The stress
state in the core can be expressed as

SXX:gXEDa'D-I- +er’ (3)

s,,=9,EDa DT +s , 4

SZZ:gZEDa'D-I- +Srz’ (5)
Syz :sz :Sxy :O’ (6)

where E is Young's modulus of the core; Ao = dgadding- Ocore 1S the thermal-
expansion coefficient mismatch between the cladding and the core; o, oy,
and o, are residual stresses along X, y, z; and gy, gy, and g, are loading
parameters which in most cases need to be determined numerically. The
shear stresses in z direction are ignored because the waveguide is considered
very long in the z direction.
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Figure1: Schematic of Channel . . . .
waveauide. Figure 2: Schematic of Channel waveguide sensor

supported by two metal plateson both side.

Figure 1 displays a basic geometry of channel waveguide where thermal
stress is assumed to be induced by thermal mismatch between core and
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cladding. The loading parameters in this case are: g«=0 and gy,=g,=1/(1-v),
where v is Poisson's ratio of the core. If two identical metal plates are
attached on both sides of waveguide, as shown in figure 2, the loading
parameters are g,=0 and
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where h is the thickness of metal plates. Various loading methods can induce
different thermal stresses in the waveguides. The refractive index profile of
the core under stress states expressed by equations (3, 4, 5, 6) can be obtained
from equation 2, as
Ny =N, +(Bno - Clngm - Cz(gy +gz)Em)DT - Clsrx - CZ(Sry +Srz)a(8)
n, =n, +(Bn0 -C9,EDa-C,(g, +gZ)EDa)DT -Cs, -Cy(sx *5,,).(9)
n, =n, +(Bno - Clngm - Cz(gx +gy)Em)DT - Clsrz - CZ(er +Sry)! (10)

Differentiating equations (8, 9, 10) with respect to temperature, T, gives
the temperature sensitivity of the refractive index as

dn

d—_IfX:BnO-CngEDa-CZ(gy+gZ)EDa, (11)
dn

?W:Bno-clgyEDa-CZ(gx+gz)EDa’ (12)
dn?ZZ:Bno-ClngDa-Cz(gx+gy)EDa! (13)

The temperature sensitivity of channel waveguide is estimated using the
effective index method. Though, effective index method is an approximate
method, it produces good results due to the small variation of thermal stress
[12-14]. This method takes advantage of the fact that the temperature
sengtivity of the effective index can be solved anaytically for a planar
waveguide. Then, the solution is extended for a channel waveguide.
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3 Asymmetric nonlinear slab waveguide sensor

Asymmetric nonlinear sab sensor has the structure shown in figure 3 in
which the middle layer consists of an inhomogeneous film with the thickness
on the order of the wavelength and has a higher refractive index than the
surrounding region. The surrounding media are linear substrate and nonlinear
cladding with an intensity dependent refractive index. The dielectric function
of the nonlinear medium (Kerr type) is expressed as

e —e, +a |Ey|2, (14)

wheree,, is the linear relative permittivity and o is the nonlinear coefficient

[5, 6]. The light is confined in the x direction within the central core,
propagates in the z direction, and has no variation in the y direction.
Transverse electric field (TE) has been considered in the slab waveguide
having electric field components (0, g, €“"™ 0) and magnetic field
components (h, €“, 0, h, &%) where B = ng k, nes is the effective
refractive index, k= w/c is the propagation constant, o is the radian
frequency and c is the speed of light. Applying the fields into Maxwell's
equations, the field equations for each layer is obtained [8].

e. =e, +a |Ey|2
y | cladding X %/
y

t COre n

T— substrate Ne

Figure 3: Three-layer asymmetric nonlinear
waveguide sensor .

Applying the boundary conditions leads to the dispersion equations for
TE modes are
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the substrate, n is the refractive index of the core, and
2

g, =k+nZ-e,,L :k?a, and x, is constant of integration at which power

is maxima [8]. Equation 15 expresses the relationship between the effective
refractive index and the core thickness.

4  Symmetric nonlinear slab waveguide sensor
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Figure 4: Three-layer symmetric nonlinear waveguide sensor.

Figure 4 displays the schematic of symmetric nonlinear waveguide sensor
which congists of an inhomogeneous film with higher refractive index than
the surrounding nonlinear (Kerr type) cladding and substrate regions. The
dispersion equation for this configuration is[10, 11]

i 2tan'1g?)tanhc 2 even modes
ktp= | ’ (16)
- 2cot *¢d tanhC ¢ odd modes

f Ep 5
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— 2 2 —
where p =4/ n°-n;, q, = n’-e, i denotes s for substrate and c for

cladding, g = dc = g, and C = kgxo. The effective refractive index as
function of core thickness can be calculated from equation 16.

5 Nonlinear Channel waveguide sensor:
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Figure 5. Two dimensional channel Figure 6: Effective index model
waveguide where the core region is equivalent planar waveguide.

magnified.

Channel waveguides are most common optical waveguides. In the
channel waveguide, the light is confined in two directions perpendicular to
the light propagation direction, z direction. The confined light in the two
directions in the channel waveguide can be directed to desired locations.
Figure 5 illustrates basic configuration of the channel waveguide. The ridge
in the core region confine light in the y direction, and the top and the bottom
cladding regions confine light in the x direction. Although numerical
methods are usually necessary to solve the mode for this kind of structure, the
effective index method is an approximation method to obtain the closed form
solutions [4]. This method is used to show the thermal-stress effects on the
temperature sensitivity of effective index for the lower order E* mode.

The waveguide is assumed under the homogenous stress state (in-plane
stress), and the cladding and the substrate do not have an elasto-optic effect.
According to the effective index method, the waveguide structure in Figure 5
can be equivalent to a planar waveguide shown in figure 6. ng(t1) and ne(tz)
are obtained by applying a planar waveguide analysis equation 17, under the
ridge where the core thickness is t, to obtain ne(t;) and away from the ridge
where the core thicknessist; to obtain ne(t;), for the planar TE lowest mode.

Jn?-n? tangﬁ \/n - n? \/n n?, (17)
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where n is the refractive index of the film, ne is the effective index, n; is the
surrounding refractive index, t is the thickness of the film.

The equivalent channel waveguide shown in Figure 6 is a planar
symmetric three-layer waveguide with core index ng(tz), cladding index ne(ts)
and width w. The relation of the lowest-order E* mode effective index ng* of
the channel waveguide is obtained by [4]

Jn2(t,)- n2, tang?( \%\/nj (t2)- n2. 9= fn2 - (). (18)
(%]

Differentiating equation 18 with respect to the temperature, T, gives the

5
+ of the E* mode effective index of the

temperat itivit E
emperature senstivi
y g T

channel waveguide as

dn, ()% wnZ(t,)- n2 x
n, (t,) 2/ C1+k — —el2l e \t)yp (¢ EX -
R SN e P I TR R
dT B nez(tz)_n;x

The values of ng(t;) and neg(tz) can be obtained from equation 15 for
asymmetric nonlinear structure and from equation 16 for symmetric
nonlinear structure. The sensitivity of both configurations will be compared
with linear configuration in which both cladding and core are linear media

6 Numerical results

The thermal sensitivity has been calculated for symmetric channel
waveguide consists of nonlinear cladding and nonlinear substrate. Similar
calculations are made for asymmetric channel waveguide sensor with
nonlinear cladding and linear substrate. Calculation results have been
compared to the results of the linear channel waveguide sensor. The
parameter values taken in all the numerical calculations are: A= 0.83 pm, dns
= 1X10® °C*, dn = 2X10® °C*, ny = 3.5 and tanhC varies in the interval
(-1, 1).
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Figure 7 : Temperature sensitivity of the effective refractive index of the
fundamental mode (m=0) versus different thermal-stress gradients at different
values of nonlinearity for channel waveguide made of three layers: linear slab,
nonlinear cladding and nonlinear substrate.

Figure 7 shows the temperature sensitivity of the effective refractive
index (ng*) of the symmetrical channel waveguide as a function of the
combined thermal-stress gradients at different values of nonlinearity (tanhC
= 0.3, 0.5, and 0.8). Figure also shows that as the combination of thermal-
stress gradients vary the sensitivity changes. The relation between the
combination of stress gradients and the temperature sensitivity is linear.
This indicates that the sensitivity can be controlled by varying the applied
thermal stresses. It is clear that the temperature sensitivity is maximum at
tanhC=0.8 for all values of the gradient of thermal stress which means that
at the linear limit the temperature sensitivity reaches its maximum as seen in
Figure 8.
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Figure 8: Temperature sensitivity of the effective refractive index of the
fundamental mode (m=0) versus different thermal-stress gradient at Tanh C
= 0.5 for different configurations of three-layer channel waveguide. Below:
nonlinear cladding, linear dlab, and nonlinear substrate (NLN). Middle:
linear cladding, linear media and linear substrate (LLL). Above: nonlinear
cladding, linear dab, and linear substrate (NLL).

Figure 8 shows the thermal stress sensitivities for symmetric channel
waveguide and asymmetric channel waveguide compared to each other and
to the linear channel waveguide. The figure shows that the sensitivities of all
types of channel waveguide can be controlled by changing the applied
thermal stress. The relation between the thermal stress sensitivities and the
combination of stress gradients is linear. However, the temperature
sensitivity of the asymmetric nonlinear case has the maximum value for all
values of the combined thermal- stress gradients compared to the other
configurations.

In figure 7 and figure 8, all lines coincide at one point no matter what
the chosen configuration is. This point corresponds to the value of the
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combination of stress gradient equals Bno. At this point the thermal stress
agn o

sensitivity as defined by ¢—E—+equals zero.
gar 3

7 Conclusion

Thermal stress in the channel waveguide can be controlled by selecting
materials and load methods, such as ataching a bimetal plate. Thus,
temperature sensitivities of the effective index of the channel waveguide can
be carefully tuned. Moreover, the temperature sensitivity of the channel
waveguide can be controlled by changing the nonlinearity value symbolized
by tanhC. The temperature sensitivity of effective refractive index of
symmetric nonlinear channel waveguide increases as the nonlinear term
values increase at al values of combined thermal-stress gradients and
reaches its maximum at the linear limit. Moreover, the temperature
sensitivity of the effective refractive index of asymmetric nonlinear channel
waveguide has the maximum value compared to the other configurations for
all values of the combined thermal-stress gradients. The result might help
the manufacturer in designing and fabricating high performance channel
waveguide sensor.
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