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In the study it was considered that slab waveguide structure has a left-handed material
(LHM) as a guiding layer. Propagation of transverse magnetic modes in the structure for
homogeneous optical sensing applications was investigated theoretically. The LHM is
embedded between a semi-infinite linear substrate and a semi-infinite nonlinear cladding
with an intensity-dependent refractive index of Kerr type. The investigation was focused
on the sensitivity of the proposed optical sensor to provide the designer with optimum
structure that corresponds to the highest sensitivity.

B paGore paccmarpuBaeTrcsi IJIaCTHHYATAS BOJHOBOIHAS CTPYKTypa, KOTOPAS COAEPIKUT
snesoBparmammuii marepuan (JIBM) B KauecTBe HaIpaBJIAOIIEero cjaosi. Teoperuuecku mccie-
IOBAHO PACIIPOCTPAHEHME I[IOIEePEUYHO-MATHUTHBLIX MOJ[ B CTPYKType, IPUMEHSIeMOM s OITH-
YeCKOro 30HIMPOBAHHUSA ONHOPOAHBEIX cpex. JIBM momemieH mMe:Kay mOJy0eCKOHEUYHOM OIITH-
YeCKM JIMHENHOM IOAJOMKKON M IM0My0eCKOHEUHBIM HEeJINMHEHHBLIM HOKPBITHEM C 3aBUCSIIUM
OT MHTEHCHBHOCTHU II0 3aKOHY Keppa mokasaresem mpesnomieHusi. VcciemoBarnue B OCHOBHOM
HAIIPABJIEHO HA OIIpPeIejieHNe UYYBCTBUTEJIbHOCTU [PEIJIAraeMoro OINTHYECKOr'0 CEeHCopa MIJis
IpeaoCTaBJIeHUs Pas3spaboTYMKaM LAHHBIX O0 OITHMAJbHOM CTPYKType CeHCOopa, COOTBETCT-
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ByIOIIell MaKCUMaJbHON UyBCTBUTEJIbHOCTH.

1. Introduction

The concept of negative refractive index
(RI) materials proposed by Veselago [1] and
verified experimentally by Smith [2] has at-
tracted remarkable interest due to demon-
stration of unusual electromagnetic proper-
ties. These materials are known as Metama-
terials (MTMs), double negativity (negative
€ and p) materials or Left-Handed Materials
(LHM). The phenomena of negative RI are
observed in microwave, millimeter-wave, and
optical frequency bands. The LHM is a hand-
made structure that can be designed to ex-
hibit specific phenomena not commonly
found in nature.
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A homogeneous flat slab of a material
with negative RI can behave as a perfect lens
[3], for which numerous applications in sci-
ence can be expected. It is shown that left-
handed materials can enhance the evanescent
field in slab waveguides [4]. In 2006, Sabah
et al. [5] studied the effects of structure pa-
rameters, incidence angle, and frequency on
the reflected and transmitted powers for the
lossless LHM structure. Electromagnetic wave
propagation through frequency-dispersive and
lossy double-negative slab embedded between
two different semi-infinite media was pre-
sented in 2007 [6]. El-Khozondar et al. [7]
used LHM to enhance the performance of
Optical Waveguide Isolator.
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Optical sensing is a rapidly growing area
of research. Some of the main applications
are related to evaluation of protein adsorp-
tion, affinity-based recognition and attach-
ing bacteria or living cells. The optical
waveguide sensors make use of guided
modes in slab waveguides for chemical and
biological applications [8—10]. In particular,
the fundamental modes TE; and TM, in
very thin planar waveguides of high RI are
used in this attractive field. The principle
of optical waveguide sensors is as follows.
The evanescent field of the guided mode
interacts with the sample to be detected
(analyte) and it senses changes in the RI of
the superstrate (cladding). Thus changes in
the effective RI (N) of the guided mode are
induced. The sensitivity S of the optical
waveguide sensor is defined as a ratio of
change of the effective RI (N) and change
of the cladding index n,, i.e., § =0N/0n,.

Taya et al. [11] has showed analytically that
the sensitivity of an optical waveguide sen-
sor can be dramatically enhanced by using
LHM. In another study, El-Khozondar et al.
[12] showed that the behavior of LHM opti-
cal waveguide subjected to stress can be
controlled by adjusting the double-negative
materials parameters.

Authors take a further step to study a
new sensor in which their proposed sensor
consists of both nonlinear materials and
LHM. Using this combination a sensor with
enhanced characteristics can be created. The
proposed structure consists of thin film
composed of LHM with thickness ¢. The thin
film is sandwiched between a linear substrate
of permittivity ¢, and a Kerr-type nonlinear

cladding of nonlinear permittivity ¢,;.

2. Theoretical background

In current study p-polarized waves that
propagate in the z-direction (TM waves)
were considered. The fields components are
Hy, E ., and E,. To solve the nonlinear wave
equation in the cladding medium, we define
€y = & + |H, %, where o' = a/g.c?ed, o is
the nonlinear coefficient, £, is the linear
part of the permittivity, g, is free space
permittivity and ¢ is speed of light in vac-
uum [13, 14]. The LHM in the film is as-
sumed to have negative &; and negative L
and the substrate is linear dielectric media
with permittivity e,.

The solution of the wave equation in
each layer is found to be

Functional materials, 18, 4, 2011

9e 1)

H , x>0,
cosh[kyq.(x + xq)]

yi= Vs

Hp = Acos(kggpx + Bsin(kogsx), —t < x < 0,(2)

Hys = Cekod(+t) | x < —t, 3

where N is the effective refractive index, kg
is the free space wavenumber,

q7= %sf - N2,g,=VN2 —¢,,q,=VN? - ¢,
0

A, B and C are constants represent the am-
plitude of the wave, and x; is a constant
related to the power propagating in the
waveguide. The field peaks in the cladding
layer at x = xq [15].

The magnetic field Hy at the clad-film
interface is obtained by substituting x =0
in Hyl-relation in Eq.(1). This gives

o'H3 (4)
5 = g2(1 - tanh?(kyq.x()),

where o'H3/2 is called clad-film interface

nonlinearity [16]. The tangential component
of the electric field E, is calculated using

—j OH
equation E, = =L Fz The electric field E
we Ox

in each layer is

K4

()

L
! Oqc\/zsech[koqc(x + xg)Ix

A7 g0 o

xtanh[kgg.(x + xg)], x>0,

E,o = ! [-Asin(kqqsx) + Beos(kgqx)],
SOSf(D
-t<x <0,
_ik v
= J OQCCekOqS(JH—t), x < —t . ™
€gED

The continuity requirements of Hy and E,
results in the following dispersion equation

(qs & 8)
kngst = arctan ——| +
0qr q J

f&s

qCSf
+ arctan —tanhkyg.xy) | + mn,
qfe.

where m =0, 1, 2, ... is the mode order.
Sensitivity is defined as the variation of
the effective refractive index (N) with re-

513



Sofyan A.Taya et al. / Transverse magnetic mode ...

spect to the changes of the cladding refrac-
tive index (n,). Differentiating the disper-
sion relation given by Eq. (8) with respect
to N, the sensitivity S of the proposed
waveguide sensor to changes in the RI of
the cladding is

— 2r2tanh(k q.x,) 1
0 0
\/ac(1+rf) ax+ actanh(koqcxo) + clirzc . a,
S = te (o
= = 9

)
rcg\/ac + Erc (koqft + Ts + Tc) (9)

where « = koqcxo(l - tanhZ(koqcxo)),

£ = a2 + r2tanh?(kyq,.xq), .= &, re= &,
qr qr
a.x + a1 + r2ytanh(kog,.xg)

C ?
r&

a1 +r2 2 €
S ’ c S
rya2 +r2) £f &

The power flow through the layers of the
structure is a critical parameter for the sen-
sitivity of the optical waveguide sensor. For
TM-modes the total energy flux per length
unit is given by

2 (10)

Nk
® [H2x=P +P;+P,
—o0

Ptotal - 2(1)808r
where P, P; and P, are the energy flux per
length unit as calculated for the substrate,
film and cladding media, respectively. Then
we replace Hy in Eq.(10) by their values as
defined by Eq.(1), Eq.(2) and Eq.(3). The
fraction of the total power that is flowing
into the cladding is given by

P, B (11)
P total
Ty
a'e,
rdy ko[a? B2 AB ’
o, 2, TRAR T koqfsm (koqft) + 453rs‘1f
where y = 1 — tanh(kyg,.x(),
sin(2kyqt) sin(2k,q )
x =t—ﬂ andx+:t+70f
- 2koqy 2koqy

The sensitivity of the proposed sensor
strongly depends on the parameters of the
structure. For a given configuration with
constant &., &, and g,, the maximum sensi-
tivity of the proposed optical waveguide
sensor is reached at the optimum thickness
of the guiding layer. Thus the maximum
sensitivity is defined when the derivative of
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Fig. 1. Sensitivity of the proposed optical
waveguide sensor versus the fraction of total
power flowing in the cladding.

S with respect to ¢ (the film width) vanishes
oS

17, 18 —=0.

[ ] or ot

3. Results

To calculate the sensitivity behavior for
the proposed sensor in terms of its struc-
ture parameters, we solved Eq.(8) numeri-
cally for the effective RI (N). Then, we ap-
plied the result into Eq.(9) to calculate the
sensitivity. For optimal sensor design, all
necessary information can be found on the
surface ry(a,, a,) and the above set of equa-
tions. This can be performed as follows. The
materials to be used in the sensor produc-
tion are determined according to the sensor
application, temperature, mechanical stabil-
ity, cost criteria and optical and chemical
stability. Then, the opto-geometrical pa-
rameters a, and a, are calculated from the
permittivities of these materials. The value
of the effective refractive index N for the
optimal sensor is calculated from the corre-
sponding value of r,. Then, the value of ¢ at
which the sensor is characterized by maxi-
mum sensitivity can be evaluated from
Eq.(8). The maximum sensitivity can be cal-
culated by substituting the parameters of
the optimal sensors which evaluated as de-
scribed into Eq.(9).

Fig. 1 exhibits the relation between frac-
tion of total power propagating in the cover
medium (P,./P,,,) and sensitivity of the
sensor. In the most cases, they are treated
equally. Thus, the enhancement of the frac-
tion of power flowing in the clad is essen-
tial for sensing applications.

Fig. 2 shows the sensitivity of the pro-
posed sensor versus the LHM parameter of
|pf/p0|. From Fig. 3, we notice that for small

values of [u¢/ugl, the sensitivity approaches
zero. This is due to the high confinement of
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Fig. 2. Sensitivity of the proposed sensor ver-

sus the absolute value of n where Hp =1y
for a, = -0.65 and a, = —0.67.

the guided mode in the guiding film. Far
from this point at the other end of the
curve, the sensitivity approaches zero again
because this region corresponds to the cut-
off at which total power of the mode propa-
gated in the substrate and the sensing eva-
nescent field in the cladding vanishes. In
this case, the field does not sense variations
in the RI of the cladding. Between these
two limits, there is a maximum at which a
relatively large part of the total power
propagates in the cladding.

In Fig. 3 the variation of the sensitivity
of the proposed sensor with the clad-film
interface nonlinearity is illustrated. The
sensitivity increases with increasing the
clad-film interface nonlinearity. In our
analysis we consider the nonlinear coeffi-
cient o to be positive. Thus increasing o
will increase the RI of the nonlinear clad-
ding. As the ratio of the RI of the cladding
to the RI of the guiding layer (n./ng in-
creases the confinement of the wave gets
smaller and the penetration of the evanes-
cent field into the cladding become larger.
Therefore, the sensitivity of the senor in-
creases.

In Fig. 4 and Fig. 5 the sensitivity is
plotted versus the asymmetry parameters a,
and a,.. It is clear that the sensitivity de-
creases with increasing a; and with decreas-
ing a.. As a, increases the guided field
shifts towards the substrate and therefore
the fraction of total power flowing in the
substrate is enhanced reducing the evanes-
cent field in the cladding and the fraction
of total power flowing in the cladding. To
obtain high sensitivity, it is essential to get
as much of the optical power as possible to
propagate in the nonlinear cladding me-
dium. Thus decreasing a, and increasing a,

Functional materials, 18, 4, 2011

S
0.16

0121

0.08

0.04r

1 1 1 1 1 1 1 aHoz
076 078 080 082 084 085 083 2

Fig. 3. Sensitivity versus the clad-film inter-

face nonlinearity for a, = -0.6, a, = —0.75.
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Fig. 4. Sensitivity as a function of the abso-
lute value of the asymmetry parameter |a/ of
the proposed sensor.
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Fig. 5. Sensitivity as a function of the abso-
lute value of the asymmetry parameter |a | of
the proposed sensor.

will enhance the sensitivity of the proposed
optical waveguide sensor.

4. Conclusions

The optimal design for nonlinear-LHM-
Linear slab waveguide structure sensor is
studied as a function of the LHM parame-
ters and the nonlinear coefficient. We
evaluated theoretically the propagation of
TM modes in the structure for homogeneous
optical sensing applications. The LHM mate-
rial is embedded between a semi-infinite lin-
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ear

substrate and a semi-infinite nonlinear

cladding with an intensity-dependent refrac-
tive index of Kerr type. Results show that

the

sensitivity depends on the LHM parame-

ters and the nonlinear parameters. The re-
sults are important for designer to consider

the

parameters for getting maximum sensi-

tivity of future sensors such as the film
thickness, the parameters of each layer of

the
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sensor.
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HeniniiHN# XBUJIENPOBITHUN MJIACTHUHYATHN ONTHUYHUH
CEHCOP Ha IOIePeYHO-MATHITHiN MOl 3 BUKOPMCTAHHAM
JiBONMIOBOPOTHUX MaTepiaJjis

C.d.Tanva, X./[.Kxo3ondap, M.M.Illa6am, H.M.Mex0dxce3

PosrusHyTo miacTuHYATY XBUJIEHIPOBILHY CTPYKTYPY, SIKA MAa€ JIiBOIIOBOPOTHUI MaTepian
(JITIM) B sikocti mrapy, o Hampasiase XxBuii. TeopeTuyHO MOCIiAKYyBAJIOCT POSIIOBCIOIKEH-
Hs [IOIE€PEYHO-MAaTHITHUX MOJ[ B CTPYKTYDIi, 110 BUKOPUCTOBYETHCS [JIS OINTUYHOI'O 30HIYBAaH-
HA ogHOpPimHuUX cepexosuir. JIIIM posramioBano MisX HAIliBHECKIHUYEHHONO ONTHUYHO JiHiHOO
HigAKJIaJK0I0 TA HANiBHECKIHUEHHUM HENiHiIMHNM HOKPUTTAM 3 3aJI€KHMM Bij iHTeHCHMBHOCTL
3a sakoHoM Keppa IOKasHMKOM 3ajoMJaeHHs. JOCHifKeHHS B OCHOBHOMY CIIPAMOBAHO Ha
BUBHAUYEHHS UYTJAMBOCTI B3aIIPOIIOHOBAHOIO OITHYHOI'O CEHCOPY /A HAJAaHHS PO3POOHHKAM
JaHUX IOAO0 OINTHUMAJIBbHOI CTPYKTYPHU CEHCOPAa, 10 3abesneuye MaKCHMAJIbHY UYTJIMUBiCTSH.
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