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ABSTRACT

Among the optical structures investigated for optical sensing purpose, a significant
amount of research has been conducted on photonic crystal based sensors. A particular
advantage of photonic crystal based sensors is that they show superior sensitivity for
ultra-small volume sensing. In this study we investigate polarization changes in
response to the changes in the cover index of magneto-optic active photonic band gap
structures. One-dimensional photonic-band gap structures fabricated on iron garnet
materials yield large polarization rotations at the band gap edges. The enhanced
polarization effects serve as an excellent tool for chemical sensing showing high degree

of sensitivity for photonic crystal cover refractive index changes.

The one dimensional waveguide photonic crystals are fabricated on single-layer
bismuth-substituted rare earth iron garnet films ((Bi, Y, Lu);(Fe, Ga)sO,, ) grown by
liquid phase epitaxy on gadolinium gallium garnet substrates. Band gaps have been
observed where Bragg scattering conditions links forward-going fundamental
waveguide modes to backscattered high-order waveguide modes. Large near-band-
edge polarization rotations which increase progressively with backscattered-mode order
have been experimentally demonstrated for multiple samples with different
composition, film thickness and fabrication parameters. Experimental findings are
supported by theoretical analysis of Bloch modes polarization states showing that large

near stop-band edge rotations are induced by the magneto-photonic crystal.

Theoretical and experimental analysis conducted on polarization rotation sensitivity to
waveguide photonic crystal cover refractive index changes shows a monotonic
enhancement of the rotation with cover index. The sensor is further developed for
selective chemical sensing by employing Polypyrrole as the photonic crystal cover
layer. Polypyrrole is one of the extensively studied conducting polymers for selective
analyte detection. Successful detection of aqueous ammonia and methanol has been

achieved with Polypyrrole deposited magneto-photonic crystals.
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1 INTRODUCTION

In the last three decades there has been growing interest on optical sensors research due
to their vast applications in medical, health care, environment and in national security
sectors [1,2,3,4]. Optical sensors are immune to electromagnetic interference and
capable of multi analyte detection in addition to provide low cost sensing solutions for
wide verity of analytes [1,4]. One of the other attractive feature of optical sensing is
that the detection signal is related to sample concentration or surface density instead of

total sample mass, which enables ultra-small volume sensing [1].

The main elements of an optical sensor consist of the analyte, the transduction signal
and signal processing, with the transduction signal essentially being an optical signal.
The optical signal could be due to absorption, luminance, or other optical properties
such as refractive index (RI) and reflectivity. In this work, an optical sensor based on
refractive index detection has been developed and demonstrated. Although many on-
chip integrated optical sensors have been explored for RI-based detection, magneto-
photonic-crystal-enhanced polarization effects for optical sensing have not being
explored so far [1-10]. This dissertation research investigates optical sensing based on
polarization rotation sensitivity to magneto-photonic crystal (MPC) cladding in

waveguide configurations.

1.1 Photonic crystals for optical sensing

Among the optical structures investigated for optical sensing, a significant amount of
research has been conducted on photonic crystal based sensors [5, 7-9]. A photonic
crystal (PC) is a periodic dielectric structure with a periodicity of the order of the
optical wavelength. Photonic band gaps are formed where propagation of certain
frequencies of light is blocked due to destructive interference by the periodic
arrangement of materials. These band gap structures have shown many applications in

opto-electronics devices which include many optical sensor devices.
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Figure 1.1 (a),(b) Scanning electron microscope view of a photonic crystal
microcavity integrated with two ridge waveguides, normalized transmission
spectra of the photonic crystal microcavity [shown in (a)] with five different
ambient refractive indices ranging from n = 1.446 to n =1.454. (c),(d) Photonic
crystal waveguide (PC-WG) on SOI wafer, measured transmittance spectra from
the fabricated PC-WG for four different cover solutions [5,8]. (Reprinted from
refs. 5 and 8, permission details in Appendix B)

A resonant cavity or a defect can be introduced to the photonic structure by disturbing
the periodicity of the structure leading to a resonant or defect mode in the band gap.
PCs both with and without resonant cavities have been researched by other authors for
RI based optical sensing [1, 5, 7-9]. The detection mechanisms of these types of

sensors rely on shifts induced on a resonant wavelength or on the spectral location of a



band gap in response to refractive index changes. Figure 1.1 shows two different

photonic crystal-based RI sensor devices and their characterization results.

The photonic crystal structures can be fabricated at a nano-scale, allowing
manipulation of light in very small spaces, a feature very important for ultra small
volume sensing. Also parallel sensing can be achieved by having array of photonic

crystals in a single microchip.

1.2 Magneto-photonic crystal optical sensors

The author’s work presents a PC based optical sensor in magnetic (gyrotropic)
materials. In the presence of an applied magnetic field, the plane of polarization of the
light waves can be rotated as they propagate through gyrotropic media. Hence photonic
crystals fabricated on gyrotropic media provide functional phonic band gaps with
additional polarization effects in the output light. Previous research done in professor
Levy’s research group has shown that photonic crystals fabricated on gyrotropic media
yield significantly enhanced polarization rotations [11-16]. Further theoretical analysis
in polarization studies predicts that polarization rotation is highly sensitive to the PC
cover refractive index [12-16]. Hence polarization rotation as a response to the PC
cladding index changes could be utilized as a sensitive tool for optical sensing. The
first half of this dissertation research involves developing a magneto-photonic crystal
polarization-rotation-based optical-sensing technique for RI detection. The sensor
calibration was done by modifying the PC cladding by applying refractive index liquids
of known index on the PC. The second half of the research investigates the development
of the sensor for toxic substance detection. Polypyrrole (PPy), a conducting polymer
which is sensitive to many toxic and nontoxic substances was used as modified PC
cover layer [3,10,17-19]. It is reported that PPy undergoes reversible or irreversible
reactions when exposed to substances such as ammonia (NH3), hydrogen sulfide (H,S),

carbon monoxide (CO), alcohols, etc [3,10,18]. The interactions with these substances
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cause PPy to change its electrical conductivity and hence its refractive index. The
author has successfully demonstrated detection of aqueous ammonia and methanol
using modified PPy-PC cover layers [17]. Figure 1.2 shows the schematic

representation of the developed sensing device.

Bio-Receptor
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v

—)

Light "<

.‘q"""
L1

Magneto-Photonic
Crystal Sensors

Figure 1.2 Magneto-photonic crystal sensor with a receptor layer applied on the
grating structure.

1.3  Organization of the dissertation

This dissertation is divided into five chapters. Chapter two provides related theoretical
background on optical waveguide theory, magnetic materials and the magneto-optic
effect, photonic crystals, wave propagation in magneto-optic media and band gap

formation, conjugated polymer Polypyrrole and its use for chemical sensing.

Chapter three gives systematic experimental steps for fabrication and

characterization of the sensing device. This includes optical characterization of garnet

4



thin films, fabrication of ridge waveguides and photonic crystals and their optical
characterization, sensor device characterization and development for aqueous ammonia

and methanol detection.

Chapter four presents all the theoretical and experimental results and related

discussion.

Chapter five summarizes the work and presents conclusions based on this work. The
chapter ends with a discussion on improvements to the sensor and proposed future

work.



2 THEORETICAL BACKGROUND

2.1 Planar dielectric waveguides

A planar waveguide is a dielectric slab surrounded by lower refractive index media. The
guiding or core layer is sandwiched between an upper layer, called cover layer and a
lower layer or substrate. The light is mostly confined in the higher index guiding layer
by total internal reflection. The basic slab waveguide structure is shown in Fig. 2.1. n,,

nf and n; are refractive indices of cover, film (guiding layer) and substrate, respectively.

Substrate Ns

Figure 2.1 Basic slab waveguide structure

To achieve waveguiding in the structure, the guiding layer thickness T should be above
a critical thickness which is of the order of the wavelength and also refractive indices

satisfy ny >ng > n.. In 2-D slab waveguides, the light is confined only in the x

direction where as in 3-D waveguides light confined in both x and y directions.
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2.1.1 Guided modes

Guided modes in the slab waveguides by total internal reflection can be understood by
ray-optics concepts. Critical angles for total internal reflection at upper and lower

interfaces are, respectively,

0, =sin™! (%) 2.1
f

0, = sin™! (%) o»)
f

Consider a light beam incident on the waveguide interface as shown in Fig. 2.1.
When 6; < 6 <90° , and assuming 8, < 6, , light is fully confined in the guiding
layer by total internal reflection both at the upper and lower interfaces, which
corresponds to a guided mode. If 6, < 8 < 6, the light is totally reflected at the upper
interface while leaking out at the lower interface; this corresponds to a substrate-
radiation mode. When 6 < 6, , the light radiates into both cover and substrate

corresponding to a substrate-clad radiation mode.

2.1.2 Effective or mode index

Guided modes in a waveguide-geometry are characterized by their propagation
constants. The plane wave propagation constant is defined as kon; where kq = 27” and

A is the light wavelength in free space. Wave vector diagram is shown in Fig 2.2.

kong 0

>
k.=

Figure 2.2 Wave vector diagram



The propagation constants along the x and z directions can be written,
ky = kongcosf 23
k, = konssing = g 24
The effective index N is defined as,
B = koN 25
N = nssin6 2.6

This is the actual guided mode index of the wave propagated in z direction. The range
of N can vary

ng <N <ng 2.7

The number of modes supported by the waveguide depends on the film thickness, the
wavelength and the indices of the three layers. For given wavelength and waveguide
structure, only the fundamental mode can exist right above the cut off thickness. If the

thickness is increased, more than one mode is allowed.

The first four waveguide modes of a 2.7um thick ridge waveguide structure
calculated by beam propagation simulation tool (BeamPROP) by RSoft, a commercial
photonic and network design software are shown in Fig. 2.3. A thickness of 2.7um is
typical for the waveguides used in the experimental work for this dissertation. The
refractive index of the cover, film and substrate are 1.00, 2.31, and 1.95 respectively.
The calculated mode indices of the first four modes are 2.3028, 2.2591, 2.1861 and
2.0818. As stated above in equation 2.7, the effective indices of the waveguide modes

take values between the substrate and film indices, 1.95 and 2.31, respectively.
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Figure 2.3 First four waveguide modes supported by a 2.71pm thick ridge
waveguide. The effective indices of the modes vary between the substrate index
1.95 and film index 2.31.

2.1.3 Waveguide Theory

Maxwell equations in homogenous lossless media are given by

VXE=—po 2.8
_ 2 OE
VxH=—gn?Z 2.9



Where n is the refractive index, & is the dielectric permittivity and u, the magnetic
permeability of free space.

For a plane wave propagating along the z-direction with propagation constant S, the
spatial dependence of the electromagnetic wave can be written as follows.

E = E(x,y).e/(@t=52) 2.10(30)

H = H(x,y).el(@t=£2) 2.10(ii)

With angular frequency w = Zlﬂ and light velocity in free space ¢ =

1
v E€olo

For the 2-D slab waveguide shown in Fig. 2.1, the electromagnetic fields are

independent of y.  Given that %=jw, % = —if and % =0, Egs. 2.8 and 2.9

generate two different modes with mutually orthogonal polarization states. One is the
transverse-electric (TE) mode which consists of field components E,, Hy, and H.. The

other is the transverse-magnetic (TM) mode with E,, ,, and E..

For the TE mode, the following relations are satisfied:

2
"2+ (ko*n? — B2)Ey = 0 2.11
__B
H, = o E,
oF 2.12
H — :8 Y
z jwpo 0x
The TM mode satisfies the following relations:
2
"2 4 (kon® — B7)Hy = 0 2.13
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Field solutions for the TE mode can be obtained from Eq. 2.11
E, = Ecexp(—yx), x > 0 (cover)
E, = Efcos(kyx + ¢.), —T <x <0 (guiding layer) 2.15
E, = Esexp{y;(x + T)}, x < =T (substrate)

where the propagation constants are expressed in terms of the effective index N,

Ye = ko /N2 =12, k,=k, ’nf—NZ , Ys = kgy/ N2 —n2 2.16

The tangential field components E, and H. are continuous at the boundaries. Therefore

applying these boundary conditions in Eq.2.15 and making use of Eq. 2.12 for H. we

get,
E. = Ef cos ¢,
Atx =0, tan g, = 2 } 2.17
Eg = Ef cos(k,T — ¢.)
Atx =-T s 2.18
tan(k, T — @) = 1=

The eigenvalue equation for TE mode is obtained by eliminating arbitrary coefficients

in 2.17 and 2.18,

k,T = (m+ 1)m —tan™? (:—:) —tan™?! (;c/—’c‘) 2.19

11



Where m=0, 1, 2... gives the mode order.

Similarly the TM mode eigenvalue equation can be obtained from Eq. 2.13 and the

application of the boundary conditions to the fields,

k,T = (m+ 1)m —tan™! {(Z—;)z (I;—’S‘)} —tan™! {(:—;)2 (I;—’C‘)} 2.20

Effective index

2.050

ey

2.000 ! 1
0.000 0.500 1.000 1.500 2.000 2.500 3.000

Thickness (pum)

Figure 2.4 Calculated TE and TM waveguide modes for a garnet film with
refractive index 2.31 at a wavelength of 1543nm.

The dispersion characteristics of guided modes can be evaluated by solving Egs. 2.19

and 2.20 numerically for known waveguide parameters. Figure 2.4 shows the

12



calculated TE and TM effective index mode values for a magnetic garnet film with
refractive index 2.31. According to the graph, a 2.5um-thick film supports four TE and

TM waveguide modes.

2.2 Linear birefringence

Linear birefringence in optical waveguides refers to the difference between the
refractive indices of TE and TM modes [21]. There are three effects which give rise to
linear birefringence in epitaxial garnet films: geometrical or shape birefringence, stress-
induced birefringence, and growth-induced birefringence [21,22]. Geometrical
birefringence is observed in any film whose thickness is comparable to the wavelength
of the light. In multimode waveguides, there is a different birefringence for each pair of
modes and the magnitude is larger for higher order modes. Shape birefringence
increases as the film thickness decreases and with increasing optical wavelength. The
linear birefringence variation with film thickness can be seen Fig. 2.4. Stress-induced
birefringence is observed in films where the lattice constant of the substrate is different
from that of the film. The stress birefringence is independent of thickness and
wavelength. Growth induced birefringence is associated with the film growth process.
The physical origin of the growth induced birefringence is associated with the
deformation of the atomic environment or break of the cubic symmetry of the crystal.
In the Bismuth substituted iron garnets, large Bi** ions seems to deform the microscopic
structure of the crystal leading to the growth induced birefringence in the film [23]. The
magnitude and sign of these effects can vary, depending on the garnet composition,
crystal orientation, and growth parameters. The growth-induced birefringence is
independent of thickness or wavelength and it can be minimized by growing at the
highest possible temperature, or by high temperature annealing in flowing nitrogen

atmosphere [22].
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2.3 Magnetic materials

For a given material, the relationship between the applied magnetic field H, the

magnetic induction B and magnetization M of the material is given,
B=uy(H+M) (2.21)

where 1 the permeability of the free space given by 47 X 1077 H.m™1. The units of H
and M are Amperes per meter (A/m) and of B weber/m” or Tesla (7). M is a property of
the material. Material magnetization is determined by the magnetic moments of the

individual atoms or molecules, and their exchange and dipole moment interactions.

The magnetic susceptibility y is defined as the ratio of the magnetization M with the

applied field A in the limit of small applied fields,

x== (2.22)
The permeability u of a material is given by
p== (2.23)
From Egs. 2.21, 2.22 and 2.23 we get,

p=pu(1+x) (2.24)

The magnetic moment of a free atom stems from the orbital angular momenta of the
electrons about the nucleus, the spin angular momentum of each electron, the change in
orbital angular momenta induced by an applied magnetic field, and the nuclear
magnetic moment. An atom or ion is considered to be magnetic if it possesses a
permanent magnetic dipole moment. Diamagnetism results from the change in orbital
angular momentum of the electrons induced by an applied magnetic field. Electronic
paramagnetism is due to electronic spin and orbital angular momenta. Diamagnetic
materials have negative magnetic susceptibility, whereas paramagnetic materials have

positive susceptibility. In a paramagnetic material the dipole moments are randomly
14



oriented in the absence of a magnetic field, whereas in antiferromagnetic materials the
dipole moments are oriented antiparallel to each other. In ferromagnetic materials, the
magnetic dipole moments are oriented in the same direction as a result of the exchange
interaction. Ferrimagnetic materials consist of dipoles arranged antiparallel to each
other but of different magnitude so that the material has a net magnetic moment. Hence
ferromagnetic and ferrimagnetic materials have nonzero resultant magnetic moments.
Schematic depictions of the arrangement of the magnetic dipoles in different magnetic

materials are shown Fig. 2.5 [24,25].
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Figure 2.5 Magnetic dipole arrangements in magnetic materials
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2.3.1 The magneto-optic effect

Magneto-optic effects consist of a number of phenomena in which electromagnetic
waves interact with magnetized materials.  These effects can arise when light is
transmitted through or reflected from the magnetized materials. Faraday rotation is one
of the important transmission magneto-optic effects where the plane of polarization of
light is rotated while propagating through the material. The Faraday effect is observed

in both magnetic and non magnetic materials under an applied magnetic field [24].

2.3.1.1 Faraday effect

The Faraday effect (optical gyrotropy) is a magneto-optical effect discovered by
Michael Faraday in 1845. When linearly polarized light propagates through a
transparent dielectric material which is magnetized parallel to the propagation direction,
the plane of polarization of the light gets rotated through an angle . The angle of
rotation 6, called Faraday rotation angle is proportional to the path length d of the light
in the material. If the magnetization direction is reversed the sense of rotation will be
reversed. However if the magnetization direction is the same and the direction of
propagation is reversed, the sense of rotation will be the same as in the original forward
direction, resulting in accumulated rotation [24]. This is due to the nonreciprocal

character of the Faraday effect, as shown in Fig. 2.6.

(a) (b)

Figure 2.6 (a) Geometry of the Faraday effect. (b) Non-reciprocal character of the
Faraday effect.
16



When a magnetic material is magnetized parallel to the direction of propagation the
dielectric tensor & becomes asymmetric as shown in 2.25. Here j=4-1 and g is the

gyrotropy parameter. At optical frequencies the relative permeability p = 1 because the
time dependence of the magnetization is neglegible in this light frequency range [20,

25].

e —jg O
e=(jg € O 2.25

0 0 3"

A beam of linearly polarized light entering into magnetized-lossless media at normal
incidence decomposes into right-circularly polarized (RCP) and left-circularly polarized
(LCP) normal mode components. The electric field vectors of the two circular

polarized light components can be written,
E, = Ejet/ot 2.26

The propagation constants are
By = wy/EoUoEs 2.27 (1)
B = w.\/&olpE- 2.27 (i1)

Where

&, =€, —g 2.28 (1)
ee=¢g +yg 2.28 (i1)

The refractive indices of the two polarized states in the medium are then given by ny =

V (e, £ g). Hence they propagate in the media with different speeds and each emerges

17



with a different phase at the output end. The plane of polarization of the recombined

light is rotated by an angle 8 given by,
Op = 5 =5 (B~ Bu)d 2.29

2

where Ag is the phase difference between the two circular polarized components, d is
the sample length. With equations 2.27 and 2.28 and with the condition & > g ,

equation 2.29 becomes,

Op =5 [°2.g.d 2.30

€1

In diamagnetic and paramagnetic materials g is proportional to the applied magnetic

field H, hence Faraday rotation becomes,

0, = VHd 2.31

where V is the Verde constant. For a ferromagnetic material 85 is given by,
0p = F (—) d 232

where Ms is the saturation magnetization and F is the Faraday rotation coefficient

(degrees per centimeter) [20, 25].
The presence linear birefringence in the material produces elliptically polarized light

upon propagating through magnetized materials. The ellipticity depends on the

magnitude of the linear birefringence.
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Figure 2.7 Faraday rotation in media with linear birefringence.

2.4 Elliptical birefringence and polarization rotation

Elliptical birefringence refers to the difference in refractive index between elliptically
polarized normal modes. The simultaneous presence of linear birefringence and optical
gyrotropy in the medium leads to orthogonal elliptically polarized normal modes.
[27,28] These elliptically polarized modes propagate through the medium with different
refractive indices and acquire a phase difference. Therefore the polarization state of the
linearly polarized light incident normally to the birefringent magneto-optic media
becomes elliptically polarized and gets rotated through an angle 6. The Faraday rotation
in non-birefringent crystals increases linearly with path length of the light propagation.
However the presence of linear birefringence suppresses the Faraday rotation and
degrades it from linear polarization, resulting in elliptical polarization. The term
“polarization rotation” is used to describe the rotation of the semi-major axis of the
elliptical polarization (shown in Fig. 2.8) as a consequence of the combination of
Faraday rotation and linear birefringence which is different from the pure Faraday

rotation angle Or.
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Figure 2.8 Linearly polarized light converted in to elliptically polarized light and
rotated through an angle & when propagated through birefringent magneto-optic
media.

Normal mode propagation and polarization rotation in birefringent magneto optic

media can be understood as follows [27]. In a lossless medium, let the Faraday rotation

per unit length for the medium be denoted by a and the linear birefringence retardation
per unit length (27r/1) (ny - nx) be denoted by S respectively. Then the propagation

matrices for the electric field amplitude can be written, as

=00, ]
az
and
ifz
exp (=-)
B(z) = exp (—i%nﬁz) z 2.34

o e ()

where = (Ve +/5yy)/2

&xx and gy, are the diagonal components of the dielectric tensor of the medium. The

combined effect of both linear and circular transformation on the electric field

: E o : .
amplitude vector E(z) = [ Ex] over an infinitesimal distance 6z can be written as,
y
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B8

1+ adz

F(82)B(62) = B(62)F(62) = (1 — i Znéz 2 2.35
( A ) —adz 1—i%
And
(2+ 62— B = {(~i2n) R
E(z+6z) —E(z) =X—-i—n E(z)6z 2.36
A —a —ié

By integrating the matrix differential equation, the transformation matrix P(z) for the
propagation of polarized light in medium with combined linear and circular

birefringence can be obtained.

P(z) = 21 _ cos(bz) + i (%) sin(bz) (%) sin(bz) 737
(z) = exp (_l Tnz) % — (%) sin(bz) cos(bz) —i (Zﬁb) sin(bz) .
where b = |a? + z
4

To obtain the normal modes of the medium, we solve the eigenvalue equation,

cos(bz) +i (5) sin(bz) (%) sin(bz)
— (%) sin(bz) cos(bz) — i (%) sin(bz)

xexp (—i 2%ﬁz) E(2)

2.38

% 1s a scalar quantity determined by equating the following determinant to zero,
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cos(bz) +i (%) sin(bz) — x (%) sin(bz)

“l @enon castn-1(E)snon—x

The solution to the determinant is,

X = [cos(bz) + ./cos2(bz) — 1] = [cos(bz) + sin(bz) = exp(*ibz)] 2.40

Hence the normal modes phase factors are, exp [—i (27”) nz+ ibz].

The elliptical normal modes are characterized by the following relations between

their semi major and semi minor electric field amplitude components

(ﬂ) - * 241
Byl [ae(E)

and

E 1
=] = 2.42
<Ey>+ (Ex/Ey)_

where x and y coordinates denote the normal mode axes of linear birefringence

retardation. The rotation  of the semi major axis of the polarization ellipse is given by

1 2(|Ex||E-
9 :—tan_]-M

2 (|Ex|2_|Ey|2)

Here cos Ag is the phase difference between the x and y components of the polarization

cosAp 243

ellipse.

Elliptical birefringence occurs naturally in magneto-optic waveguides as a
consequence of geometrical confinement and stress. This combined effect of linear
birefringence and optical gyrotropy in magneto-optic PCs plays an important role in

optical sensor performance and will be discussed in proceeding chapters.
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2.5 Iron garnets

Bismuth substituted iron garnets are among the most commonly used materials for
magneto-optical application in optical integrated circuits due to their high Faraday

rotation and low optical absorption in the near infrared optical wavelength region [29-
32].

Iron garnets have a cubic crystal structures corresponding to the Ia3d symmetry
group with a formula unit of C3A;D30,, and 160 ions per unit cell. In the crystal
structure, the ‘C’ sites are dodecahedrally-coordinated and occupied by rare earth ions
(Gd, Lu) or Y**, Bi*" cations, as shown in Fig. 2.9 for the case of yttrium iron garnet.
Two tetrahedral sites (A) and three octahedral (D) sites are occupied by iron ions
forming oppositely magnetized sub-lattices (See Fig. 2.9). The ions occupying the
dodecahedral sites are either non magnetic with filled outer electron shells or weekly

magnetic leaving iron be the main contributor for magnetic effects of the material.

(1_/5 1/& 0] (%: 1/;-1 D]
Ya, V2, /2)

0 Y3*at (%, %, 0) and (0, %, 5/)

() Fe**at(0,0, %)

\) Fe3+ at I:U: 1/‘{"; 31{8)

@ 0O~

LY

%, 0, /)

Figure 2.9 Lattice structure of yttrium iron garnet . (Courtesy: Zhuoyuan Wu PhD
dissertation, permission details in appendix B)
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The ‘A’ and ‘D’ lattices couple anti-ferromagnetically resulting in a net magnetic

moment. Hence the iron garnets are ferrimagnetic with a net magnetic moment.

The vector sum of the sublattice magnetizations determines the saturation
magnetization Ms of the garnet crystal. Ms is a temperature-dependant quantity. With
the assumption that the dodecahedral sub-lattice makes no contribution to the magnetic
moment of the crystal, the saturation magnetization of the garnet crystal can be written
as in Eq. 2.44 below.

M (T) = My(T) — M,(T) 2.44
where M, and M, denote the saturation magnetizations of the octahedral and tetrahedral

sub-lattices, respectively [33].

Magnetic garnet thin films can be grown by liquid-phase epitaxy (LPE), sputter
deposition or pulsed laser deposition (PLD) techniques. Material properties of garnets
can be tailored according to the application requirements by varying the chemical
composition, including the rare-earth ion substitution levels, and growth parameters.
The Faraday rotation for a specific magnetic garnet material can vary with the

temperature 7, the optical wavelength A, and on the crystal sub-lattice magnetizations.

2.6 Photonic crystals

Photonic crystals can be simply defined as a periodic distribution of refractive indices
in the space domain. Even though modern scientific research utilizes artificially created
photonic structures to manipulate light, there exist numerous natural photonic structures
in nature. These natural photonic structures can be found in insects, birds, flora and

fauna [34].

In order to manipulate light using photonic crystals, the order of the periodicity of
the structures should be of the order of the wavelength of light. Periodic macroscopic
stacks of dielectric materials in photonic crystals are analogous to the crystals lattice
structures of semiconductor materials. The periodic potential against the propagation of

electrons present in the semiconductor lattice crystal is replaced by the periodic

24



dielectric constant in the photonic crystal acting against the propagation of photons. If
the dielectric constant difference is strong enough the refraction and the reflection of
light through the material can produce a band gap for some frequencies, similar to band

gaps in semiconductors.

The first theoretical prediction of artificial photonic crystals was done by
Yablonovitch and John in 1987 [35,36]. Since then, there have been numerous
publications and development in the field of photonic research [37-45]. Photonic
crystals can be designed to control of the desired frequencies by careful choice of
materials and dimensions. For example, for microwave control of light could be
achieved by photonic structures constructed in millimeter scale while infrared control of

light could be achieved by PC structures constructed in micrometer scale [37,42].

Depending on the periodic variation of the material arrangement, there could be one
dimensional, two dimensional and three dimensional photonic crystals. Given a
sufficient difference in periodic dielectric constant in the structure, a three dimensional
photonic crystal could create a complete band gap for certain frequencies. Figure 2.10

shows a schematic representation of 1-D, 2-D and 3-D photonic crystal arrangements.

1-D

Figure 2.10 Periodic layer arrangement of simple 1-D, 2-D and 3-D photonic
crystal structures
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While perfect photonic crystal structures create photonic band gaps, photonic crystals
with line defects and point defects are used for important applications such as photonic
crystal waveguides and micro cavity devices [46-51]. A line defects or a point defect
can be introduced to the photonic crystal by breaking the spatial periodicity of the
structure. Defects create localized modes within the photonic band gap which allows
light to propagate only in the frequencies defined by the defect structure. In two
dimensional case, a point defect can be created by simply removing a single column or
by replacing it with another column with a different size, shape or dielectric constant. A
photonic crystal waveguide can be designed by introducing a linear defect (removing a
single row of columns) in to the two dimensional crystal [37,42]. Photonic crystal
waveguides are highly efficient compared to conventional total internal reflections
based waveguides when transmitting light at tight bends and narrow paths. Another
application of photonic crystals and also relevant to this dissertation is bio/chemical
sensing [1,5,7-9]. Mostly two dimensional PC structures with defects or cavities have
been explored for this purpose. In this work we explore one dimensional magneto-

photonic crystal structures for optical sensing.

2.6.1 Photonic band gaps

Photonic band gaps are the optical analogue of electronic band gaps in semiconductor
crystals. The propagation of light in photonic crystals can be understood through
solutions of the Maxwell’s equations. In the absence of free charges and currents, for a

homogeneous dielectric material, Maxwell’s wave-equation can be written as follows,

{vx (ﬁ) v x}H) = O H() 2.45

Here H(r) is the magnetic field of the photon, &(r) is the macroscopic dielectric
permittivity, ® is the photon frequency and c is the speed of light. The periodic
variation in dielectric permittivity in a PC can be written £(r) = €(r + R;) where R; is

the lattice vector with i=1, 2,3 for three dimensional spatial variation. Given &), a
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periodic function following the Bloch-Floquet theorem, solutions to Eq. 2.45 are of the
form H(r) = e*"H, ,(r) with eigenvalues w,(k). H,,(r) is a periodic envelope

function satisfying

2
(V4 ik) X5 (7 + ik) X Hoe = (“22) Hye 2.46

which yields discrete eigenvalues w, (k) with n=1,2... for a periodic structure. w, (k)
are continuous functions of &, form discrete bands when plotted against & in a dispersion
diagram.

The eigensolutions w, (k) are also periodic functions of k yielding that solutions at

k+Gj are the same as at k where Gj is the reciprocal lattice vector defined by R;.G; =
2mé;; . For a one-dimensional periodic structure with periodicity a, and G;= %ﬂ , the k-

space between g and g is called the first Brillouin zone of the system.

A photonic band gap is a region where there is no propagation of light frequencies
allowed. Figure 2.11(left) shows the dispersion relation w(k) = ck for the propagation
of electromagnetic waves in a one-dimensional homogenous medium. Bands for
|k| > Z are folded back into the first Brillouin zone and shown by a dashed line. The

wave solutions with electric fields E~e*™*/a

can be expressed as a linear combination
of e(x) = cos(mx/a) and o(x) = sin(mx/a). In the presence of dielectric periodicity
band gaps open up at ig by degeneracy breaking of e(x) and o(x). The field e(x) is
more concentrated in the higher € (nuign) regions and o(x) is more concentrated in the
lower ¢ (njow) regions, forming the lower and upper edges of the band gap respectively.
Therefore any variation in dielectric constant in one dimensional system will lead to a

band gap [Fig. 2.11 (right)]. The strength of the band gap is determined by the strength

of the dielectric constant variation [37-39, 42].
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Figure 2.11 Left: Dispersion diagram of a homogeneous one-dimensional medium.
Right: Band diagram of a one dimensional material system with a dielectric

variation of period a. A gap is opened at the Brillouin zone boundary at k=i§.

Inset: The dielectric periodicity in the system breaks plane waves of a uniform
medium into cos(nwx/a) and sin(nx/a) standing waves [38].
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2.6.2 Magneto photonic crystals

For photonic crystals where the constituent materials are magnetic, the resultant PCs are
known as magneto-photonic crystals (MPCs) [52]. Photonic crystals combined with
magneto-optical effects exhibit very unique optical and magneto-optical properties. The
combination of magnetic tunability, Faraday rotation, and bandgap engineering in MPC
structures make them especially attractive for integrated optical applications. Enhanced
Faraday rotation, fast optical switching and ultra small optical isolators are some of the
well developed phenomena [28,29,52-67]. In this dissertation research, we investigate
the polarization rotation of MPCs and their sensitivity to cover refractive index in the

waveguide geometry.

Recent work by professor Levy’s research group on one-dimensional Bragg
waveguides in gyrotropic systems has revealed the presence of multiple band gaps
arising from waveguide mode coupling and large polarization rotations near the
photonic band gap edges [11-16, 28,63-72]. Polarization rotation enhancement due to
photon trapping has also been reported by other research groups for one-dimensional
layered stacks with gyrotropic resonant cavities [29,58]. The rotation enhancement is
explained in terms of resonant enhancement in photonic path length leading to an
increase in net Faraday rotation from multiple passes in a non-reciprocal medium.
However, the situation in gyrotropic Bragg waveguides, even ones with resonant
cavities or half-wave steps, is often fundamentally different because of the presence of
linear birefringence. Linear birefringence tends to suppress the Faraday rotation and yet
large magneto-optic polarization rotations, responsive to magnetic field reversals, have
been reported by Professor Levy and co-workers even for significant linear
birefringence in the high-order modes [11-16]. A detailed discussion on the rationale

behind the high polarization rotations in these systems are given in sections 4.3 and 4.4.
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2.6.3 One dimensional Bragg waveguides

Bragg waveguides consist of a 1-D grating fabricated into a waveguide structure where
grating dimensions are selected to satisfy the Bragg condition. This method allows the
formation of a 1-D photonic crystal in a planar geometry. In this work the 1-D grating
structure is patterned onto a multimode ridge waveguide by focused ion beam (FIB)
milling. Figure 2.12 shows a schematic depiction of the grating structure on a ridge
waveguide and the scanning electron micrograph (SEM) of a grating fabricated by FIB

milling.

S4700 15.0kV 14. 1Mzl

Figure 2.12 Schematic depiction of the Bragg grating on magneto-optic ridge
waveguide with SEM micrograph of the grating region fabricated by FIB milling

Multiple bands gaps appear in the transmittance spectrum of such gratings. The band
gap formation mechanism can be understood by the phase matching condition of the
optical waves by grating. Depending on the thickness of the waveguide, a ridge

waveguide can support more than one guided modes. The contra directional coupling
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(shown in fig. 2.13) of the guided modes is responsible for formation of band gaps in

the transmittance spectrum [20].

[ 1
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Figure 2.13 Contra directional coupling of waveguide modes by a grating.

The space matching condition for coupling between two optical waves given by,
Br =By +qK, q=0,+1,%2.. 2.47

Where f, , pr are propagation constants of the forward and backward propagating
waveguide modes. K = 27” and A is the grating period. The 3-D relation given by

expression 2.47 is the well known Bragg condition for photonics [20]. Equation 2.47
can be rewritten with substituting propagation constants with their subsequent effective

indices,
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(ny+mnp)d =2 2.48

where A is the optical wavelength in the medium [11]. Therefore, the multiple band gaps
observed in magneto-optic Bragg gratings can be accounted for the coupling between
forward fundamental waveguide to reflected fundamental and higher order waveguide
modes.

The presence of Bragg gratings induces the formation of Bloch states in the periodic
structure. These Bloch modes are generally elliptically polarized in birefringent
gyrotropic media with non-negligible birefringence. However their polarization state
and frequency dispersion characteristics differ from those of the elliptical normal modes

that propagate in regions of uniform thickness outside the grating.

2.7 Wave propagation in birefringent magneto-optic media

Magnetic birefringent media magnetized along the direction of propagation break
linearly polarized light in to right and left circularly polarized light. These counter-
rotating normal modes propagate with different speeds in the media. At the presence of
both linear and magnetic circular birefringence, the normal modes are no longer

circularly polarized but elliptically polarized states.

The relative permittivity tensor € of the medium magnetized along the z direction

given by,
Exx &y 0
s = — igxy gyy 0 2 49
0 0 &,

where we assume no absorption of the light in the medium which implies that all

components of the relative permittivity ( &; i,j = x,y,z ) are real.

The four Maxwell equations in the absence of charge and current sources are

V.D=20 2.50
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V.B=0 2.51

UxE=-2 2.52
at
VxH=2 2.53
The wave equation is given by,
2
VXVXE—=¢E =0 2.54

Hence a plane wave with electric field E = E,e!%"~®9 in birefringent magneto-optic

media can be written as,

(k2e — k21 + kk).Ey = 0 2.55

Where k, = 2, ¢ is the speed of light in vacuum. Ej is the plane-wave amplitude, 7 is

c 2
the identity matrix. By solving the wave equation at normal incidence one can obtain
the eiganvectors given by

L cosa +sina
& =5 ticos ao— sina 2.56

. . . . — . _ EyytE
With refractive indices ny, and ny? = & £ \/A? + €2, , respectively. Here & = %

Eyy—E&
— SYy exx
s A -

. a= % and vy is defined as

siny = 2.57
A%+eg,
__ &y
cosy = 2.57
A%+,
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Therefore input linearly polarized light become elliptically polarized with rotated plane
of polarization with respect to the incident light upon propagating through such

media.[14,69,72]

2.8 Gyrotropic bandgaps in elliptically birefringent media

The propagation of electromagnetic waves in an elliptically birefringent magneto-optic
layered system leads to the formation of new type of band gaps inside the Brillouin
zone. This new type of band gap stems from coupling between the different elliptical
polarization states in anisotropic magneto-photonic systems. In planer waveguide MPCs

this is achieved by coupling between different counter-propagating waveguide modes.

Zn-l Zn Zn+1

Figure 2.14 Schematic diagram of a one-dimensional birefringent magneto-
photonic crystal with period of A. The structure extends indefinitely in the x and y
directions. A unit cell is given by the region between z,-1 and z,. [13]
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M Levy et al have developed a theoretical stacked layer (Fig. 2.14) model with different
elliptically birefringent normal modes in alternating layers which mimics one-
dimensional PC in waveguide configuration [12-14]. The model explains the formation
of gyrotropic band gaps as a result of the coupling between counter-propagating Bloch
modes and allows one to design the spectral response of the system and the bandwidth

of the gyrotropic band gap.

The Bloch states for the system are expressed as a linear combination of these local
normal modes, subject to the Floquet-Bloch theorem. Forward- and backward-traveling
local modes are allowed to differ in refractive index and elliptical-polarization state to
account for the contra-directional coupling between modes of different order in the
waveguide. The Block mode in layer » is expressed as follows,

E(z,t) =

KEOlexp (i %n{(z — Zn)>> el + (Eozexp (—i %n?r(z — Zn)>> éfl exp(—iwt) +

KE(Bexp (i %nf(z - Zn)>> el + <E04exp (—i%n’l(z - Zn)> l

2.58

)é’_’ exp (—iwt)

Here superscripts f and b refer to the forward and backward propagating modes. The

f.b

refractive indices '+ correspond to modes of opposite helicity. The elliptical

~f.b

. . . e .
polarization-state unit-vectors ~+ are given by

cosa’ " +sina!?
ey =—— +icosa’ "t —isinal?

0
2.59
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The Bloch states for this system are given through solutions to following eigenvalue

equation. The solutions satisfy Floquet—Bloch theorem.
T+ DE — exp(iKA)E 2.60

The transfer matrix T™~1"*+D transforms the Bloch state by one unit cell. Here X is the

Bloch wave vector and A is the period of the periodic structure.

The mode coupling depends on the relative elliptical birefringence of the adjacent
layer normal modes and their individual propagation constants. If there is no relative
elliptical birefringence of the normal modes of the adjacent layers, the modes remains
uncoupled. At the presence of non-zero relative elliptical birefringence, the adjacent
layer normal modes are coupled satisfying the boundary conditions. Hence, the
gyrotropy of the system in combination with linear birefringence leads the normal
modes of adjacent layers acquire different elliptical polarizations which in turn leads to
the mode coupling and formation of the new band gap. Considering the role of
gyrotropy in existence of this bands gap, it is denoted as gyrotropic bandgaps [12, 13].
The model predicts slightly shifted band gaps (band gap “doublets”) form inside the
Brillouin zone and enhanced polarization rotation due to partial suppression of Bloch
modes at the band edges for 1-D birefringent MPCs. Another important prediction of
the model is that the polarization rotation is very sensitive to variations in refractive
index or linear birefringence in the film, substrate, or cover layer [14]. This has been the

basis for the optical sensor developed in this dissertation research.

2.9 Conducting polymers for chemical sensing

The conducting polymers such as polyaniline, polypyrrole and polythiophene attract
attention of researchers from a variety of fields in science and technology as promising
electrode materials for energy storage devices, electrocatalysts and biosensors
[3,10,73,74]. Conducting polymers in their pure form posses rather low conductivities

(<10” S cm-1) [76]. The process of doping could produce significant increase in the

36



conductivities. The doping is performed by means of chemical or electro-chemical
oxidation (p-doping) or reduction (n-doping). In general, sensing mechanisms of
conducting polymer based sensors are directly linked to the doping and undoping of the
polymer [3,10]. The use of conducting polymers and their derivatives as the active
layers of gas/chemical sensors dates back to early 1980s. Conducting polymer based
sensors demonstrate high sensitivities and short response time and most importantly

they are operational at room temperature [10,73,74].

2.9.1 Polypyrrole

Polypyrrole, Polyaniline and Polypthiophene are some of the conducting polymers
which have been researched for chemical sensing. However, PPy attracted special
attention because of the high conductivity, environment stability and good mechanical
properties combined with their ease and high flexibility in preparation [73-79]. PPy
films can be used for the detection of many analytes such as ammonia, nitrogen oxides,
carbon monoxide, sulphur dioxide, hydrogen sulphide and methanol[73]. Polypyrrole is
synthesized from the pyrrole monomer (Fig.2.15) by mild oxidation, using chemical or
electrochemical techniques. Electrochemical method has a good control over the
oxidation reaction. Chemical synthesis is relatively simple and the oxidation reaction
can be controlled by the process parameters such as concentration of monomer, dapant,
oxidant, process temperature and deposition time. In addition chemical synthesis is
inexpensive, hence suitable for mass production [74-79]. Aqueous or anhydrous FeCls,
other salts of iron (III) and copper (II) are widely used as chemical oxidants. However
research shows FeClj is the most suitable oxidant for chemical polymerization of PPy.
Monomer oxidation preparation of PPy with FeCl3 in various solvents (water, alcohols,
benzene, chloroform, acetone, acetonitrile) yields variation in the electrical conductivity

(hence refractive index) in the end product.
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Figure 2.15(a) Pyrrole monomer, (b) neutral Polypyrrole, (c¢) oxidized Polypyrrole.

The stability in air of the doped PPy films is relatively high; their degradation occurs
only above 150 - 300 °C and depends on the dopant anion. In reduced or undoped
form, PPy tend to be less stable compared to doped PPy. Differences in synthesis
methods, parameters and after treatments produce variations in the electrical,

mechanical and morphological properties in Polypyrrole films [75-76].

2.9.2 Sensing mechanism

The interaction of gaseous components with deposited PPy films produces physical
property changes in the film. There is a strong correlation between the physical

properties of conducting polymers and their doping levels. The chemical reactions
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involved in doping and undoping of the conducting polymers are mostly redox reactions
which transfer electrons between the polymer and the analytes. Electron transferring can
cause the changes in conductivity hence refractive index of the sensing material.
Interaction of oxidized PPy with electron acceptors such as NO, and I, leads to an
increase in the doping level as well as the electric conductance of the conducting
polymer. An opposite process will take place at interaction with an electron-donating
analyte. Present study investigates the detection of aqueous Ammonia and methanol
where both analytes are electron-donors. A decrease in conductivity of PPy on
exposure to NH; suggests activation of a de-doping process under ammonia

atmosphere. The possible interaction of PPy and NHj; can be expressed as follows,

PPy + NH; > PPy’ + NH;" Adsorption

PPy’ + NH; = PPy’ + NH;" Desorption

The research findings on interaction of ammonia with PPy show the occurrence of both
reversible and irreversible interactions. The reversibility of the interaction depends on
the concentration of ammonia and the duration of the exposure. If PPy is exposed to low
concentrated ammonia for a short period of time, the reaction is reversible. An
irreversible reaction takes place when PPy is exposed to higher concentration of

ammonia for a prolonged period of time [10].
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3 EXPERIMENTS

3.1 Iron garnet thin film fabrication

There are several methods for fabrication of iron garnet thin films. Among these
methods liquid phase epitaxy, pulsed laser deposition and magnetron sputtering
techniques are most frequently used. All the garnet materials used in this work have

been fabricated by liquid phase epitaxy.

3.1.1 Liquid phase epitaxy technique

The liquid-phase-epitaxy film growth technique is one of the mostly employed thin film
fabrication techniques, which provides homogenous and good crystalline quality films
for modern optical and micro-electronic device applications [80-83]. This technique
allows the fabrication of thin films of compound materials with desired optical and
electronic properties. In the LPE film growth method, the films are grown on top of a
crystalline substrate and lattice-matching of the material to be grown with the substrate

is important to achieve high-quality films.

Single crystal gadolinium gallium garmet (GGG; Gd;GasO;, lattice
constant=12.383A°) is a commonly used substrate for magnetic garnet preparation since
it has a close lattice match with rare earth substituted iron garnets [31,81]. A GGG
substrate is dipped into a supersaturated melt of the material to be grown with an
appropriate rotation speed and the garnet film is crystallized on the substrate. The film
quality is greatly dependent on the substrate and the growth parameters. Garnet films
which are required to have planar magnetization are grown on (100) GGG substrates

[83].
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3.1.2 Magnetron sputtering

Sputter deposition is a physical vapor deposition technique for depositing thin films. In
sputtering systems, a target (cathode) and a substrate (anode) are placed in a vacuum
chamber facing each other and gas ions are accelerated towards the cathode by the
electric field between the cathode and the anode. Argon is often selected as the
sputtering gas. Accelerated Ar' impinges on the cathode causing target atoms to be
ejected from the cathode. At the same time, secondary electrons are produced which
ionize more Ar atoms in the gas. The ejected target atoms are deposited on the
substrate to form the thin film. In magnetron sputtering, a permanent magnet is placed
behind or around the target. The magnetic field provided by the magnet confines the
secondary electrons near the target. This considerably increases the ionization of the
sputtering gas in the vicinity of the target, which helps to ignite the plasma at a lower
pressure. A higher rate of ionization increases the sputtering yield and due to lower

pressure, there are fewer collisions for target atoms which reach the substrate.

The sputtering parameters, the chamber pressure at sputtering and the target-
substrate distance can greatly influence the quality and crystallinity of the sputtered
film. Other parameters which can affect the film quality are the substrate temperature
and the deposition angle. The stoichiometry of the sputtered film may differ from that
of the target material [80, 84].

3.2 Thin film characterization

The magnetic garnet films used in this study are grown by the liquid phase epitaxy
method on gadolinium gallium garnet substrates. These films are characterized with a
Metricon prism coupler equipped with He-Ne (632.8 nm) and infrared (1543nm) lasers.
The schematic representation of a prism coupler set up and a typical screen shot are
shown in Figs. 3.1 and 3.2, respectively. At certain angles of incidence, light couples

into the film slab through the prism.
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Figure 3.1 Schematic representation of the prism coupler set up.
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Figure 3.2 A screen shot of the prism coupler results for a Spm thick film showing
several guided modes for input TE polarization.
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The detector attached to the setup detects this drop in the intensity of light and records
the relevant position in the output transmittance plot. = Thus the film thickness,
refractive index and waveguide mode indices of the TE and TM inputs of the film slab
can be obtained using the prism coupler. Table 3-1 shows the thickness and the index
measurements for TE and TM mode input polarization for a garnet film with the

COl’IlpOSitiOIl BipsGdgsLus gFesOqn.

Table 3-1. Prism coupler measurements of wave guiding in the thin film slab for
TE and TM input polarizations

o Fundamental 1* order 2™ order 3" order
Film index
mode mode mode mode
TE 23182 230411 22616 2.1896 | 2.08661
polarization
™

polarization 23192 2.30362 2.25627 2.17659 2.06505

Birefringence
-0.0010 0.00049 0.00533 0.01301 0.02156

3.3 Fabrication of waveguides

Ridge waveguide fabrication involves several steps. The process is initiated with the
optical characterization of the thin film followed by micro fabrication to obtain ridge
waveguide structures onto the magnetic garnet thin films. The waveguide dimensions
for efficient guiding of light are determined by beam propagation waveguide

simulations [85].

3.3.1 Waveguide dimension optimization

Finite difference time-domain (FDTD) beam propagation simulations were utilized to
optimize the waveguide dimensions, specifically waveguide width and ridge height for

superior forward fundamental mode transmittance.
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Figure 3.4 Transmitted power of a ridge waveguide designed on a film with
thickness 2,71pm and refractive index 2.31. Transmitted power along the
waveguide varies with the ridge height of the waveguide.
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For a 2.71um thick film, a waveguide having a width of 8um and ridge height (RH) of
0.12 pm delivers 98% of the coupled light in the forward transmittance. Figure 3.3 and
Fig. 3.4 show the ridge waveguide cross section and the transmitted power
(transmittance) along the waveguide for three different waveguide ridge heights

respectively.

3.3.2 Optical lithography

Standard UV lithography is utilized to transfer waveguide patterns onto the iron garnet
thin films from a pre-designed mask. Typical steps of the lithography involves sample
cleaning, photo resist spinning, soft bake, UV light exposure in EVG 620 aligner,
photoresist developing and hard bake.

The samples are first cleaned with acetone to remove any organic impurities. They
are then cleaned with iso-propanol and de-ionized water. The cleaned samples are dried
with N, gas before they get air dried. A thin film of HMDS (Hexamethyldisilazane) is
cast on the garnet sample by spinning with 3000RPM for a one minute in a photo resist
spinner. HMDS enhances the adhesion of the photoresist onto the sample. Next,
positive photoresist PR1827 is spun on the sample with 3000RPM for one minute to
obtain a 2-3um thick photoresist layer on the sample. The sample is soft baked for a one
minute at 100°C to dry the photoresist layer to prevent it from adhering to the mask.
The waveguide pattern on a chromium mask is then transferred onto the garnet sample
by exposing the photoresist layer to UV radiation in EVG 620 aligner, at an aligner
lamp intensity of (I) =7.95 mW/cm2 at 350 W power with a wavelength ranging from
240nm-350nm. The transferred pattern is developed in the photoresist developer
MF319. This development process is carried out by gently shaking the sample, holding
it vertically along the waveguide direction for about one minute. Subsequently, the
developed sample is then cleaned with DI water to wash out the developer in order to
prevent any overdeveloping. The sample with the transferred waveguide pattern is then

hard baked on a hot plate at 100°C for 20 minutes to harden the photoresist. Figure 3.5
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shows a transferred waveguide pattern on a magnetic garnet thin film. The waveguide

width is 6pm.

The waveguide pattern obtained via optical lithography is processed through argon
ion plasma etching in order to obtain the ridge waveguides. Ridge heights can be

controlled as necessary via etching time with previously determined etch rate.

Figure 3.5 6pm wide waveguide patterns transferred to iron garnet films by UV
optical lithography.

3.3.3 Ion beam etching

Waveguide ridges are obtained by plasma etching of the transferred waveguide patterns.
The instrument used for the etching is a Rib Etch 160 ECR LL ion beam etching system
(Tepla,Inc.). To obtain ridge waveguide structures, we employ a physical etching

method (dry etching) with Ar gas as the processing gas.
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The desired ridge height is obtained through appropriate etching time. Dry etching
process parameters are optimized for magnetic garnet thin films and listed in Table 3-2.
The etch depth or the ridge height with respect to etching time is shown Fig 3.6. An

interferometer image of an etched waveguides is shown in Fig 3.7.

Table 3-2. CAIBE process parameters

Process parameter Value

Ar Gas flow rate (SCCM) 15
Chamber pressure before processing (7orr) ~10”
Chamber Pressure at processing (7orr) 1-4x 10"
Accelerating Voltage (V) 72
Accelerating Voltage (4) 0.72
Beam Voltage (kV) 73
Beam Voltage (4) 0.065
Microwave (kV) 2.45
Microwave (A4) 400
Magnet (G) 1250
Magnet (4) 205
Shutter Current (V) -0.045
Plasma Intensity (V) 0.018
Current Density (ud/cm?) 180-210
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Figure 3.6 Etch rate characterization for Ar ion plasma etching for magnetic
garnet thin films with composition BiysGdy;Lu;¢FesO12

Figure 3.7 An interferrometric image of the waveguides after dry etching.
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3.3.4 Waveguide facet polishing

After waveguide fabrication, the samples are diced into small pieces (~2mmx10mm)
using a wire saw. Sample dicing with a wire saw makes the waveguide facets too rough
for optical testing. To avoid scattering losses and to obtain efficient wave guiding,
waveguide facets are polished with a series of diamond lappings. Polishing is achieved
in a multi-prep polishing machine with lappings which have 30pm, 9um, 3um, 1pum and
0.1um sized diamond particles. A polished facet of a ridge waveguide is shown in Fig.
3.8.

S4700 20.0kV 14.9mm x5.00k SE(U)

Figure 3.8 Polished facet of a ridge waveguide
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3.4 Fabrication of photonic crystals

One-dimensional photonic band gap structures (Bragg gratings) are fabricated onto the
ridge waveguides using Hitachi FB-2000A FIB system equipped with NPGS
(Nanometer Pattern Generation System). 30keV gallium ions mill down the samples
according to the fabrication parameters specified in FIB/NPGS. 200um long gratings
with groove depth of 600-700nm and grating period ranging from 336nm to 355nm

were used in this study.

3.4.1 Focused ion beam (FIB) milling

Focused ion beam fabrication is a mask-less, high-precision nano fabrication technique
that has been widely used to produce nanoscale devices in many fields. The FIB has a
similar operation principal to a scanning electron microscope. However, the FIB
consists of an ion beam instead of an electron beam. Gallium (Ga) is the most
commonly-used ion species in the FIB system due to its low meting point (30°C), low
volatility, low vapor pressure and low reactivity with other material [86-88]. In
commercial and most research FIB systems, the ion source used is a liquid metal ion
source (LMIS) since they provide high brightness and high focused beams. The main
components of an FIB system consist of an ion source, condenser lens, objective lens, a
beam defining aperture, defection plates and stigmation control poles. The condenser
lens and the objective lens define and focus the beam on the sample. The beam diameter
and the current are determined by the aperture settings. The deflection plates controls
the beam rastering over the sample. A schematic representation of the FIB system is
shown in Fig 3.9. FIB is operated at an accelerating voltage between SkV-50kV. The
beam diameters and current density of the beam can be controlled through different
aperture sizes varying from 6pm to 500um. Table 3-3 shows the beam parameters of

the Michigan Tech FIB system.
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Table 3-3. FIB beam parameters

Beam Mode
MO M1
Aperture size
_ Beam
(um) Beam Current | Beam Diameter | Beam Current '
Diameter
(nA) (nm) (nA)
(nm)
500 - - 11-15 1000
300 - - 4-8 250
200 0.4-0.8 800 2-3.5 120
100 0.1-0.3 250 0.4-0.8 60
50 0.02-0.05 60 0.1-0.3 40
20 0.004-0.01 20 0.015-0.04 35
6 0-0.002 10 0.001-0.005 35

Since magnetic garnet materials are non-conductive, it is important to coat the samples

with a conductive material to facilitate ion dissipation. This is achieved by sputter

depositing a ~20nm Chromium (Cr) and a ~50nm Gold (Au) thin films on magnetic

garnet samples prior to FIB fabrication. Depositing the Cr layer prior to the Au layer

enhances the adhesion of the Au on the sample. Inadequate charge dissipation causes

beam deflection, resulting in curved or misaligned patterns as shown in Fig 3.10.
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Figure 3.9 Schematic of focused ion beam system
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Figure 3.10 SEM micrograph of a misaligned FIB pattern due to charging
effects

NPGS software uses a DesignCAD, which provides a user-friendly and flexible
environment to create complex nanostructures for direct pattern fabrication using the
FIB. In NPGS, a DesignCAD file defines the pattern file and the Run file defines the
fabrication parameters. The Run file parameter “Line Dose” (defined below) determines

the dwell time for the given center to center distance and the beam current [89].

] (Beam Current) x (Exposure time)
Line Dose =

Center — to — Center

Here, center to center distance is the distance between adjacent exposure points. In
photonic crystal fabrication, the line dose determines the grating groove depth. A SEM
image of 1-D PC structure fabricated by FIB is shown in Fig 3.11.
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Figure 3.11 SEM micrograph of a one-dimensional photonic crystal fabricated on
Biy.sGdy2Luz0FesOg; film
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Figure 3.12 SEM micrograph of a one dimensional grating fabricated with under-
optimized beam conditions.
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Grating fabrication is very sensitive to beam conditions, such as the focus of the beam
on the waveguide, correction for astigmatism and the aperture alignment. Under-

optimized beam conditions lead to shallow grating grooves as shown in Fig 3.12.

3.4.2 Grating depth characterization

Grating groove depth is controlled by the line dose parameter in NPGS. Therefore, a
characterization of grating groove depth versus line dose is required in order to fabricate
gratings with desired grove depths. Grating groove depth versus line dose
characterization (shown in Fig 3.9) was done by measuring the groove depth in SEM

micrographs of gratings which were fabricated using a series of different line doses.
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Figure 3.13 FIB milling depth vs line dose for MI-100 beam for magnetic garnet
material

In this study, 200um one-dimensional photonic crystals are fabricated with the
specification of 100 line dose to obtain PCs with a 600nm groove depth. An SEM
micrograph of a cross-section of a grating pattern fabricated with M1-100 beam on Bi-

substituted ion garnet is shown in Fig 3.10.
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S4700 5.0KV 13.9mm x60.0k SE(M) 500nm

Figure 3.14 SEM micrograph of a grating cross section fabricated on
Bio,sGdo,zLuz.oFesolz film.

3.4.3 Post Acid Etching

Photonic crystal structures fabricated with focused ion beam milling require wet etching
in ortho-phosphoric acid prior to optical testing. Acid etching reduces the side wall
roughness of the grating grooves and at the same time, removes any re-deposition that
could occur during FIB milling. The etching process is done by immersing the
patterned samples for about 10-15 seconds in a solution of ortho-phosphoric acid which
is maintained at 75°C. The etched samples are promptly washed with de-ionized water

to avoid over-etching of the gratings.

Optical transmittance tests performed on a photonic crystal, before and after acid
etching, are shown in Fig 3.15. Post-fabrication acid etching vastly improves the

transmittance intensity and the coupling efficiency of photonic crystals.
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Figure 3.15 Transmittance spectrum of PC structure for pre and post acid etching

3.5 Optical tests

Optical transmission and polarization rotation tests are carried out by end-fire fiber
coupling from a tunable laser source. Two laser sources have been used in this study:
An Ando AQ4321A with wavelength range from 1480nm to 1580nm and a Santec laser
with wider wavelength range from 1260nmto 1630nm. A fiber from the tunable laser
source is connected to a polarization controller, which enables coupling of desired input
polarization to the samples. The output beam from the waveguide passes through a 10x
microscope objective and is split into two beams by a 50% non-polarizing beam-
splitter. One beam is sent to the power detector and the other beam is sent to the

Hamamatsu infrared camera. Hence, the set-up allows both the beam intensity and the
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beam profile to be obtained simultaneously. The schematic representation of the basic

optical set up is shown in Fig 3.16.

Optical Measurement setup

Waveguide photonic Polarizer  Detector
crystal

Tunable laser =
source y N 3 > > \ >
(1480nm-1580nm) ' O ,
s Objective —

Magnetic field ~ lens

Data Acquisition
and analysis

Figure 3.16 Schematic of the optical measurement set-up

3.5.1 Polarization Rotation

The polarization rotation measurements are taken in a saturating magnetic field of
3000¢ applied collinearly to the waveguide axis. The magnetic field is applied by
mounting the sample on a permanent stone magnet. Two techniques, namely a rotating
polarizer technique and the Stokes vector technique are employed to extract the

polarization state of the PC output.

3.5.2 Rotating polarizer technique.

In this technique, the transmitted light intensity through the sample is recorded after
having the light pass through a motorized polarizer (analyzer) which is rotated from 0°
to 360°. A graphical representation of the intensity versus the angle of the polarizer
axis is shown in Fig 3.17. The rotation of the semi-major axis of the output ellipse with

respect to the TE polarized input gives the polarization rotation of the light.
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Figure 3.17 In the rotating polarizer technique light intensity vs analyzer rotation
angle. Left: for TE input, Right: Output polarization ellipse is rotated by angle 6°
with respect to the input TE light.

3.5.3 Stokes vector technique

The complete state of polarization of a light beam can be determined by four Stokes

parameters: Sy, Si, S,, and Ss, as defined below.

So= Total power (polarized and unpolarized) = Iy+ Iy

Si=Power through linear horizontal polarizer (/y) - power through linear vertical
polarizer (199)

S,= Power through linear +45° polarizer (/4s5) - power through linear 135° (/;35)
polarizer

S;= Power through right circular (RC) polarizer (/lrcp) - power through left

polarizer

The degree of polarization (DOP), ellipticity (e) and orientation of the semi major axis

(azimuth 6 of the ellipse) of the polarization ellipse can be obtained as follows [ref].
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The linear polarization components at angles 0° (1), 90° (1o0), 45° (145), and 135° (1135)
are easily measured with a simple polarizer. The right circular polarization and the left
circular polarization components of the output light are extracted by a combination of a
quarter wave plate and an analyzing polarizer. A schematic of the arrangement of the
quarter wave plate and the analyzer for measuring each circular polarization component

is shown in Figs. 3.18 and 3.19.

)

Detector

Linear polarizer

Quarterwave

Output light plate
from PC

Figure 3.18 Quarter wave and linear polarizer setup to extract I cp
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Figure 3.19 Quarter wave and linear polarizer setup to extract Ircp

The azimuth angle of the polarization ellipse calculated using Eq. 3.3 is transformed

into the polarization rotation of the light using the following convention [91].

rOSatan( ) S1>0andS2=>0 )
05atan( ) . $1<0 and S2> 0
6 =< S . > 34
0.5atan (—1) 2 S1<0andS2<0
L 0.5atan (S—Z) or (.5atan (%) +x S1>0 and S2 < 0)

1

A set of measured Stokes parameters of a Photonic crystal output is given in Appendix
A.

3.6 Synthesis and characterization of Polypyrrole

Polypyrrole can be synthesized by chemical or electro-chemical oxidative
polymerization of the Pyrrole monomer. The electrochemical technique allows for
more control of the oxidation process and produces thin Polypyrrole films with higher
reproducibility. However, the chemical oxidation technique is easily implemented, less

expensive and suitable for mass production [75-79]. In this study, the chemical
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oxidation technique is more suitable mainly due to two reasons. Firstly, the Polypyrrole
layer should be selectively deposited only on the photonic crystal which has an area
of 10um x 200um.. Secondly, magnetic garnets are dielectric materials which cannot

be used as electrodes.

3.6.1 Chemical oxidation of Polypyrrole

Chemical synthesis of Polypyrrole was done by chemical oxidation of the Pyrrole
monomer. Pyrrole in vapor phase was employed to obtain Polypyrrole thin films on the
PC samples. Iron (III) chloride hexahydrate (FeCl;.6H,0) is used as the oxidant. An
oxidant solution with 0.1M concentration was prepared by dissolving 3.4 g of
FeCl;.6H,0 in acetone. A thin layer of oxidant solution was applied to the photonic
crystal by a fiber attached to a micro manipulator shown in Fig 3.19. The oxidant
applied PC sample was then exposed to Pyrrole vapor for 10 seconds while the Pyrrole
solution was kept on a water bath of 60°C. A thin black color layer of Polypyrrole was
deposited on the PC (Fig 3.20). The thickness of the deposited Polypyrrole layer was

controlled by the concentration of the oxidant solution and the Pyrrole exposure time.

Polypyrrole thin films deposited in Si substrates were used for ellipsometric
characterization of Polypyrrole for ag. ammonia exposure. The silicon substrates were
cleaned with acetone, IPA and DI water. A solution of 0.6ml of the Pyrrole monomer
dissolved in 100ml of DI water was then added to the oxidant solution kept on a
magnetic stirrer. The mixture turned black indicating the onset of the polymerization
process leading to the deposition of the Polypyrrole on Si substrates. Samples with 15

minute deposition time were used for ellipsometric characterization.
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Figure 3.20 The oxidant solution was applied on the PC with a fiber attached to a
micromanipulator. This is performed under an optical microscope in order to
apply the oxidant solution only on the 200pm long PC region.
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Figure 3.21 Before and after deposition of PPy layer on the photonic crystal. The
thickness of the PPy layer is controlled by the oxidant solution concentration and
the Pyrrole vapor exposure time

3.6.2 Ellipsometric characterization of Polypyrrole

Polypyrrole films deposited on Si substrates were characterized with a Variable Angle
Spectroscopic Ellipsometer (VASE). VASE can be used to measure material optical
constants, film thickness and surface roughness. The working principle of the VASE is
based on Fresnel reflection coefficients. The relation between ellipsometric parameters
Psi (W) and Delta (A) and Fresnel reflection coefficients Ry and R, is given in Eq. 3.5.
R, and R, are reflection coefficients corresponding to S-polarized and P-polarized light

respectively.
tan(Y)e® = };—” =p 3.5

In Variable Angle Spectroscopic Ellipsometry, the ratio of the Fresnel reflection
coefficients is recoded with respect to wavelength and incident angle. [92-94] Fig 3.21
shows the typical scheme where incident light is linearly polarized and reflected light is

elliptically polarized.
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Figure 3.22 Schematic of polarized light and sample interaction in ellipsometer
setup

Ellipsometric data for wavelengths in the 300nm to 1600nm range was collected for the
Polypyrrole samples deposited in Si substrates. Ellipsometer analysis software uses the
Marquardt-Levenberg algorithm to fit experimental data to a theoretical model. The
best fit is acquired when the value of Root Mean Square Error (MSE) is the minimum

between the model-fit with the experimental data [94].
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4 RESULTS AND ANALYSIS

In this work we have successfully developed an optical sensing technique using
magneto-photonic crystals. The current chapter presents the theoretical and
experimental results and the analysis involved in the development of the sensor

mechanism, sensor fabrication and testing.

4.1 Ridge waveguides and mode propagation

The number of modes that propagate in the ridge waveguide depends on the waveguide
geometry and how the light is coupled into the waveguide [28]. A film with thickness
2.71um shows four waveguide modes propagating in the film slab in prism coupler
characterization. We have used beam propagation method to optimize the ridge
waveguide structure parameters and beam profile calculations [85]. Simulation results
show that for a 2.71um thick film, a waveguide having a width of 8um and ridge height
between 8um-0.12 pum delivers more than 90% of the coupled light in the forward
transmittance. When linearly polarized light is launched into the ridge waveguide
centered on the input facet, more than 95% of the guided power propagates in the

fundamental mode. Figure 4.1 shows the computed beam profiles of the first three

waveguide modes of a ridge waveguide used in this study.
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Figure 4.1 Computed waveguide mode profiles of a ridge waveguide.
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4.1.1 Waveguide transmission losses

The quality of the fabricated waveguides can be determined by evaluating the
waveguide characteristics such as propagation constant, propagation losses and light
scattering. It is essential to obtain low-loss waveguides in order to achieve high
performance in waveguide-based device applications. Some of the main transmission
losses in a straight waveguide can be identified as absorption, scattering, mode

conversion and reflection loss.

4.1.1.1 Absorption loss

Absorption loss occurs by optical absorption in the waveguide material due to interband
transitions, impurity absorption and carrier absorption. Bi-substituted iron garnet films
possess excellent optical transparency in the near-infrared wavelength region. However
in LPE grown garnet films, optical absorption is significantly increased due to the
incorporation of impurities like lead (Pb*", Pb*") and platinum (Pt*") ions in to the film
during the growth process. Fe*” and Fe*" ions generated in the crystal to facilitate the
charge balance for these non-three-valent impurities cause a strong increase in the
absorption. C. Jovanovic et.al. have shown that the optical absorption in garnets can be
lowered by controlling the impurity incorporation into the film and by annealing the
films in hydrogen atmosphere [95]. They have shown that the incorporation of impurity
ions into the crystal can be controlled by the growth rate and the saturation temperature
of the PbO-fluxed melt. In this way a very low optical absorption, below 0.3 cmat
1330nm wavelength is achieved by better charge compensation [95]. Similarly, charge
compensation may also be established by annealing the films in a hydrogen atmosphere,

also leading to a strong reduction of the absorption.

4.1.1.2 Scattering loss

Scattering loss occurs due to the imperfections in the waveguide structure. In this work

the surface roughness introduced during the waveguide and PC fabrication process
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could contribute to the scattering loss. This can be reduced by an appropriate post-

fabrication etching process to remove waveguide and grating grove side wall roughness.

4.1.1.3 Coupling loss

Coupling loss is the power loss that occurs when coupling the light from one optical
media to the other. Reflection (Fresnel) losses and mode conversion losses contribute to

coupling loss.

When light is incident on an interface of two homogeneous media with different
refractive indices, some of the light gets reflected at the interface. At normal incidence
the Fresnel reflection loss is given by,

Ls = 10.log (u)2 dB 4.1

ni+n,

where n; and n, are the refractive indices of the two media. For magnetic garnet
waveguides with refractive index 2.31, the Fresnel reflection loss is estimated to be -

8.05 dB.

Mode mismatch arises mainly due to geometrical cross-section and waveguide-core-
cladding-indices mismatch between the fiber and the waveguide. The variation in the
mode-size, mode shape, and effective-index mismatch between them induces coupling
to radiation modes and back reflection. However, reflection and coupling loss can be
minimized by applying anti-reflection coating at the facet or realizing tapered

waveguides.

4.2 Magneto-optic Bragg gratings

Polarization effects enhanced by one-dimensional magneto-photonic crystals (Bragg
gratings) play the key role in the detection mechanism of the sensor technique
developed here. Therefore, fabricating high quality photonic crystals was a critical part

in the sensor development process. Focused Ion Beam technology allows fabricating
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high quality photonic crystals with optimized process parameters. The photonic crystal

fabrication process is discussed in detail in section 3.3.

One-dimensional photonic crystals fabricated on ridge waveguides show multiple band
gaps in the output transmittance spectrum due to contra-directional coupling of the
forward fundamental to reflected higher-order waveguide modes. The transmittance
output of a PC is shown in Fig. 4.2. The Bragg scattering condition for mode coupling
is given by A = (nf + nb)A where n; and n,, are the refractive indices of the forward

and backward propagating waveguide modes [11].
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Figure 4.2 The transmittance spectrum of a one-dimensional photonic crystal with
period 337nm fabricated on a 2.71pm-thick BiysGdyLu;cFesO; film.

69



4.2.1 TE and TM band gaps

A magnetic garnet film of thickness 2.71um supports four TE and TM modes in the
film slab. The band gaps are observed for both TE and TM input polarized light;
however, TE gaps are more prominent. The combination of material birefringence in
the film and the geometrical birefringence induced by the asymmetric ridge waveguide
structure produce a non-zero linear birefringence in mode indices in the system.
Therefore TE and TM modes propagate with different propagation constants in the
waveguide, leading to different spectral positions for TE and TM bandgaps in the output
spectrum. The stop bands are more clearly observable when a transverse (perpendicular
to the waveguide axis) magnetic field is applied, where no magneto-optic coupling
occurs between TE and TM modes. Figure 4.3 shows the TE and TM mode band
output for a grating fabricated on a 2.71pm-thick ridge waveguide on

Bio.ngo.zLu2.0F65012 film.
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Figure 4.3 Stop bands corresponding to transverse electric and transverse
magnetic input polarization states.
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Since the linear birefringence increases for higher-order modes, the separation between
TE and TM band gaps increases. The mode indices of the TE and TM modes and the

center wavelengths of each band gaps are listed in Table 4-1.

Table 4-1. Prism coupler measured refractive index data and the corresponding

o Fundamental 1* order 2 order | 3" order
Film index
mode mode mode mode
TE
.. 2.3182 2.30411 2.2616 2.1896 2.08661
polarization
™
.. 2.3192 2.30362 2.25627 2.17659 2.06505
polarization
Birefringence -0.0010 0.00049 0.00533 0.01301 0.02156
TE gap center wavelength 1564.6 1547.1 15140 | 14768
(nm)
™ t length
gap center waveleng 1563.6 1541.0 1505.0 1463.0
(nm)
TE and TM band gap 1.0 6.1 9.0 138
separation (nm)

4.3 Polarization rotation in magneto-optic Bragg gratings

Previous work by Professor Levy’s research group has shown that there is a significant
enhancement in polarization rotation near the band edges in Bragg waveguides in
gyrotropic systems for coupling forward traveling fundamental to backscattered higher-
order modes [11-15]. Polarization rotation enhancement has also been demonstrated
with one-dimensional MPCs composed of magnetic-garnet layered stacks [29,56-58]. In

the latter the enhancement mechanism is explained by photon trapping in the resonant
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cavity. In the resonant cavity, light undergoes multiple reflections by the cavity walls
that increase the optical path length of light in the magnetic media leading to an
increase in net Faraday rotation. However, gyrotropic Bragg waveguides differ from
these systems due to the presence of linear birefringence in them. Linear birefringence
tends to suppress the Faraday rotation, and yet large magneto-optic polarization
rotations, responsive to magnetic field reversals, have been observed even for
significant linear birefringence in the backscattered waves. Most importantly, the
enhanced rotation is observed in gratings without resonant cavities as similar to the ones
with resonant cavities. Therefore, the polarization rotation enhancement in magneto-
optic Bragg waveguides involves a different mechanism from photon trapping.
Experimental and theoretical investigations on these systems suggest that this
enhancement is due to the combined effect of Faraday rotation and birefringence in
waveguide magneto-photonic crystals. There is no rotation for pure linear birefringence

as shown by transverse magnetization measurements in Fig. 4.4.
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Figure 4.4 Polarization rotation measured for longitudinal magnetization (red)
and for transverse magnetization (blue) showing large rotation for longitudinal
magnetization and negligible rotation for a transverse field.
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Linear birefringence by itself yields no contribution for TE and TM inputs. Similarly,
very little rotation is observed for pure FR by fundamental to backscattered fundamental
(at ~1575 nm) where linear birefringence (of the fundamental mode) is negligibly small

(Fig. 4.5).
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Figure 4.5 Polarization rotation measured for fundamental, first and second
backscattered-order band gaps for longitudinal forward magnetization (red) and
longitudinal backward magnetization (blue). These data show that the near band-
edge polarization rotation increases with back-scattered mode order, and that the
rotation is magneto-optic in character.

Linear birefringence occurs naturally in magneto-optic waveguides as a consequence of

geometrical confinement and stress. Therefore, the simultaneous presence of optical

gyrotropy and linear birefringence in these systems leads to elliptically polarized
cosa +sina

normal modes in the guide parameterized by é, = . (iicosa — isin a), where

v 0
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2 2
tan(2a) =W [12]. nyg, nyy and g are the transverse-electric mode index,

transverse-magnetic mode index and the optical gyrotropy parameter of the medium
respectively. The coupling of elliptically birefringent normal modes in magneto-
photonic systems leads to formation of gyrotropic band gaps inside the Brillouin zone
and strong polarization effects. A detailed theoretical background on formation of
gyrotropic band gaps in elliptically birefringent magneto optic media can be found in

references [12,13 ].

4.3.1 Experiment and theoretical evidence

A computational analysis and experimental evidence on gyrotropic band gap formation
and enhanced polarization rotation in magneto-optic Bragg waveguides are presented in
this section. The computational analysis is based on the theoretical model presented in
section 2.3.5. The model consisted of a birefringent magneto-optic layered-stack
structure with a bilayer unit cell. The gyrotropic band gaps are formed primarily due to
contra directional coupling of dissimilar waveguide modes in the system. The model is
designed to capture this essential feature of magneto-optic Bragg waveguides by
introducing a linear combination of elliptical normal modes in the adjacent layers of the
model. Forward- and backward-traveling local modes are allowed to differ in refractive
index and elliptical-polarization state to account for the contra-directional coupling

between modes of different orders in the waveguide.

The model calculates the band structure for the elliptically birefringent magneto-
optic layered system and the corresponding polarization rotation (Bloch mode
orientation). The study compares the experimental and computed band structure and
polarization rotations for multiple Bragg waveguides with and without resonant

cavities.
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The waveguides used in these experiments are single-layer structures formed on
bismuth-substituted iron garnet films grown by liquid phase epitaxy on gadolinium
gallium garnet (GGG) substrates. Three sets of samples of different composition were
investigated. Ridge waveguides were prepared on these samples by optical lithography
and plasma etching techniques. 200pm-long Bragg reflectors were patterned on the

ridges by focused ion beam (FIB) milling as shown in Fig.4.6 and Fig. 4.7.

A 2.86um-thick (Bi,Lu);sFes701,1 film served as a platform for 200um long
gratings of period (A) 338nm with a single phase-shift step of 3.5A, denoted here as A.
The second set, denoted as set B, consists of a grating of period 335nm with no phase
shift step fabricated on 2.7um-thick BigsGdooLus oFesOy; films. The film composition
of the third set, denoted as set C, is (Bi,Lu,Nd);(Fe,Ga,Al)sO1, with a thickness of 1.8
um,_ A phase shift step of 10.5A is fabricated in the middle of the grating. The grating
period is 346nm. Refractive index data for input inplane polarization (TE) and linear
birefringence between in-plane-polarized coupled light and normal-to-the plane-
measured at 1543nm using a prism coupler is listed in Tables 4-2, 4-3 and 4-4. The
estimated accuracy in the birefringence data is £0.0005. Specific Faraday rotation for
samples A, B and C are 137°/mm, 100°/mm and 80°/mm respectively. The figures 4.8,
4.9 and 4.10 show both experimental and computational band structures and

polarization rotation for samples A, B and C respectively.

Table 4-2. Refractive index and birefringence data for sample A

Fundamental | 1™ order | 2" order
mode mode mode
TE
o 2.318 2.280 2.214
polarization
Birefringence | 0.0006 0.0046 0.0106
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Table 4-3. Refractive index and birefringence data for sample B

Fundamental | 1% order | 2" order
mode mode mode
TE
o 2.3036 2.2605 2.1878
polarization
Birefringence | -0.0005 0.0036 0.0103

Table 4-4. Refractive index and birefringence data for sample C

Fundamental | 1% order | 2™ order
mode mode mode
TE
2.2460 2.1621 2.0209
polarization
Birefringence | 0.0024 0.0159 0.0312

77




Semi-major axis rotation (Degrees)
-15 0 15 30 45 -40 -20 0 20 40 60

142 1+ | . | N A I T S | 1.42
1.40 | 1.40
o L
<1384 -1.38 <
s 3
1-36__ _136
1.34 1.34

2.96 3.00 3.04 3.08 3.12 02 04 06 08 1.0
KA Transmittance (a.u.)

Figure 4.8 The figure plots the measured transmittance and polarization
response [right panel], and calculated band structure and polarization rotation
[left panel] of a one-dimensional photonic crystal with phase shift step of 3.5A
patterned on a 2.86pum-thick (Bi,Lu);sFe 701, film (sample set A). Separate
curves for the calculated semi-major axis orientation correspond to different Bloch
states. The red and blue data points on the right panel describe the orientation of
the semi-major axis of the polarization ellipse for opposite magnetizations collinear
with the ridge waveguide axis.
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Figure 4.9 Measured transmittance and polarization response [right panel],
and calculated band structure and polarization rotation [left panel] of a one-
dimensional Bragg filter without phase shift step patterned on a 2.7pm-thick
Biy3sGdy,Luz0FesOq; film (sample set B). Separate curves for the calculated semi-
major axis orientation correspond to different Bloch states. The red and blue data
points on the right describe the orientation of the semi-major axis of the output
polarization ellipse for opposite magnetizations collinear with the ridge waveguide

axis.
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Figure 4.10 Measured transmittance and polarization response for a one-
dimensional photonic crystal with a single phase shift step patterned on a
(Bi,Lu,Nd)3(Fe,Ga,Al)sO¢, film of thickness 1.8 pm. Black triangles and solid
circles plot the orientation of the semi-major axis of the output polarization ellipse
relative to the linear input polarization for opposite magnetization directions
collinear with the ridge waveguide axis.

Transmittance and polarization rotation output of the Bragg waveguides were measured
for linearly polarized TE inputs coupled into the waveguide facets. Measurements were
taken under a saturation magnetic field of 3000e parallel to the waveguide axis in the
forward and backward directions. The transmittance spectrum is the energy output of
the electromagnetic wave with all polarization directions. Polarization rotations were
measured by the motorized rotating polarizer. Here the polarization rotation is defined
as the angle between the linear input polarization and the semi-major axis of the output
polarization. The band gaps are formed following the Bragg scattering condition for
mode coupling given by A = (nf + nb)A with different stop bands corresponding to
forward fundamental to different backscattered higher order modes. These band gaps
yield large polarization rotations, especially near the band edges that grow with

increasing backscattered-mode order as shown in Figs. 4.8-4.10. The ellipticity of the
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output light defined as the ratio of semi-minor to semi-major axes lengths, are plotted in
Fig 4.11. An interesting feature here is that large polarization rotations are observed
even in the presence of large linear birefringence. Generally, linear birefringence

suppresses the Faraday rotation.
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Figure 4.11 Measured ellipticity in the output polarization for Bragg filters
patterned on (Bi,Lu);sFe 7012 film (sample set A), BiysGdyLu;oFesO;; film
(sample set B) and (Bi,Lu,Nd)3;(Fe,Ga,Al)sO;, film (samples set C). Ellipticity is
defined as the ratio of the semi-minor to semi-major axes of the polarization ellipse
in the optical electric field amplitude. The horizontal double-tipped arrows
indicate the locations of the stopbands in each case.

Figures 4.8 and 4.9 (left panel) plot the calculated band structure for the stack model
system with local normal modes of different orders travelling in opposite directions.

Two nearly overlapping gyrotropic bandgaps corresponding to different Bloch states are
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visible for high-order mode backscattering. The band structures are calculated
considering the material and the structure parameters of their experimental counterpart.
Deviations up to 2% in modal refractive indices from the measured slab waveguide
data, with 0.1% maximum grid size are allowed in order to match stop band
bandwidths, center-wavelengths and polarization rotations. The calculated band
structure is in good agreement with the experimental data, with Bloch modes exhibiting
higher rotations at the band edges, a similar trend as in experimental results. The
experimental data in Figs. 4.9 (sample B), show large polarization rotations for a Bragg
grating without resonant cavity, where no photon trapping acts to increase the optical
path length. Also, there is no significant rotation seen at the resonant wavelengths for
the samples (A and C) with resonant cavities. Therefore, the increased rotation is not
due to photon trapping but a different mechanism characteristic to magneto-optic Bragg

waveguides.

The increased rotation is due to the back-reflection of selective polarization
components out of the incident fundamental waveguide modes. In other words, the
enhanced polarization rotation at the stop band edges originates from the partial
selective reflection of positive- and negative-helicity higher order elliptical normal
modes. Opposite helicity modes possess spectrally-detuned stop bands and
orthogonally-oriented elliptical polarization. This detuning is due to the large
birefringence of the high-order backscattered modes, resulting in rotated transmitted

polarization near the band edges.
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4.4 Sensor design

The optical sensor presented here is designed based on the large polarization rotational
response to changes in cover refractive index in magneto-optic birefringent waveguide
photonic crystals. The theoretical model discussed in the last section predicts that the
polarization rotation is very sensitive to variations in refractive index or linear
birefringence in the film, substrate, or cover layer. Figure 4.12 plots the output signal
polarization rotation versus refractive index modeled for a typical (Bi, Y, Lu)s(Fe,
Ga)s0;, magneto-photonic crystal structure with realistic cover and waveguide indices
and film thickness. A change in the waveguide mode indices induced by the change in
cover index alters the characteristics of the propagating Bloch modes in waveguide
photonic crystal resulting changes in output polarization rotation. A steep polarization
change versus index occurs in the 2.175 to 2.176 modal-refractive-index range for this
particular case. Therefore, the sensor design is aimed for detection in 1.3-1.6 refractive
index range. The theoretically predicted strong polarization rotation sensitivity near the
band edges was experimentally observed during the initial tests as shown in Fig. 4.13.
These tests were performed by adding and removing vacuum grease (cover layer) on
top of the photonic crystal. Polarization changes as large as 80° were observed. Hence,
it is evident that this novel sensing technique delivers significant sensitivity and a fairly
wide sensing window. The sensor calibration was done by applying refractive index
liquids of known refractive indices on the photonic crystal and measuring the output
polarization rotation. Next, the sensing technique was developed for detection of toxic
substances by employing analyte sensitive polymer cover layers in the photonic crystal.
The refractive index changes induced by analyte adsorption into a polymeric layer
deposited on the photonic crystal surface (cover layer in Fig. 4.14) affect the
polarization rotation of the output light. The proceeding sub sections present the
experimental and analytical results of sensor characterization and development of the

technique for aqueous ammonia and methanol detection.
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polarization ellipse in the overlap pass band formed near the gyrotropic
degenerate band gap.

)
LW

- 100

c

L 2

— 1 -+ With Cov - -
= (b) 2
Z0.75 % + 50 % o
4 Y 5
§ 059 TO0 ®3

2 e G .

s ©

E, 0.25 - - 50 <

© o.

=

0 I L] L] 1 '100

1500 1510 1520 1530 1540 1550
Wavelength (nm)

Figure 4.13 Initial sensor testing results for air cover and vacuum grease cover.
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Figure 4.14 schematic representation of magneto-photonic crystal sensor with
Polypyrrole cover layer

4.4.1 Sensor characterization

A systematic sensor characterization was necessary in order to study the performance
and the sensor sensitivity. Three samples were optically tested by modifying the cover

refractive index with known refractive index liquids.

4.4.1.1 Sample information

Commercially grown liquid-phase-epitaxial mono-crystal garnet films on (100)
gadolinium gallium garnet (GGG) substrates were used for sample preparation. All
three samples have the same film thickness of 2.7um and composition of
Bip3Gdy,Lu; oFesO1,. Standard photolithography and plasma etching were utilized to
pattern 6um wide 600nm ridge-height waveguide structures on the film. One
dimensional photonic band gap structures (Bragg gratings) were fabricated onto the

ridge waveguide by ion beam milling in a Hitachi FB-2000A focused ion beam system.
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A 200pm-long Bragg grating with period 337nm and groove-depth 700nm is denoted as
Sample 1. The ridge waveguide is 0.9mm long, and waveguide mode refractive indices
of the film before surface-patterning measured on the film slab using prism coupler are
2.3041, 2.2616, and 2.1896 for the fundamental, first and second order TE modes,
respectively. Linear birefringence, measured for the first three modes are 0.0005,
0.0053 and 0.0130.  The Faraday rotation per unit length in the film is 100°/mm.
Samples 2 and 3 consist of 200um long photonic crystals with period of 348nm and
groove depths of 700nm and 600nm. Their corresponding waveguide lengths are
0.8mm and Imm. Prism coupler measurements of refractive indices for TE inputs for
fundamental, first, and second modes are 2.3030, 2.2603 and 2.1882, respectively;
linear birefringence measured for the first three modes are 0.0008, 0.0051, and 0.0121

respectively. The specific Faraday rotation of this film is 80°/mm.

4.4.1.2 Refractive index liquids

Cover indices of the waveguide photonic crystal were modified by applying a refractive
index matching liquids of known indices. These refractive index liquids were
purchased from Cargille Labs [96]. The bulk index measurement feature of the prism
coupler was utilized to re-measure the refractive indices of the liquids at 1543nm

wavelength.

The refractive index liquid was brought into contact with the prism by applying a thin
layer of the liquid on the prism surface. Laser light incident on the prism is refracted
into the bulk material when the angle of incidence at the prism-refractive index liquid
interface falls below the critical angle for the two materials. The corresponding angle
can be easily measured by observing the sudden drop of light intensity at the detector.
A schematic depiction of the prism coupler set up for bulk measurements and a
graphical representation of intensity vs angle of incidence is shown in Fig 4.15. The

refractive index of the bulk material can be calculated using equation 4.1 [97].
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Figure 4.15Prism coupler measurement set up for bulk materials

Five liquids with a refractive index ranging from 1.31 to 1.61 were used for the sensor

characterization study. The prism coupler measured index data is listed in Table 4-5.

Table 4-5. Prism coupler measured index data for refractive index liquids used in

sensor characterization

Refractive index liquid Refractive index
1 1.31
2 1.41
3 1.48
4 1.54
5 1.60

87



4.4.1.3 Optical tests

Transmittance and the polarization rotation of the test samples were measured for air
cover prior to modifying the cover index of the PC by applying refractive index liquids.
(Fig. 4.16) The sample was placed on a stage with x, y, and z controls and a saturating
magnetic field (3000¢) was applied along the waveguide axis by mounting the sample
on a permanent magnet. The light from a tunable laser source with wavelength range
from 1480nm to 1580nm was coupled into the waveguide by end-fire fiber coupling

using a single mode lensed fiber with diameter of about 3.3pm.

Figure 4.16 Schematic picture of hotonic crystal cover modified with refractive
index liquid applied over the PC

The polarization of the input light was adjusted to TE (horizontal) polarization by a
digital polarization controller (Agilent 11896A). The output beam from the waveguide
passes through a 10x microscope objective and is split into two beams by a 50% non-
polarizing beam-splitter. One beam is sent to a photo detector (Newport 918D-IR-OD3
photodetector read through Newport 1931-C Power Meter) for beam intensity
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measurement and the other beam is sent to an infrared recording camera to monitor the
beam profile. The transmittance from the PC waveguides was recorded through a Lab
view interface which synchronizes the power meter and the tunable laser source. Two
methods were employed to measure the polarization of the output light from the
waveguide PC. In the first method, the output light was recorded through a motorized
polarizer (Newport Universal motion controller, Model ESP100) which rotates through
360° in steps of 10°s™. The polarization rotation angle can be obtained by plotting the
spatial intensity spectrum of the output light (details in Sect. 3.4.1.1). In the second
method, the state of polarization of output light was determined by evaluating the
Stokes parameters of the light. Stokes vectors of the output light were extracted using a
combination of a polarizer and a quarter wave plate. Polarization rotation is defined
here as the angle between the semi-major axis of the output polarization ellipse and the

linear TE input polarization.

The refractive index liquids were applied on the PC using a thin optical fiber
attached to a micro manipulator. The transmittance and the polarization rotation of the
PC output were measured for each modified cover. Figures 4.17, 4.18 and 4.19 show
the measured transmittance for air cover and polarization rotation at modified cover for
sample 1, sample 2 and sample 3, respectively. These measurements were taken for the
stop band formed by the coupling of forward-propagating fundamental and back-
scattered second-order modes. After each successive refractive index measurement the
samples were cleaned with a cleaning solvent and re-tested. Re-tests with air as cover
were found to reproduce those prior to index liquid application. A bandwidth average
of the rotation was taken in order to reduce experimental measurement fluctuations and

to fold in changes in the spectral shape of the response with cover index.
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Figure 4.17 Measured transmittance and polarization rotation for varying
cover index of the waveguide photonic crystal for sample 1.
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Figure 4.18 Measured transmittance and polarization rotation for varying
cover index of the waveguide photonic crystal for sample 2.
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Figure 4.19 Measured transmittance and polarization rotation for varying
cover index of the waveguide photonic crystal for sample 3.

Figure 4.20 shows the average polarization rotation with respect to cover refractive
index for all three samples. The average polarization rotation was calculated by
integrating the rotation over the entire bandwidth of the stop band and vicinity, using
the polarization outside the stop band as base line. The base line varies with cover
index because of the rotation outside the grating structure. Defining a base line this way
precludes folding in the rotation accrued in the waveguide before and after the photonic
crystal structure. In this way the end result is purely due to the gyrotropic band gap
effect. Differences in measured rotational strength are believed to result from grating

groove-depth differences between the samples.

91



w
o

c o0
ie) B sample 1 =
© ’E" 30- ® sample 2
o c A sample 3 P
-~ @ [ |
=2 -
O o 24; =
[ .
" — Q | A A
E — 181 @ : A A
O A
(o [ |

12

10 12 14 16
Cover Refractive index

Figure 4.20Average polarization rotation measured for samples 1, 2 and 3.

4.4.2 Theoretical simulation

The theoretical model (Stack model) presented in Sect. 2.3.5 is used for theoretical
calculations of the orientation of the Bloch modes (semi-major axis) with respect to the
change in cover index.  The model is optimized by switching off the gyrotropy
parameter g and matching the center-wavelength and bandwidth of the model to
experimentally-determined transverse-electric (TE) and transverse magnetic (TM) stop
bands. The gyrotropy is then turned back on and the stop bands and Bloch mode
orientations are recalculated. Modified waveguide mode refractive indices due to
change in cover index were introduced to the model for each cover index. The modified
waveguide mode indices were obtained through beam propagation simulations by

introducing corresponding cover indices in the ridge waveguide structure. The
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calculated band structure for fundamental to second-order-waveguide mode coupling
for air cover index and orientation of one of the Bloch modes as a function of cover

index are shown in Fig. 4.21.
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Figure 4.21 Calculated band structure for a bilayer stack with period A and
computed orientation of the semi-major axis of one of the Bloch modes versus
cover index.

Here the Bloch wave vector K=2n/A, where A is the grating period. The model shows
not only a large enhancement in Bloch-mode polarization rotation (direction of semi-
major axis) near the band edge but also a strong sensitivity of mode rotation to small
refractive index changes in the waveguide cover index. Similar to the experimental
case, the mode rotation is averaged over the main peak bandwidth of the mode and
presented in Fig. 4.22. The orientation of all the Bloch modes shows a similar

increasing trend with increasing cover index.
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Figure 4.22 Bloch mode polarization averaged over the band width rotation for
increasing cover index

4.4.3 Photonic crystal and plain waveguide polarization rotation

comparison

The polarization rotation of a plain waveguide (no Bragg grating) with the same cover
indices was measured for comparison with that for a photonic crystal structure. Figure
4.23 shows the transmittance of a plane waveguide for air cover and polarization
rotation for varying cover indices. The material and dimensional parameters of
waveguide were exactly the same as in sample 1. The magnitude of the polarization
rotation for plane waveguide is significantly lower than inside the band gap of the

photonic crystal at higher indices.

%4



=-n=1.0 #-n=1.31 -+ n=1.41 #n=1.48 --n=1.54 -*-n=1.60

o
60'000“ E
z =
£ 0.00012 £~
= 0.0001 L &
= =&
= 5T
£ 0.00008 =
E <
£ 0.00006
=

0.00004 : : 10

1490 1510 1530 1550

Wavelength (nm)

Figure 4.23 Transmittance and polarization rotation measured for a plain
waveguide.

The average polarization rotation of the plane waveguide over the same band width is
then compared with the average polarization rotation of the waveguide PC and shown in
Fig. 4.24. In order to be able to compare both types of rotations directly, the same
baseline was used for both, namely, that of the input polarization, or zero rotation (TE
mode). The comparison shows a faster rate of change and stronger sensitivity in the
photonic crystal structure. Hence, the gyrotropic band gaps formed by counter
propagating waveguide modes play an important role in the observed enhanced
polarization rotation in the magneto-optic PC structures. The strength of the sensor
response is dictated by its sensitivity to changes in the refractive index of the cover
layer. As such, the presence of birefringence, in addition to the Faraday rotation, plays
a positive role in the sensor response. Generally, linear birefringence partially

suppresses the Faraday rotation in a magneto-optic medium.
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Figure 4.24 Average polarization rotation versus cover index for a waveguide
photonic crystal and for a plain waveguide.

However, the increase in cover index from that of air to larger indices lessens this
suppression by reducing the index contrast between cover and substrate. In other
words, the geometrical birefringence caused by the difference in refractive index
between cover and substrate is reduced by an increase in cover index, leading to
changes in the output polarization. Thus, the combined presence of linear birefringence
and Faraday rotation plays a useful role by contributing to the polarization rotation

change with cover index.

The normal modes in the photonic crystal are no longer circularly-polarized modes
as in a Faraday rotator, but are elliptically-polarized Bloch modes. Spectral dispersion

and polarization state changes of these modes in and near the band gap contribute to the
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net polarization rotation detected at the output of the device. The spectral polarization
state dispersion is strongly affected by the photonic crystal near the band gap edges.
This spectral dispersion by the photonic crystal structure and its effect on Bloch mode
polarization lead to an enhanced sensitivity to cover index changes over a plain

waveguide.

4.4.4 Sensor sensitivity

Sensor sensitivity (S) is one of the very important parameters in a sensing device which
characterizes the device. Also evaluation of the sensitivity is important when it comes
to comparison with other sensing techniques. Sensitivity is the magnitude of sensor
transduction signal change in response to the change in analyte [1]. Sensitivity of a

device is highly dependent on the strength of light matter interaction.

The sensor sensitivity of the magneto-photonic crystal sensor can be estimated by
taking the ratio of change in polarization rotation to change in refractive index, given

below.

Change in polarization rotation  A6°

Change in cover refractive index An

The estimated sensitivity for our devices is 71° RIU™ in the higher (most sensitive)

index range, where RIU is the refractive index unit.

The performance of RI based sensors can be compared by their RI sensitivity or the
detection limit (DL). The detection limit of a sensing device is determined by taking in
to account the factors such as RI sensitivity, system resolution, and a number of noise

sources and given by the following equation,
DL = R
- S

where R is the resolution, the smallest measurable quantity of the detection signal in the

sensing device [98]. The detection limit of our sensors is estimated to be ~107RIU. DL
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gives a rough quantitative estimate of the sensing performance of the device under
consideration. Therefore DL could be used as a measure when comparing the sensing
performance with other optical sensors flat forms and designs. Demonstrated detection

limit for various RI sensors are listed in Table 4-6.

Table 4-6. Detection limit of various RI sensing technologies.

RI sensor configuration Detection limit (RIU)
1-D PC [100] 10°
2-D PC microcavity [101,102] ~107
PC fiber[7] 10
Long period grating[103] 10
Nano fiber[104] 107
Surface plasmon resonance[105] 10°

With detection limit of ~107, the sensitivity of the magneto photonic crystal optical
sensors is comparable with some of the other sensing techniques proposed in literature.
In addition our device has a wide sensing range extending from air (n=1.0) to n=1.6,
making it suitable for variety of applications without stringent temperature stabilization.
The sensor sensitivity can be improved by structure modification to enhance the amount
of light-matter interaction. The sensitivity enhancement or a reduction in noise level can

improve the DL of the device.

4.5 Sensitive covers

The use of conducting polymers, such as Polypyrrole, Polyaniline, Polythiophene and

their derivatives, as active layers of gas sensors dates back to early 1980s [10]. Some of

98



improved features of these materials are that they show high sensitivity, short response
time and cost reduction compared to other commercially available sensor materials
[3,10]. Among the conductive polymers Polypyrrole is one of the most explored as the
active component in many sensing techniques for the detection for toxic substances and
vapors [18,19]. In our study we have integrated PPy with magneto-photonic crystal
optical sensors to detect aqueous ammonia and methanol. A PPy thin film deposited on
the PC undergoes change in electronic and optical properties when exposed to the
analytes. The changes in PC cover environment trigger changes in output polarization

rotation, the transduction signal of the MPC sensor.

4.5.1 Polypyrrole thin films

Polypyrrole can be synthesized by chemical oxidation of Pyrrole monomer [99]. Vapor
phase deposition with Iron (III) chloride hexahydrate (FeCl;.6H,0) as oxidant solution
was employed in our tests to obtain Polypyrrole cover layers on the photonic crystal
samples. 0.1M oxidant solution in acetone was deposited on the PC using an optical
fiber attached to a micro manipulator. The oxidant deposited sample was then exposed
to Pyrrole vapor for 10 seconds where the monomer solution was kept in a 60°C water
bath. A photonic crystal with a thin layer of black color Polypyrrole is shown in Fig.
4.25.
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Figure 4.25 Polypyrrole deposited on a photonic crystal sample

4.5.2 Sensor optical testing

Transmittance and polarization rotation measurements were carried out on Polypyrrole
deposited photonic crystal samples before and after exposure to analyte solutions.
Optical transmission was measured for TE input light by end-fire fiber coupling from a
1480-1580nm tunable laser source. PR of the output light was determined by measuring
the Stokes vector parameters. All the optical measurements were done in a saturating
magnetic field of 3000e applied along the waveguide axis. Polarization rotation
measured in one of the test PCs before and after deposition of Polypyrrole is shown in
Fig. 4.26. The polarization rotation response for PPy cover is significantly higher

especially in the band edge region.
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Figure 4.26 Polarization rotation of a test PC measured for air and PPy cover.
Transmittance is measured for air cover.

The deposition of PPy reduces the overall transmittance through the waveguide PC,
however the shift of the band position is limited to 1-2nm maximum and the coupling
strength to the PC remains intact. Figures 4.27 (a) and (b) show the actual

transmittance intensity and normalized transmittance for air and PPy cover respectively.
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the band gap region for air and PPy cover.
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4.5.3 Tests with aqueous ammonia and methanol

Polypyrrole-deposited PC samples were exposed to 29% an aqueous ammonia solution
and laboratory grade methanol. The exposure process consisted of depositing a minute
drop (~10pL) of liquid methanol or ammonia on the cover layer and allowing it to dry.
A significant change in polarization rotation response was observed upon exposure to

both aqueous ammonia and methanol as shown in Figs. 4.28 and 4.29.

PPy thin films are considered to be a good sensing material for NH; detection [73, 79].
The decrease in conductivity of PPy on exposure to NH3 was first reported by
Kanazawa et al. [105]. PPy undergoes both reversible and irreversible interactions
depending on the nature of the NHj3 exposure. That is, PPy undergoes irreversible
changes when exposed to high concentrations for longer exposure times and reversible
changes at low concentrations and short exposure times [105, 106]. In our tests, the
observed polarization rotation changes upon exposure to aq. ammonia and methanol
remained constant over time. This was confirmed by repeating the polarization rotation
tests after a week from the initial tests. The change of PR to ammonia exposure was
consistently ~50° at the peak of the spectral response, while for methanol, it was 10° for
multiple samples tested. The sensor exhibits a high degree of polarization-rotation
selectivity between the two analytes due to the difference in electronic interaction of
each analyte with the PPy chains. Both ammonia and methanol are electron donating
substances. When they interact with PPy, which is in a doped state by oxidation with
FeCls.6H,0, it becomes de-doped, causing change in electrical conductivity, hence a
change in refractive index. It can be concluded that polarization rotation is highly

influenced by the PPy-analyte interaction yielding high sensitivity and selectivity.
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Figure 4.28 (a), (b) Measured transmittance and polarization response of a one-
dimensional Bragg filter without phase shift step patterned on a 2.7um-thick
BigsGdo2Luz0FesOq; film. The blue and magenta color data points show output
polarization rotation of PC with PPy cover and PPy cover exposed to aqueous
ammonia. Measurements are taken at magnetic field applied collinear to the
waveguide axis.
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Figure 4.29 (a), (b) Measured transmittance and polarization response of a one-
dimensional Bragg filter without phase shift step patterned on a 2.7um-thick
BigsGdo,LuzgFesOq; film. The blue and red color data points show output
polarization rotation of PC with PPy cover and PPy cover exposed to methanol.
Measurements are taken at magnetic field applied collinear to the waveguide axis.
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4.5.4 Ellipsometric characterization of Polypyrrole

Ellipsometry is a nondestructive optical technique which uses the changes in the state of
polarization of light upon reflection for characterization of surfaces, interfaces and thin
films. In this study, ellipsometry was used to measure the refractive index of the

Polypyrrole thin films. An interferometric image of a Polypyrrole thin film deposited on

silicon substrate is shown in Fig. 4.30.

Figure 4.30 An interferometric image of a Polypyrrole (PPy) thin film
deposited on a silicon (Si) substrate.

Thin films were deposited by keeping the silicon substrates in a mixture of the oxidant
solution (FeCl;.6H,0) and the Pyrrole monomer for 15 minutes. Figure 4.31 shows the
Y versus wavelength spectra for the experimental and the model fit for the 15 minute

deposited film. The recorded refractive index of the thin film is 1.66 at 1550nm
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wavelength. Next, the Polypyrrole thin film was exposed to aqueous ammonia. This
was achieved by spraying aqueous ammonia from a syringe without removing the film
from the ellipsometer set-up. The recorded refractive index of the aqueous ammonia

exposed thin film is 1.50 at 1550nm.
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Figure 4.31 ¥ versus wavelength spectra for the experimental and the model fit
for a Polypyrrole thin film deposited on a silicon substrate using ellipsometry.
The ellipsometric characterization shows a 10% reduction in refractive index in aqueous
ammonia exposed Polypyrrole. This observation agrees well with the polarization
rotation response of the optical sensor to aqueous ammonia discussed in Sect. 4.5.3. A
decrease in the output polarization rotation in the magneto-photonic crystal sensor
represents a decrease in the refractive index. Oxidized Polypyrrole de-dopes under

ammonia atmosphere leading to a reduction in the refractive index [10,105].
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S SUMMARY AND FUTURE WORK

5.1 Summary

The study developed under this dissertation research introduces a novel optical sensing
technique for detection of liquid analytes. It combines photonic crystal technology with
magneto-optic polarization rotation to achieve highly sensitive detection of cover index

changes in optical waveguides.

We have experimentally and theoretically demonstrated that the one dimensional
magneto-photonic crystals fabricated in waveguide geometry yield high polarization
rotations even in the absence of a resonant cavity in the structure. Hence it is evident
that the polarization rotation enhancement mechanism in these systems is not due to
photon trapping in the resonant cavity. Also the photonic crystals which are fabricated
in materials with high linear birefringence show comparable higher polarization rotation
output. We propose that the polarization rotation enhancement in these systems is due

to selective back-reflection of polarization components by the photonic crystal.

The magneto-photonic-crystal-enhanced polarization rotations are found to vary with
the nature of the cladding in waveguide configurations. We have used this phenomenon
to develop a novel optical sensing technique for chemical analyte detection. Sensor
testing was conducted by modifying the photonic crystal cover layer with refractive

index liquids of known indices. A wide index range from air to n=1.6 is explored.

The sensing device was further developed for selective analyte detection by
employing active sensing layers as photonic crystal covers. We have used a conductive
polymer, Polypyrrole as the modified photonic crystal cover layer. The polarization
rotation change upon analyte adsorption in sensor layer was used as the transduction
signal. A successful detection of ammonia and methanol were demonstrated with high

degree of selectivity with Polypyrrole cover layer in the magneto-photonic crystal.
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5.2 Future work

The optical sensing technique developed in this work possesses the advantages of high
selectivity and low analyte consumption along with room temperature operational
capability. However, further research can be done to improve the sensor performance

in terms of sensor sensitivity.

The sensitivity and selectivity of sensing the layer can be improved by
introducing different dopants and incorporating second component into the conducting
polymer. Doping can modify the physical and chemical properties of conducting
polymers and influence the sensitivity. Incorporating a second component into the
conducting polymer film can adjust the properties of the polymer, such as space
between molecules or dipole moments which consequently improve the interactions
with analytes [10]. This may also increase the solubility of conducting polymers. C.P.
de Melo et.al have reported that some of the polymer blends (PMMA/PPy, PVA/PPy)

show distinct level of responses towards polar and apolar analytes [107].

In addition to the improvements to the sensor layer, the overall sensitivity of the
device can be improved by increasing the light-matter interaction. The interaction
volume can be increased by fabricating photonic crystals with deeper groves. Also it
would be interesting to investigate the device performance for a two dimensional air

hole array structure.
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Figure 1.1
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To: Neluka Dissanayake <nkdissan@mtu.edu>

Dear Neluka,
Thank you for contacting The Optical Society.

OSA considers your requested use of its copyrighted material to be Fair Use under
United States Copyright Law. It is requested that a complete citation of the original
material be included in any publication.

Let me know if you have any questions.
Best wishes,

Hannah

Hannah Bembia

July 23, 2012

Authorized Agent, The Optical Society

Note: To comply with the copyright requirements of the OSA, the articles
subjected to this request are fully cited and listed in the Reference list as [5] and

[8].
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Figure 2.9
Zhuoyuan Wu <zhuoyuan.wu@seagate.com> Wed, Jul 25,2012 at 1:39 AM
To: Neluka Dissanayake <nkdissan@mtu.edu>

Hello Neluka,

You have my permission to use the figure.

Thanks,
zhuoyuan wu
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