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The use of left-handed materials in scientific applications has attracted attention of many researchers
in the last few years. Nanoparticles are also new materials with small size in scale of nanometer which are
rapidly attracting more interest and consideration especially in nanotechnology application. The main ad-
vantages of using both left-handed materials and nanoparticles in the proposed sensors are the possibility
of a significant reduction in the structure size and the enhancement of the sensitivity sensor.

In this paper, we have investigated a three-layer planar waveguide sensor consisting of thin nanoparti-
cles core based on left-handed material substrate and water cover which are employed for sensing applica-
tions. The interaction of TM and TE surface waves with the proposed planar waveguide structure will be
studied for detection of the penetration depth, any changes in the refractive index of the analyte and the
related sensitivity enhancement effect are analyzed. It is observed that the sensitivity of the proposed sen-
sors is improved compared to that of the conventional three-layer waveguide sensors. High sensitivity has
been observed which could be utilized for future sensor applications.
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1. INTRODUCTION

In the past decade, there is a growth of interest in op-
tical sensors, especially their application in different
fields, such as biochemical, biomedicines, environmental
control, and other industries [1-6]. The principle of sensi-
tivity is based on the evanescent tail of the electromag-
netic field in the analyte medium, in which the propaga-
tion constant depends on the structure parameters such
as thickness and optical properties of the waveguide
structure [7]. However, the waveguide structure plat-
forms are employing evanescent wave sensing tech-
niques. So the theoretical and experimental designer
must introduce the waveguide structure where there are
appropriate materials of the film, substrate, and sur-
rounding in order to achieve high sensitivity with fast
response time, system compactness and low cost. Sensi-
tivity of planar waveguide is to measure the effective
index change due to change of the refractive index of both
cladding and substrate layers [7]. Most sensing principles
are described and classified into several groups: absorb-
ance-based sensors, interferometric sensors, fluorescence-
based sensors, fiber grating sensors, and resonance-based
sensors [8].

Various optical waveguide sensors containing differ-
ent artificial materials, such as nanoparticles [9, 10],
graphene [10-13] or left-handed material (LHM) [14, 15]
have been studied theoretically in various configuration
structures. In the last few years, LHM has received more
interest in optical waveguide sensors [6, 16]. These mate-
rials with negative permeability and permittivity have
unique optical properties such as negative refraction,
unusual nonlinearities, reversed Doppler effect and re-
versed Ceenekov radiation. Many novel applications are
proposed based on metamaterials, such as cloak, concen-
trators, super absorbers, transparent devices directive
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antenna, and so on. In recent years, optical waveguides
using LHM layer can be used as a sensor. The sharp
resonant peaks in dispersion due to the LHM may en-
hance the evanescent wave, and the sensitivity of sensor
will be increased [17, 18]. Nanoparticle materials have
unique optical and chemical properties which make them
suitable for designing new and improved sensing devices,
especially electrochemical sensors and biosensors [8, 9].
This material exhibits higher extinction coefficient,
sharper extinction band and higher ratio of scattering
that can enhance the evanescent field in planar wave-
guide sensors. All previous studies on sensor structures
had been investigated based on nanoparticles with a
conventional material through a surface plasmon reso-
nance (SPR) concept. In this paper, we discuss theoreti-
cally the propagation characteristics of TE and TM sur-
face waves in a slab waveguide containing a nanoparticle
and LHM. The sensitivity has been studied with the
parameters of the proposed waveguide structure. The
penetration depth in both cladding and substrate is also
presented.

2. BASIC EQUATION

Fig. 1 shows the proposed schematic diagram of the
three-layer waveguide sensor. The guiding film is nano-
particle material of thickness d and the effective refrac-
tive index ny of nanoparticle material can be estimated
as [10, 11]

1
ny=\[e, =[#,n2+(1-4,)n} ]2, 6

where ¢, is the volume fraction of the particles in the

nanoparticle material, while n, and n, are the refrac-
tive indexes of the particles and the water.
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Fig. 1 — Schematic view of waveguide

The components of the electric and magnetic fields
can easily be written for both TE and TM modes as:

H-= [O, H, (2), 0] eltkr=at)
E-= [Ex (2),0.E, (z)] =) (TM surface wave), (2)

E= [0, E, (z),O] gllker)
H-= [Hx (2),0.H, (2)] =) (TE surface wave), (3)

where o is the angular frequency and k is the propaga-
tion wave number.

Using the basic Maxwell equation, one can get the
Helmholtz equation for TM and TE surface waves as:

O°H, .
p 5 —k? (N2 - gj)Hy =0 (TM surface wave) 4)
Z
O°E
p R — K (N2 - gj)Ey =0 (TE surface wave) (5)
z

where N = k/k, is the effective wave number, j=1, 2, 3
and k, 1s the wave number in vacuum.

At first, we discuss the case of TM surface waves,
the components of the magnetic field in three regions
can be written as:

H,= Aetiz
H,, = Bsinh(k,z)+Ccosh(k,z), (6)
H,= Delz

and of the electric field as:

E = hy Aehz |

x1

ke,
E,= %[Bcosh(kzz) + Csinh(k2z)] , (7
E,= .k—3Dek12 ,
ig,

where k; = ﬂsz —kfej,uj is the transverse wave number

in three layers j =1, 2 and 3.
By applying electromagnetic boundary conditions at
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the interfaces y = 0 and y = d, the dispersion relation of
the TM surface waves is derived by

tanh (kyd) = {]% (o1~ klg&‘)} : ®)

2 72
kyksey + kye gy

In the same way, the dispersion relation of the TE
surface waves cab be written as

tanh (kyd) = {k;(ki?’:gﬁ :)} . ©)

The sensitivity of the waveguide sensor is defined
as the rate of change of the effective refractive index
with respect to the change of the cladding refractive
index n4 [7, 8], 1.e.

ON
§=—".
ony

By carrying out the differentiation of the dispersion
relations (7), (8) with respect to N, one can get:

S, = Bl O (TM surface wave) (10)

8 +t8,*+8;3

and
G, -G,

S, =
m, +my —my

(TE surface wave), (11)

where

U, = [kzgz [2k3n1 + n};‘,‘sﬂ [k1k3£22 - k225152J )

Ne, N kyNe e,

ky

(k3‘91 + k153)

2
k,Ne,e
4+ eV 83

ky

& = []31163‘522 +k225153J

k,Nd
(hhe? k2 2| R,
82 |:k1 363 +k2£1£3} [ A

2

j sech® (k,kyd)

2 2
g5 = [k252N (gt + ey )} {kzlgz + % + 25153} ,

Gy =[ Ik + By | (ko )
G, = [ks + k‘llu?’:l(kzk[’;n’l) ’

k,k,Nd
k2

m, = [l?lk3 + k2 ]2 { ]sech2 (kkyd),

_ Nk,
kZ

my

[klks +k§#3}[k3 + Rty +]Z§+k§€1”3},

and

06004-2



DESIGN AND ANALYSIS OF WAVEGUIDE STRUCTURE SENSOR ...

my = ke, N (ke +k1y3)}{]2+:;+2y3} :

3. RESULTS AND DISCUSSION

In our study, we will discuss the effect of nanoparti-
cle and LHM materials on the sensitivity of both TM and
TE surface waves in our proposed waveguide structure
sensor. Firstly, the dispersion relations (8), (9) will be
solved by using Maple software to calculate the effective
wave index N and plug into equations (10), (11) to figure
out the sensitivity.

The penetration depth { of the structure

1
2Im (N )]
has also been considered to measure how deep electro-
magnetic radiation can penetrate cladding of the wave-
guide sensor. In our analysis, we used the data parame-
ters of nanoparticles »p=1.46, n1=1.33 for water and
,u3:—2, 832—2 of LHM.

0.0357

Penetration depth Penetration
(=]
8

0.015
0.01;
0.005
2 4 6 8 1 12
Frequency (10" Hz)

Fig. 2a — The penetration depth & versus frequency
for different values of ¢,: 0.5 (dash-dotted), 0.56 (dot-

ted), and 0.6 (solid) lines, d = 500 nm and & =1.769

Penetration depth

6 8 1 12 u 1% 18 2D
Frequency (10* Hz)

Fig. 2b — The penetration depth Jversus frequency
for different values of ¢p: 0.9 (dash-dotted), 0.95 (dot-

ted), 1 (solid) lines, d = 40 nm and ¢ =1.769
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In Fig. 2, the penetration depth & has been plotted
upon changing the frequency for different values of @p.
Fig. 2a (TM surface waves) illustrates that the penetra-
tion increases with increasing frequency, it means that
the confinement gets lower with increasing frequency
and more power penetration into the cladding layer and
so the sensitivity would increase. These results are in
contrast with the three layer without nanoparticle me-
dium [13]. It is also noticed that, the penetration depth
is almost linearly dependent on frequency. It has been
seen that the penetration depth is independent on ¢, up
to frequency 6 x 1012 Hz, and then slowly dependent on
¢p where the penetration depth increases with decreas-
ing ¢p. In TE surface waves, Fig. 2b, the penetration
depth is more strongly dependent on the filling factor ¢p,
and also increases with increasing frequency. It can be
seen that the penetration depth decreases gradually
with increasing frequency until 9.2 x 10'* Hz which has
the lowest value of § and then ¢ increases with frequen-
cy. The penetration depth & with the frequency for dif-
ferent value of the guiding width is given in Fig. 3. From

2 4 b 8 10 2
Frequency (10% Hz)
Fig. 3a — The penetration depth & versus frequency
for different values of film thickness d: 4 nm (dash-

dotted), 5 nm (dotted), 6 nm (solid) lines, ¢, = 0.56
and & = 1.769
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Fig. 3b — The penetration depth & versus frequency
for different values of film thickness d: 35 nm (dash-
dotted), 40 nm (dotted), 45 nm (solid) lines, ¢, = 0.95

and g =1.769
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Fig. 3a, it is reasonable that the penetration increases
with frequency and gets higher penetration with lower
thickness. This means that more power is now flowing in
the cladding medium and the sensitivity would increase.
Also, at lower frequency, the penetration is less depend-
ent on thickness.

In Fig. 3b we got the same result as in Fig. 2b, how-
ever, it is noticed that the lowest value of the penetra-
tion depth can be shifted with the change of the frequen-
cy. It means that the penetration depth §is independent
on thickness.

Fig. 4 investigates the dependence of the sensitivity
on the frequency for different value of ¢p. As shown in
Fig. 4a, the sensitivity is more strongly dependent on
lower frequency, i.e. the scattering is more rapidly in-
creasing with higher wavelength, and so the evanescent
waves are dramatically amplified and the sensitivity
would be enhanced.

3
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Frequency (10% Hz)

Fig. 4a - The sensitivity S versus frequency for
different values of ¢,: 0.5 (dash-dotted), 0.56 (dotted),

0.6 (solid) lines, d = 500 nm and & =1.769
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Fig. 4b — The sensitivity S versus the frequency for
different values of ¢p: 0.5 (dash-dotted), 0.6 (dotted),

0.9 (solid) lines, d = 40 nm and & =1.769

It can also be seen that the sensitivity is highly de-
pendent on the nanoparticle parameter and the sensitivi-
ty increases with decreasing filling factor ¢, at lower
frequency. In TE surface waves, Fig. 4b shows that sensi-
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tivity rapidly decreases with frequency and attains its
minimum and then rapidly increases. Also this minimum
is shifting to the region of higher frequencies by increas-
ing ¢p. This differs from TM mode, which remains con-
stant at higher frequencies. It was also noticed that the
sensitivity increases with the increase of the filling factor
which differs from the results in TM surface waves.

The variation curves of sensitivity S with the differ-
ent values of thickness d are shown in Fig. 5. In Fig. 5a,
the sensitivity goes up with increasing nanoparticle
thickness. This is also a unique property of nanoparticle
material as well as in metamaterials [19].

04 042 044 046 048 05 052 054 056 058 06
b

Fig. 5a — The sensitivity S versus ¢, for different

frequency values: 2-1012 Hz (dash-dotted), 4-1012 Hz)

(dotted), and 6-10'2 Hz (solid) lines, d = 500 nm and

& =1.769
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¢

Fig. 5b — The sensitivity S versus ¢, for different
frequency values: 14-10'4 Hz (dash-dotted), 15-10'¢ Hz
(dotted), and 17-1014 Hz (solid) lines, d = 40 nm and
& =1.769

For TE mode, as shown in Fig. 5b, the sensitivity is
no longer dependent on the thickness as in TM surface
waves. So, we can fabricate sensors in any waveguide
structure with the same sensitivity. Finally, Fig. 4b and
Fig. 5b show the bistability behavior, i.e. for each filling
factor ¢p and film thickness of the proposed sensor as
one value of the sensitivity is shown there are two values
of the operating frequencies.
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In general, we have noticed that the nanoparticle
material with metamaterials can amplify evanescent
waves and the sensitivity of sensors with TM mode can
be dramatically enhanced compared with the conven-
tional three-layer TM wave waveguide sensor without
nanoparticle material and metamaterials. But in the
case of TE mode, we found that the proposed structure
behaves as the conventional three-layer TM wave wave-
guide sensor [18].

4. CONCLUSIONS

It has been studied both TE and TM surface waves in
in a three-layer waveguide optical sensor composed of
core nanoparticles based on LHM substrate and water
cover. The dispersion relation was solved to compute the
penetration depth, and the sensitivity of the effective
refractive index to any change in the analyte refractive
index was investigated. In TE surface waves, it has been
noticed that the penetration depth is more strongly de-
pendent on the operating frequency and the filling factor
than TM surface waves. We also noticed that, at lower
frequency, the penetration depth is less dependent on
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IIpoexTypaHHsa Ta aHAJII3 XBUJIEBOAHOIO JATIYNKA CTPYKTYPU HA OCHOBi HAHOYACTHHOK
i IIBOrBMHTOBOrO MaTepiajy

M.S. Hamada?!, M.M. Shabat2

1 Al-Agsa University, Gaza, Gaza Strip P. O. Box 4051, Palestinian Authority
2 Islamic University, Gaza, Gaza Strip P. O. Box 10, Palestinian Authority

Buropucranus JIIBOrBUHTOBUX MATEPialiB y HAYKOBUX 3aCTOCYBAHHSIX IIPUBEPHYJIO yBary 0araTbox J0C-
JITHUKIB 3a OCTAHHI KiJbKa pokiB. HaHouacTHHKHN — 11e Takok HOBI MaTepiayi 3 HEBEJIMKAMU PO3MIpAMHU B
HAHOMETPOBOMY MacITabl, siKi IIIBUIKO IIPUBEPTAIOTH JI0 cebe Bce OIIBINMIA IHTepec 1 yBary, 0COOJUBO B TajIy-
31 Ha"HoTexHOJor . OCHOBHUMH IepeBaraMy BUKOPHUCTAHHSA SK JIBOMBUHTOBHUX MaTeplasiB, TAK 1 HAHOYACTH-
HOK y 3aIIPOTIOHOBAHUX JIATUMKAX € MOKJIMBICTD 3HAYHOI'O 3MEHIIIEHHS PO3MIPIB CTPYKTYPH TA MOKPAIICHHS
JaTYAKA YyTJIMBOCTL. Y Po0OTI MU JOCIII AN TPUIIAPOBUY TLIAHAPHUM XBUJIEBOIHUAM TATUNK, 10 CKJIA/1A€Th-
CA 3 AApa 3 TOHKAX HAHOYACTUHOK HA OCHOBI JIIBOCTOPOHHIX MAaTeplaiiB IiIKIASKA Ta BOAIHOIO IIOKPUBY, AK1
BHUKOPHCTOBYIOTBCA IJIA 30HAyBaHHs. Baaemomis mosepxHesnx xBumib TM 1 TE 3 3ampomonoBaso0 miaHap-
HOIO XBIJIEBOLHOIO CTPYKTYPOIO Oy/le BUBYATHUCA IJIA BUABJICHHS IJINOMHN IPOHUKHEHHS; OyIb-AKl 3MIHH II0-
Ka3HMKA 3aJI0MJICHHS AHAJITY Ta MOB'S3aHOI0 3 IIUM e()eKTy IIIBUINeHHS IyTJIUBOCTI OyAyTh IPOaHAI30Ba-
Hi. Criocrepiraerbesi, M0 YyTIUBICTH 3AMIPONIOHOBAHUX JIATYUKIB IIOKPAIIYEThCA Y IOPIBHIHHI 13 3BUYANHUMUA
TPUIIAPOBUMHY XBUJIEBOJHUMU JaTUnKaMU. [[oMiYeHO BUCOKY UyTJIMBICTH, IKA MOKEe OyTH BHKOPHCTAHA JJIS

MailOyTHIX 3aCTOCYBAHb JATUUKIB.

Kunrouogi ciiosa: Hanouacruurn, Jlucnepciiiae BigHomenus, Yyriusicts, JIiBoreuHaTOB1 MaTepiastm.
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