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We analyze the modelling of nonlinear waveguide sensors. The effect of thermal-stress on the optical
performance of nonlinear symmetrical sensor is studied. The mathematical forms of the dispersion equation and
thermal stress sensitivity are analytically derived and plotted numerically. It is found that the thermal sensitivity of
the sensor can be controlled by tuning the core size, by changing loading materials, and by carefully selecting the
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Introduction

Integrated Optical sensor field is motivated by the
expectation that optical sensors have significant
advantages compared to conventional sensor types, i.e.,
their immunity to electromagnetic interference, the use in
aggressive environment, capability of performing multi-
functional sensor on one chip, and higher sensitivity
[1,2]. The properties of waveguide sensing in dielectric
films have been studied intensively for a number of years
and have resulted in a large number of devices. A
nonlinear optically surface waves that propagate along
planar interfaces between dielectric media, has been
investigated considerably because of their applications in
all optical switches [3-5].

The essential part of the optical waveguide sensor is
the ability to transform, in an efficient way, a chemical or
biological reaction in a measurable signal [6]. Substantial
efforts have been made to enhance the sensitivity of
waveguide sensors. Huang and Yan [7] studied the effect
of thermal-stress on the sensitivity of three linear layers
symmetrically optical waveguide sensors. El-
Khozondar, et. al. [8] showed that different stress states
can control the stress sensitivity of three layers
asymmetrical optical waveguide sensor which consists of
dielectric core surrounded by linear substrate and
nonlinear cladding.

In this work, three layers nonlinear symmetrical
optical waveguide sensor is considered. The substrate
and cladding are taken to be nonlinear media surrounding
a dielectric core. In section 2, the thermal-stress effects
on temperature sensitivity of optical performance has
been introduced. The field equations and the dispersion
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equation are derived analytically in section 3. Section 4
is dedicated to evaluate the temperature sensitivity for
nonlinear medium. Numerical results are discussed in
section 5, followed by conclusion in section 6.

I. Thermal-Stress effects on
temperature sensitivity of optical
performance
The practical waveguides is wusually under

anisotropic and inhomogeneous stress state. The

dielectric constant of anisotropic and inhomogeneous
medium, g, is
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with Ny, Nyy, N, Ny, Ny, Ny, are function of temperature,
stress, and wavelength [9]. The relation between
refractive index and temperature (thermo-optic relation)
is
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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

Bn,
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where C,, C,, and C; are stress-optics constants depend
on  Young’s modulus, shear modulus and

Poisson’s ratio; An =n(T) — n(T0), AT = T — To; Gy, Oyy,
Oy, Oyz, Oxz, and OXy are stress components.

As the waveguide is usually very long in one
direction, denoted as z, the shear stresses in this direction
can be ignored. Therefore the dielectric tensor becomes:

e=n; n, 0|, “)
0 0 n
and the stress state in the core can be expressed as
o.=g.EAa(T-T))+0,, 5)
GW:gyEAa(T—TO)+0'W, (6)
Uzz:ngAa(T_TE))JrO-rz’ (7)
c.=0_.=0,=0, ®)
where E is Young's modulus of the core;

A0 = Ogladding — Ocore 1S the thermal-expansion coefficient
mismatch between cladding and the core; 6, 6, and o,
are residual stresses along X, y, z; g, g, and g,, are
loading parameters which in most cases need to be
determine numerically. For simplicity, thermal stress is
assumed to be due to thermal mismatch between core and
cladding. The loading parameters in this case are: g, =0
and g, =g, = 1/(1-v), where v is Poisson's ratio of the
core [10]. To study the stress effect on nonlinear
waveguides we assume that the core to be under
hydrostatic stress state, i.€., Oxx = Gyy = G,,= G.

II. The electric field in the symmetrical
nonlinear optical sensor

The waveguide sensor is assumed to consist of
anisotropic inhomogeneous core as described in section 1
surrounded by nonlinear substrate and cladding. We
assume a core of finite linear layer occupies the region
0<z<t. The two surrounding nonlinear layers occupy
the regions z<0 and z>t as substrate and cladding
respectively. The dielectric function of the nonlinear
layers is chosen to be Kerr like function which is
characterized by,

& =& +aiE2 &)
where ¢,; is a frequency independent linear part, ¢; is the
nonlinearity coefficient, and i=c, s stands to cladding or
substrate [11-13]. Only TE modes (S-polarized waves)
are considered which propagate along the x-axis and has
the oscillating form expressed as follow,

— ik,(n x—ct

E=(0.E,.0) "),
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and H =(H_,0,H.) e(ik‘)(nex_d)), (10)

where n, =k/k, is the effective index, kj, c are the

wave number and the speed of light in free space,
respectively. For TE modes, applying equation 2 into
Maxwell’s equations for fields in free space results in the
wave equations for cladding and substrate [11-13] and
for core [10] as follows,

O’E
a—zy—k(f(nf—ec)E}, +a, ks (E}) =0 (cladding) (11)
Z
OE,
az; +k; (n*=n2)E, =0 (core) (12)
62Ey 2(. 2 2( 3
— ki (n” =2, )E, +a,k; (E}) =0 (substrate) (13)
Z

For a>0 the solutions of equations 11 and 13
respectively are given by [10-12],

E, :\/7146%9 (14)
a, cosh(koqc (zfzo))

E = \/7 4,4, ’ (15)
o cosh(koqx (z—zo))

where z, is a constant related to the power of the
waveguide (at z =z, the power is maximum),

g, =n’ —¢ ,i=c, s which denotes the cladding and

substrate respectively. For n> > n. the solution of
equation 12 can be expressed as,

Ef = Af cosh(ko p Z) +stinh(k0 p Z),

2 2
where p=4n"—n, .

Applying boundary conditions which states that E,
and H, are continuous across the boundary, z=0 and
z =t results in four homogenous linear equations. The
electric field at the core is

(16)

E, = A,[cosh(k,pz) + % tanh(k,q, z,)sinh(k, pz)], (17)

and the dispersion equation is

k,tp—2tanh™! (% tanh C)—mz =0, (18)

where q = q. = qs , tanh C = tanh (koqy)

ITI. Temperature sensitivity for the
nonlinear medium

Temperature sensitivity is defined as the rate of
change of the effective refractive index with respect to
temperature. To evaluate the temperature sensitivity, the
dispersion equation (equation 18) is differentiated with
respect to temperature T, and the quantities p and q are

considered as a function of T i.e. p =yn*(T)-»2(r) and

q=q; = N ne2 (T)- n12 (T) , where n;>=¢;. Differentiating

p and q yields
ndn -n,dn,

p

and  dg = et “mdm
q

dp =
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Then, the dispersion equation (equation 18) is

2 2
kofdp ) tanh(kyzoq) dq/ p - g tanh(kyzoq) dp/ p“+(1-tanh“ (kyzoq) q kozodq)/ p

differentiated with respect to temperature T as follows

=0 (19)

l—tanhz(tanh"l(q tanh(kyz 0q)/ p)

Substituting dp and dq , and use dn. = St , equation
19 is simplified to

S, =[Fndng+Gndn pl/[n,(Fq+G p)] (20)
F=1/2 kjt(p® + ¢’ tanh® C) + g tanh C 2n
G = tanh C p +¢(1- tanh’ Ok,z,p (22)

IV. Numerical results

The analytical equations derived in the previous
sections can be used to describe the planer waveguide
sensors. To solve these equations, the following values of
the parameters are used in the numerical calculations:
n, =2, A=0.83 um, dn;=1-10" 1/°C, dn=2-10 1/°C,
no=3.5. The core thickness (t) has the values in the range
0 to 1.5 um, also the quantity tanh C varies in the interval
(-1, 1). First, the effective refractive index is computed
by solving the dispersion equation 18. Then the obtained
effective refractive index is substituted into equation 20

to compute thermal sensitivity.
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Fig. 1. the effective index (ne) as a function of core
thickness (t) for m = 0.

Figure 1 shows the relation between the effective
refractive index (n.) for the zero mode (m = 0) and core
thickness (t). The curves 1, 2, and 3 refers to the
nonlinear case with tanh C=0.3, 0.6, 0.9 while curve 4
indicates the linear case where tanh C = 1. The effective
index varies with core thickness. It has an inverse
relation with tanh C and reachs the minimum values
when tanh C=1. The relation between the effective
refractive index (ne) for different modes (m=0, 1, 2) is
plotted as a function of core thickness (t) for tanh C =0.9
in Figure 2. The effective index varies for different
modes vary with core thickness. The core thickness can
control the number of modes. Figure 3 shows the
temperature sensitivity for m = 0 as a function of the core
thickness (t) for tanh C has the values, tanh C =0.55, 0.7,
0.95. The temperature sensitivity increases as the core
thickness increases for t<0.2 um and reaches a
maximum value at which saturation takes place. This
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Fig. 2. Efrctive refractive index (ne) as a function of
core thickness (t), form =0, 1, 2, and tanh C =0.9.
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Fig. 3. Temperature sensitivity (ST) as a function of
core thickness (t) for m = at different values of tanh C.
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Fig. 4. The temperature sensitivity (ST) versus the
effective refractive index (ne) for m=0 at different
values of tanh C.

means that there is a considerable tolerance choosing the
core thickness which has a significant importance in
manufacturing. There is also a direct proportionality
between temperature sensitivity and tanh C where the
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value of the maximum sensitivity increases as the value
of tanh C increases.

The temperature sensitivity (ST) versus the effective
refractive index (ne) for m = 0 is shown in figure 4 where
tanh C assumes the following values: 0.3, 0.6, 0.9. There
is direct proportionality between ST and ne where the
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Figure 5; Temperature sensitivity (ST)as a function of effective
refractive mdex (ne) for different modes attanh C =0.7.
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Fig. 5. Temperature sensitivity (ST) as a function of
effective refractive index (ne) different modes at tanh
C=0.7.
maximum value of ST occurs at tanh C=0.3. ST is
drawn as function of ne for m =0, 1, 2 in figure 5 at tanh
(C) =0.7. The effective refractive index (ne) increases
as the temperature sensitivity (ST) increases. The

maximum value of ST occurs at m = 2.

Conclusion

A symmetrical nonlinear optical waveguide sensor
behavior have been studied subjected to thermal-stress
and hydrostatic stress. It is found that the temperature
sensitivity is directly proportional to the core thickness
and the effective refractive index for different values of
nonlinearity. As a result, the thermal stress sensitivity of
the sensor can be controlled by the core size and the
values of the stresses. Thermal stress in the waveguide
can be controlled by carefully selecting the materials and
loading methods, such as attaching a bimetal plate;
therefore, the temperature sensitivity of the effective
index can be carefully measured. Comparison between
linear and nonlinear sensors assures that nonlinear
sensors exhibit higher values of sensitivity. Moreover,
the maximum sensitivity for nonlinear sensors appears at
smaller core thickness than for linear sensor. This makes
nonlinear sensors suitable for scientific and accurate
sensing while linear configurations fit for commercial
applications. Depending on tolerance in choosing
waveguide width, it is possible to manufacture cheap
sensors with suitable sensitivity.

F. Prieto, A.Llobera, D. Jiménez, C. Doménguez, A. Calle, and L. Lechuga. Design and analysis of silicon
antiresonant reflecting optical waveguide evanescent field sensor // Journal of lightwave technology, 18 (7), 966-

M.M. Abadla, M.M. Shabat and D. Jager. Simulation of sensitivity characteristics in optical nonlinear waveguide
O.N. Vassiliev, H.E. Ponath and G.I. Stegeman (eds.). Nonlinear surface electromagnetic phenomena. North

E.L. Albuquerque and M.G. Cottam. Superlattice plasmon-polaritons // Phys. Rep., 233, pp. 67-135 (1993).
W. Chen, and A. Maradudin. S-polarized guided and surface electromagnetic waves supported by a nonlinear

J. Janata, M. Josowicz, P. Vanysek, and D.M.De Vaney. Chemical sensor // Anal. Chem., 70(179R-208R) (1998).
M. Huang and X. Yan. Thermal-stress effects on temperature sensitivity of optical waveguides // J. Opt. Soc. Am.

H.J. El-Khozondar, R.J. El-Khozondar, M.M. Shabat, A.W. Koch. Stress Effect on Optical Nonlinear Waveguide
J.Xu, R. Stroud. Acousto-optic Devices: Principles, Design, and Applications. New York: John Wiley and Sons
M. Huang. Stress effect on performance of optical waveguides // International Journal of Solids and Structures,
A. Boardman and P. Egan, “Optically nonlinear waves in thin films” // IEEE of quantum electronics, vol. QE. 22

H. Khozondar, R. Saifi, M.M. Shabat. Nonlinear surface wave guided by a single periodic medium // Laser

[1]

972 (2000).
(2]

sensors // Laser Phys., 14,9, 1-7 (2004).
(3]

Holland, Amsterdam (1991).
[4]
[5]

dielectric film // J. Opt. Soc. Am. B. 5 (2), 529-536 (1988).
[6]
[7]

B, 20(6), pp. 1326-1333 (2003).
[8]

Sensor // Journal of Optical Communications, (in press).
[9]

(1992).
[10]

40, pp. 1615-1632 (2003).
[11]

(2), pp 319-324 (1986).
[12]

Physics, 14 (12), pp. 1539-1543 (2004).
[13]

G. Stegeman, C.T. Seaton, J. Ariyasu, R. Wallis, A. Maradudin. Nonlinear electromagnetic waves guided by a
single interface // J. Appl. Phys., 58 (7), pp. 2453-2459 (1985).

263



H.J. El-Khozondar, M.M. Shabat, G. Abu Tair, and M. Abadla

XK. Enb-Xoszouzap', M.M. IllaGar™’, XK. A6y Taip®, M. A6amna’

EdexT TepmMo030y1:xeHHs B HeJTIHIHUAX
TOHKOILIIBKOBUX XBHJICTIPOBITHUX CEHCOPaX

'Biooin enexmpuxu ma xomniomepnoi inicenepii IVI, Iaza, Cexmop Iasa
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IIpoanasizoBaHO MOJENb HENIHIHHOTO XBHIICIPOBIIHOTO ceHcopa. BuBUEHO e(eKT TepMidHroro 30yKEHHsS
OITUYHUX BIACTUBOCTEl B HENIHIHUX CUMETPUYHUX ceHcopax. [IpencTaBiieHo MaTeMaTHYHy aucnepcito Gopmy ta
YyTJIUBICTE JO TEPMO30Y/DKEHHS B aHAIITUYHOMY Ta TpadidyHOMYy BHUIIILl. BusBieHO IO, TEPMOUYTIMBICTH
CEHCOpIB MOXE KOHTPOJIOBATHCH 32 JONOMOTOI0 3MiHH PO3MIpiB, MPOIEHTHOT0 HAabOpy MaTepialiB Ta BHOOPOM
€aMoro mMarepiany ceHcopa.

KniouoBi cjoBa: HenmiHIMHMN, ONTHUYHMII CEHCOp, TEPMIYHMH eQEeKT, TepMiuyHa YyTIMBICTh, TEpMidHE
30y JUKEHHSL.
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