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ABSTRACT

In the present paper, an analytical theory willileestigated for studying three-layer slab waveguiat sensor
applications. The sensor is a proposed nonlineticapwaveguide including a linear thin film wittitknessh and

dielectric constante; that is surrounded by a substrate with nonlineammgttivity £;and a cover with nonlinear

permittivity €,. Nonlinear environments are of Kerr type. One lef best quantities studied in the research is senso
sensitivity, that is determined with change in efifee refractive indexN for changing in refractive index of cover
mediumn,. Status of obtaining max sensitivity for nonlineeaveguide sensofBE has been investigated and compared
with linear sensors. Guide layer has been chosesi@,and GaN and we have applied silica as cover and substrate
environment with some percent impurity. Our progbsensor with sensitivity §,= 0. 2798 increases up to 105.433%

and thickness of sensor has decrease of h=105 nm4iH666% compared to previous proposed sen$oes@archers
KEYWORDS: Waveguide Sensor, Sensitivity, Refractive Indexy&@pSubstrate
INTRODUCTION

In the recent two decades, optical waveguide ssrisave attracted much attention. In the opticarfithanges
process, various investigations have been dondtthedncentrated has been on suitable designnsbse. As offshoot of
these observations, new ideas using for the desfigmnsor system that had been led to fiber-basedos devices and
parts (Yu, et al 2002; Gholamzadeh, et al 2008yhithr, et al 2003; Taya, et al 2011a; Abadla, €0ala).

Optical sensors used in modification of chemicalsueements to optical properties such as intengitgse,
frequency,.... Chemical sensors considered for inityiin electromagnetic interference, mechanicaistance, small size,
... and for this reason, it can be used in hazaréongonments (Niu, et al 2011; El-Agez, et al 20T4ya, et al 2010;
Taya, et al 2012).

In the past years, optical sensors have been useifféerent cases for various conductions such iakdpy,
biochemical and biosensors (Benaissa, et al 19983, @t al 1999; Abadla, et al 2004b; Abadla, e2@03; Veldhuis,
et al 2000). With the use of these sensors physjgahtities can be measured such as electric ¢umeagnetic field,

pressure, heat, displacement, pollution of seargidiquid level, gamma and X rays.

Its further application in medical can be to detbet concentrations of certain chemicals in blgghrmaceutical
applications, cancer tumors dosimeter, identifyofgdeficiencies within the body, laser surgery, tdgry application,

liquid measurement and blood.
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The essential part of an optical waveguide sensmisists of a high refractive index wave guidingnfil
sandwiched between a substrate and a coveringwakeguide sensor structure can be divided into damfigurations.
The first configuration is called a normal symmetgnsor which the substrate with a refractive inkighker than that of
the cover. The second configuration is the sulestwdath a refractive index less than that of theerowhe waveguide
sensor is called a reverse symmetry waveguideeteigl, the reverse symmetric waveguide sensoes fiedatively higher
sensitivity (Parriaux, et al 2000; Veldhuis, etl8P9; Skivesen, et al 2003; Horvath, et al 200§aTat al 2011b; Schmitt,
et al 2010).

Effective refractive index (N) is one of the masipiortant factors in the field of optical sensingttls obtained by
equationN = c/v,,, wherec is the speed of light in vacuum ang, is the phase velocity. The change in effective

refractive index for each cover evanescent waveded interactive changes. This effect is the bafsiptical sensors.

When a light beam with alpha angle was injectedrnnend of waveguide in film part and the light isdgd
within film by total internal reflections in boundes of film-cover and film-substrate in aroundaofgle® and exited from
the other end of the waveguide the intensity ofclvhivas measured by detector (Abadla, et al 200i4uBe, et al 2000;
Skivesen, 2005; Taya, et al 2012; Taya, et al 2048a, et al 2011c). Evanescent wave formed in gaéit of integrated
internal reflection. A small part of evanescent walistributed into the covering environment in cangle space with
guidance light wavelength. This Evanescent wavémigortant in sensitivity operating. When cover iaged in the
evanescent field, change is observed in absorptigiase shift the light propagating in waveguitlas observed change
is the sign of concentration or cover refractiveer. This displacement between cover and evanediddtcan be

observed with spectroscopic techniques.
THEORY

Here, we are primarily interested in examining ltledavior of nonlinear slab waveguides in senspgieations.

In the present study thepolarized waves propagate throughxes are considered.

Main part of a nonlinear waveguide sensor consists linear thin film of thicknesk and dielectric constaiat.
This film is sandwiched between a nonlinear substend a nonlinear covering layer. Where coverihquanlinear

permittivity (¢;) and substrate of nonlinear permittivity Y are given by:
2
& = g + ac|Eyy | €Y)
2
g, = & + ag|Eys|”. ()

Wherea, andag are the nonlinearity coefficients of covering aubstrate, respectively, andeg are the linear
parts of the permittivities anBl,; andEy; are theTE fields in covering and substrate, respectivelye Blectric field in

each layer has the following solution foE modes for, > 0 andag > 0:

B = = aesech(koae@—20), 2> h -
Ey, = Acos(koqsz) + Bsin(keqez), 0<z<h @
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Ey3 = \/(xzs quECh(kqu(ZS - Z)), z < 0. (5)

Where q. =+N? —¢g. ,qr=+&—N?, qs =+N2—¢,, N is the effective refractive index, constants
A andB represent the amplitude of the waves, andndzs are constants related to the field distributioniie covering

medium and the substrate, respectively.
- 0B, . . . .
Continuity ofE, and% gives the dispersion relation

__ qcqftanh Cc+qsqrtanh Cg
tan(koqgeh) = -5~ : (6)
qf —qc9s tanh Cg tanh C¢

Wherek, is the free space wave numb@r,= k,q.(h — z.), andCs = k,qsz which are called the covering film

interface nonlinearity and the substrate film ifgee nonlinearity respectively.

Wherea, andag are two asymmetry parameters &dandX; are two normalized variables, whexg ag, X, X,
are given by:

£ €
aS:—S,aC:—C,XS:%XC:%_ (7)
£f ef ar ar

X. andX are linked by:

2 _ (1-a)(1+X3)
X = TR 1. (8)

The effective refractive index can be written imis ofag andX; as:

N = V& a5+x§' 9

1+X2
In terms ofX. andX Eq. (6) can be written as
koqsh — arctan(X, tanh C.) — arctan (X, tanh C;) — mm = 0. (10)
Wherem = 0,1, ... is the mode order.

From the dispersion relation given by Eq. (10),deeive the sensor sensitivify, i.e., the basic sensing principle

of the planar dielectric waveguide sensor is to suemachanges iN due to changes in.. Differentiating Eq. (10) with

-1
respect tdN and calculating,, as(anc/aN) we obtain:

Jac 1+X% (Hc+tanh C¢)
Sp = (11
chac+x§ (1+X% tanh? Cc)(ATg+Gs+Gc)

Where
1-ac
H. = ko(h — 2)X \Ef 1+;g (1 — tanh? C,). (12)
__ Hc+tanh Ce (14X2)
€7 Xc(1+X2tanh2 Co) (13)
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__ Hg+tanh Cg (1+X2)

$ 7 Xg(1+XZ tanh? Cg) © (14)
1-as

He = ko(z)Xe/2r |73 (1 — tanh? Cy). (15)

Arg = arctan (X, tanh Cg) + arctan (X, tanh C.) + mm. (16)

The sensitivity of the proposed nonlinear sensaiven by Eq. (11) which strongly depends on theegaide
structure.

One of the most important quantities is the powew fin different layers of the slab waveguide. Heasitivity of
the sensor is critically dependent on the fractidriotal power propagating in the covering mediurhe energy flux

per unit length is given by
P=[""ExHdz =P, + P +P. (17)
WhereP; is the power flow in nonlinear substrate d&adk the power flow in linear film.

The fraction of total power flowing in the nonlinezovering is:

e~ 5 +# e (18)
Where

r = Kqqshx, + %sin(Zkoqfh)x_ + X, tanh Cgjs . (19)
js =1 —tanhC.. (20)
j, =1 —tanhC;. 1)
j3 = 1 — cos(2Kkqqsh). (22)
x_ = 1 — X?tanh?c,. (23)
x, = 1+ X2tanh?c,. (24)

REPRESENTATION AND DISCUSSIONS

In our calculations, we will assume the guidingdato beSi;N, (nf = 2) andGaN (n; = 2.34949), the free space
wavelength will bed = 1550 nm, tanh C. = 0.6 and tanh C; = 0.7. Only the fundamental modean(= 0) will be
considered since it has the highest sensitivity.

Substratum and covering medium are consideredsiith different impurity percent. It is necess&rymention

that silica's linear and nonlinear dielectric canstis respectively = 2.13 anda = 7.04 x 1072,

In figure (1), proposed nonlinear sensor sensytigtdrawn based on guidance layer thickriesisat conventional
symmetric waveguide (i.a; > n.) is considered. Covering medium for this diagramsilica withe. = 2.13 and
substrate environment has been regarded as siiitatlvee different kinds of impurity which are 0%, 0.9% and

10% dielectric constant impurity consist af = 2.311917,2.14917 and 2.343 and diagrams of each one are drawn
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separately and then they are compared. As it is sethe figure, substrate with= 2.311917 has the best sensitivity and

minimum thickness of guidance layer h. It should ri#ed thatn; = 2 has been considered and then diagram for

ng =2.34949 is drawn in figure (2) and both figures eompared.

2.131817

f 2. 14817
|

| 2.3430%

\

) \
\.

sensilivity

“h(nm)
Figure 1: Sensitivity with the Film Thickness for
ng=2¢& =213, =2.14917, &, = 2.131917, ¢, = 2.343

sim2.181817 I
214017 :
d \ |
B '\e.sds |
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Figure 2: Sensitivity with the Film Thickness for
n = 2.34949, g, = 2.13, &, = 2.14917, &, = 2.131917, &, = 2.343

The sensitivity of the proposed sensor was plotigl the film thickness for the different asymmeprgrameters
g in Figure 1 and 2. The figures show that the $imityi decreases with increasing. This is a normal behavior.
The sensitivity operation is depending on the ese@et optical field extending from the thin guidifign into the
covering medium. To obtain high sensitivity, it@éssential to get an amount of spreaded optical panw¢he cover.

Therefore, increasing. and decreasing, is dependent on flowed power fraction in covering.

Comparing figures (1) and (2), it is clear thatniy=2.34949, sensitivity has been increased and tb&krof
guidance layer has been decreased. We would likeotgpare linear and nonlinear sensors that hava bbeewn in

figure (3). In linear statetanh C; = 1. We can see that sensitivity in nonlinear statbdger than the linear one and

thickness of sensor guidance layer is thinner imlinear.

scnsitivily

'h(ﬁm) 500

Figure 3: Sensitivity with the Film Thickness forn; = 2, g, = 2.13, &, = 2.343
for the Proposed Nonlinear Sensor (Solid Line) and Linear Sensor (Dotted Line)

Impact Factor(JCC): 1.5548 - This article can be denloaded from www.impactjournals.us




[ 130

Rahrovan Zahra & Shahmirzaee Hossein|

One of the important works done in this area é&sabmparison between suggested sensor diagranysrewidus

research works that have been shown in figure (4).

sensilivity

hem)

Figure 4: Sensitivity with the Film Thickness forn; = 2, €. = 2.13, &, = 2/343 for the Proposed Nonlinear
Sensor (Solid Line) andn¢ = 2, €, = 1.8, g, = 2. 6 for the Previous Research Works (Dotted Line)

In figure (5), there is a comparison between re¥esymmetric sensond < n.) and normal symmetric sensor.

Maximum value of sensitivity near the cut thicknekscreases with increase in guidance layer thickméssensor.

This situation is attributed to power consideratiolVhen guidance layer thickness is near cut tleis&n effective

refraction indexN is near covering coefficiemf,, the penetration depth of the evanescent field the cover medium

becomes infinite and total power frequently flowsscovering such that guidance layer thickness eénse symmetric

waveguide increases.

sensifivify

<

00 hénm)

Figure 5: Sensitivity with the Film Thickness for
ne =2, & =2.131917, &, = 2.130213, &, = 2.14917, &, = 2.343

One of the cases that is considered, is sengitiviigram based otanh C.. As shown in figure (6), whetanh C,

goes toward 1, the sensitivity decreases. Thihesprospected subject because number 1 is markimeafr sensors.

According

to previous diagrams, nonlinear sensom@veh higher sensitivity comparing to

This diagram supports previous diagrams.

22791
23888

2.4498

sensitivily

tanh C¢

Figure 6: Sensitivity with the Film Thickness for
g, =2.343, g, = 2.2791, 5, = 2.3856, £, = 2.4495, h = 0.1 um

linear

Sensors.

Index Copernicus Value: 3.0 - Articles can be settib editor@impactjournals.us




| Theoretical Analysis of Nonlinear Optical WaveguideSensors: TE Case 131 |

CONCLUSIONS

In this paper, an optical sensor of nonlinear éHegrer slab waveguide is analyzed. The Sensitiwitythe
effective refraction index changes is based onatianis of the covering index that can be improvgdibing nonlinear
materials in covering layer and nonlinear materialsubstrate. Also, the thickness of guiding laigea critical parameter
for the sensitivity of the optical sensor with thygtimum thickness that is equal to the cut-off khiess in case of reverse
symmetric waveguides and is above the cut-off thésls in case of normal symmetric waveguides. Wil of new
materials in our proposed sensor design, we haweedsed sensitivity of the sensors and have gdiétter results.

Sensor maximum sensitivity occurs in thinner thiedses that is a new innovation in the field of sesxdesign.

Figures (1) and (2) show that impurity percenthgs reverse relationship with sensitivity and diretationship
with thickness of guiding layer that means the legsurity percentage results in more increase obisgity and lower
thickness of guidance layer. Figure (3) suggests tionlinear diagrams have better sensitivity andel thickness of
guiding layer related to linear sensors and fig@)econfirmed this matter. Figure (5) shows a corigoa between reverse
and normal symmetric sensors and that reverse syngrsensors have much better sensitivity. Howetleir application
is impossible in practice. According to figure (4ur proposed sensor with sensitivity $f= 0. 2798 increases up to
105.433% and thickness of proposed sensor tch be105 nm that shows a type of decreasing about 41.666%.

Previous proposed sensors ofresearchers haveiggnsit S,=0.1363 and thickness bf= 180 nm.
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