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Abstract

LOW LOSS OPTICAL WAVEGUIDES AND
POLARIZATION SPLITTERS WITH OXIDIZED
Al,Ga;_xAs LAYERS

Alpan Bek
M. S. in Physics
Supervisor: Prof. Atilla Aydinh
August 1998

Low propagation loss waveguides, operating at 1.55 wm optical wavelength,
arc fabricated utilizing oxidized Al,Ga,-,As layers. MBE grown multilayer
semiconductor heterostructures are characterized before and after oxidation by
ellipsometric techniques. In fabrication of optical waveguides, reactive ion etching
method is used extensively. Loss measurements are performed, involving a
fiber input-coupled laser source setup using Fabry-Perot resonance technique.
Propagation loss of an AlGaAs based multilayer rib waveguide with oxidized
Al;Ga;_,As top layer is observed to reduce from 6 dB/cm to as low as 1 dB/cm
for TM and from 3.7 dB/cm to as low as 0.6 dB/cm for TE polarizations in the
presence of metal electrodes on top of the rib. These results arc compared with
loss measurements on standard rib waveguides. Polarization splitters are also
fabricated with the same material. Effect of the oxide layer on the polarization
splitter’s coupling length for TE and TM polarizations are measured. Polarization
extinction ratios as high as 12.4 dB are obtained. Polarization extinction

ratios are also attempted to be controlled by the use of electro-optic cflect in



Al,.Ga;_.As system. Only AC fields are found to be effective.

Keywords: Optical loss, waveguide, coupler, oxidation, reactive ion

etching, ellipsometry, Fabry-Perot, polarization splitter



(“)zet

Al ,Ga;_,As TABAKALARIN OKSITLENMESIYLE
GELISTIRILEN DUSUK KAYIPLI OPTIK DALGA
KILAVUZLARI VE KUTUPLULUK AYRACLARI

Alpan Bek
Fizik Yuksek Lisans
Tez Yoneticisi: Prof. Atilla Aydinh
Agustos 1998

Al,Ga,_;As tabakalarin oksitlenmesi metoduyla 1.55 um dalgaboyunda
cahsan, diigiik optik kayipli dalga-kilavuzlan dretildi. Uretimde kullamlan MBE
ile biuyutulmug ¢ok tabakali hetero-yapilarin oksitlenmeden onceki ve sonraki
Ozellikleri elipsometrik yontemlerle olgildi. Optik dalga-kilavuzlarinin tretim
agamasinda, buyuk ol¢ide etkin iyon agindiricidan yararlamldi. Optik kayip
degerleri, optik-lif ¢iftleyicili lazer kaynag: kullanilan bir deney duzenegiyle Fabry-
Perot ¢inlamalar1 gozlemlenerek bulundu. Metal elektrotla kaplh, oksitlenmig
Al;Ga;_,As list tabakali AlGaAs ¢ok tabaka tabanl bir optik dalga-kilavuzunda
optik kaybin; TM kutuplu optik alanlar i¢in 6 dB/cm degerinden 1 dB/cm,
TE kutuplu optik alanlar i¢in 3.7 dB/cm degerinden 0.6 dB/cm kadar diguk
degerlere indigi saptandi. Bu sonuglar standart yapidaki dalga kilavuzlarinin
kayip ol¢limlerinden elde edilenlerle karsilagtiriidi. Ayn malzeme ile kutupluluk
ayiricilar da iretildi.  Oksit tabakanin TE ve TM kutuplar i¢in ¢iftlenme
uzunlugu tzerindeki etkileri ol¢lildi. 12.4 dB kadar yiiksek sontim oranlar: elde

edildi.  Elektro-optik etki sayesinde kutupluluk ayrim uzunluklar \;oltaj



uygulanarak yonetilmeye ¢aligildi. Yalnizca AC alanlarin etkin oldugu gozlendi.

Anahtar
sozciikler:  Optik kayip, dalga-kilavuzu, ciftleyici, oksitlenme, etkin iyon

agindirma, elipsometre, Fabry-Perot, kutupluluk ayirici

i
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Chapter 1
Introduction

The idea of optical signal transmission and processing has developed after a
coherent light source, the laser, was developed at 1960’s. It was possible
to transmit laser beams through the air, yet inefficiently, because of the
unpredictable changes in ambient conditions. It was also possible to manipulate
laser beams by the usual optical components such as lenses, prisms, and mirrors.
Making use of such systems for practical purposes were expensive and hardly

stable. The concept of integrated optics!'™

emerged, replacing air with the
waveguiding optical fibers and conventional electrical systems with the optical
integrated circuits. The advantages of optical integrated circuits over electrical
circuitry would be immunity from electromagnetic interference, freedom from
electrical short circuits or ground loops, safety in combustive environment,
security from monitoring, low-loss operation, low power consumption, improved

reliability, large bandwidth, small size, and immunity to mechanical vibration.

1.1 Optical Integrated Circuits

Optical integrated circuits can be designed in two major forms. Hybrid
integration forms® are composed of two or more different substrate materials
bonded to each other to optimize performance of different devices. Monolithic

integration of optical integrated circuits require an optically active material,
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usually one of the following direct band-gap semiconductors like GaAs, AlGaAs,
GaAsP, GalnAs and other III-IV and II-VI semiconductors. These materials
offer plenty of applications in various aspects of integrated optics. High-speed
low drive-voltage modulators” and switches, are some of these. In optical devices,
ternary and quaternary compounds are particularly useful because the refractive
index of the material can be tuned by altering the relative compositions of
elements.

Ever since the fiber-optic technology has come out with the development
of high bandwidth, low-loss, single-mode fibers [or optical telecommunication,
the need for suitable integrated optical element was born, to efficiently
couple to the optical field from these fibers. The evolution of rib, strip,
and channel optical waveguides has began with the extensive studies of
refractive index profile, waveguide dispersion, and propagation loss on Ti-diffused
LiNbO3. However, since the monolithic integration was possible only on the
optically active substrates, the studies have extended to the implementation of
Al;Ga;-,As/GaAs systems. The fact that Al,Ga,_,.As fabrication technology is
already well developed, makes its use advantageous. Also this system has a unique
property that the lattice constants of GaAs and AlAs are very close (5.654 and
5.660 A respectively®?). Thus the layers of Al,Gaj_,.As with greatly different
Al concentrations can be epitaxially grown on top of each other with little
strain. The possibility of light generation and detection in Al,Ga;_, As systems
is another advantage. However, all the named advantages of Al,Ga;_,As systems
were screened due to high insertion loss. Significant progress in fabrication
techniques has reduced the effect of high insertion loss to the LiNbOj3 levels.
The other difficulty in the use of AlGaAs substrate has been the propagation
loss. While propagation loss due to scattering from imperfections in the as grown
material and roughness introduced during fabrication process (such as sidewall
roughness) have been minimized by superior growth and fabrication techniques,
polarization dependent propagation loss due to presence of a lossy medium (such
as a metal electrode) in close proximity of the propagating light has remained

as a problem. Metal electrodes are almost always present as a lossy media
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in active devices to make use of the bulk electro-optic effect.® Furthermore,
this loss turns out to be polarization dependent due to lower symunetry of the
heterostructures as the device medium. TE and TM modes of propagation
experience different boundary conditions in satisfying Maxwell’s equations, hence
result in polarization dependent loss and polarization dependent device operation.
While polarization dependent optical loss due to metal electrodes has heen used
to fabricate various types of polarization dependent devices, it also caused a major
problem in the progress of polarization independent devices. Thus, in trying to
achieve active devices with high speed operation, excess polarization dependent

optical propagation loss becomes a major problem and needs a solution.

1.2 Reducing Excess Propagation Loss and its

Applications

»

A significant part of this work was devoted to reduce the metal electrode
induced optical propagation loss for polarization independent device applications
of AlGaAs based integrated optical circuits. We have followed two methodologies
to achieve our goal.

One way to reduce the optical loss is to increase the semiconductor cladding
layer thickness under the metal electrodes. Although application of this method
results in significant reduction of the electrode loss, it also requires excessive
amount of epitaxial growth time, and excess applied voltage. Moreover, it causes
planarization problems during fabrication.

Another possibility is to introduce a low index material under the metal
electrode to effectively suppress the optical field before it reaches the elec-
trode.  Thus, oxidized Al,Ga;_,As layers (AJOx) were introduced into
Al,Ga;_,As/Al,Ga,_.As optical waveguides with metal electrodes.

Prior to fabrication and measurement of waveguides with AlOx layers, the
index and thickness measurements of AlOx material were done by spectroscopic

ellipsometry.
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AlOx has recently heen used extensively in vertical cavity surface-emitting
laser (VCSEL). Also, latest results in GaAs based metal-oxide-semiconductor
field effect transistor (MOSFET) with thin AlOx layers ofler hope of applying
voltage to active optical waveguide devices. Therefore, low-loss directional
coupler polarization splitters are fabricated for characterization of the effects
of the oxide layer in a polarization dependent device. The coupling ratios as a
function of coupler gaps and polarization extinction ratios were measured. The
coupling lengths of these splitters were determined from the measurement data.
Both effective index calculations and simulations using a 3-D semi-vectorial finite
difference algorithm were done which showed good agreement with the measured
data. The application of DC bias to further tune the polarization extinction ratio
was found to be ineflective. On the other hand, AC bhias measurements resulted
in a modest response from the coupler in a limited range of frequencies.

In the following chapters, the theory of waveguiding in semiconductor based
substrate materials using effective index analysis is summarized. A model
single mode waveguide design with the appropriate properties is established.
The simulations of expected behavior of this model and expected behavior of
application to polarization splitters, the detailed description of the fabrication
steps, the measurement methods, measured loss reduction and polarization

splitting results are presented.



Chapter 2

Theory and Design

The bhasic idea of optical waveguides is to confine and propagate light in dielectrics
or semiconductors, as opposed to free space optics.?* This can be managed by
handling light in properly designed geometries ol semiconductor (multilayer in
general) structures. Propagation of light is not unique in a cavity, but varies with
polarization and spatial distribution of the field components due to geometry and
relractive index of the media. At a given wavelength, an optical waveguide may
support one or more modes of light. Single mode operation and low propagation
loss are the main characteristics of waveguides, that are desired for most of the
active and passive waveguide applications in photonic integrated circuits (PIC).
Therefore, the determination of parameters to assure these properties in guided
wave optics becomes essential. Our design is based on the calculations of the
necessary conditions for single mode operation by the use of effective index

approach in waveguide theory.

2.1 Single Mode Waveguide

The principles that govern the behavior of light in optical waveguides, stem {rom
well-known Maxwell’s equations under appropriate boundary conditions.
As an example, let us consider a structure that is composed of three different

layers, stacked together on top of each other, such that the middle layer has the
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highest refractive index, and the most of the field intensity is confined in the
middle (core) layer due to total internal reflections. In this geometry, the top
layer is called the cladding and the bottom layer is called the substrate. This

structure is called a slab waveguide.

n, < ng < Ng
Figure 2.1: The Slab Waveguide

Maxwell’s Equations for isotropic, lossless, dielectric medium are,

. oH . L OL
VxFE=—-pw— V x H = en*— (2.1)

ot Jl
where ¢y and o are the dielectric permittivity and magnetic permeability of the
free space respectively and n is the refractive index of the medium. The scalar

wave equation for the field then turns out to bhe

[
6o
N

Vi + k2n*p = 0 (2.
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where 1 represents any of the field components £ or H. Choosing z-direction as

the propagation direction of the field, one can denote the electromagnetic field as

E = F(x,y)e'@t=P H = H(a,y)e=r (2.3)

3 representing the propagation constant in z-direction and w representing the

angular frequency w = 2—’\“ Here, X is the wavelength of the field and ¢ =

is the speed of light in free space. One should note that in all regions,

1
Vo eo

propagation constant / is the same due to phase matching condition and the
fields are independent of y due to symmetry along y-direction. Keeping that in
mind we can substitute these forms of field into Eqs. 2.3. The operators f,)t, 3%
and - then become equivalent to tww, —i/3 and 0 respectively. There comes the
stukmg fact that Eqs. 2.1 yield two modes of electromagnetic field with mutually
orthogonal polarizations. The one with the field components F,, H, and H. is
called the TE mode and the one.with the field components F,, H, and E. is called
the TM mode. The reason we refer to two different sets of field components is

that, their wave equations, are coupled to each other within the same set, while

they are totally independent of the other set’s variables :

2 [ | 21
0L, Lt (kin? - BYE, =0 H, = _bE, H, = —- 1 0,1‘" (2.4)
Ox? Wity iwlp Ox
0*H, BH 1 OH
P-BHH, = E, = —-— L, = — (2.5
Oz? + (koni = 1) 0 wegn? T dwen? Ox (2:5)

The scalar wave equation for £, gives us a clue about the form of field component

E, -

oo g+ kil =0

Assuming E,(z,z) = Ah(k,, )h(l.kw) where h is a harmonic function like ¢**

and « is an arbitrary propagation constant, then the general form of [, becomes,
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D'y — Ae—a-cxe—ikzcs x>0
Ey — (Be—lk1$ + C‘eier)e—ik’f: _h < < O (2.6)
B, = Deosleth)gikzez < —h

where k,, = k.; = ks = B due to phase matching boundary conditions as

mentioned before. Putting this form into Eq. 2.4 we obtain a set of equations

relating «; to n; as follows :

—a? + % = kin?
k2 + p? = kin} (2.7)
—a? + 3 = kjn?

By the same procedure we can find H; to be;

H. = ﬁ;Ae‘“cw x>0
H, = J’“}%(Be_ik”’ — Cetha®) -h<a< (2.8)
H. = —ﬁDe“S(”h) < —h

aund imposing the necessary boundary conditions we can obtain the eigenvalue

equation :

e+ o
k (1 — Cl'ef.\'r)
z k2

Remembering that, until here, we have made use ol only the first set of

tan kb = (2.9)

components for TE polarization, we can extend this approach to the second
set of field components for TM polarization and obtain yet another eigenvalue

equation as follows :

n? n2
—L Qs + of a2}
n2 kg n2 k

— v, var o -
tan kb = = — (2.10)
1— (Zres) (Proc
n? k n? ky
Now, we have all the necessary parameters to determine the number of modes that
a slab waveguide can support. For this, let us investigate two possible geometrical

configurations. First, let us take a symmetric slab guide such that n, = n, and
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a. = as = a. Taking the sign of the field in the substrate to be negative for odd
(sine) modes and positive for even (cosine) modes, the eigenvalue equations for

TE and TM modes become :

kil = for even modes o
tan | —=) =9 ™, (2.11)
2 —2& for odd modes
@
and
kel (u)z » for even modes
] T Ve S ;
tan( = ) = " n k'fk (2.12)
2 — —f-) = for odd modes

nf
respectively. Using the Egs. 2.7 and 2.9 for TE polarization, we finally arrive at

the most significant relation in determination of number of modes as,

kN2 [ash\® k2K .
( 5 ) -|7( 5 ) = 04 (n?—-nf) (2.13)

4 4

The number of guided modes in the symmetric slab waveguide, depends on the

quantity on the right-hand side of Eq. 2.13.

5.0

4.0

3.0

X

o h/2

1.0

0.0 L
0 In/2

k,h/2

Figure 2.2: The Symmetric Slab Waveguide Modes

The circle in figure 2.2 shows this quantity, where the other curves are the

solutions of the eigenvalue equation. The curves starting from 0 and the integer
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multiples of 7 represent the symmetric modes where the curves starting {rom
half integer multiples of 7 represent the antisymimetric modes. The modes that
a certain symmetric slab can support, are the modes that the circle intersects as
in the Fig. 2.2.

The propagation constants of guided modes lie in the interval kyn, < f <
kony. If we normalize 3 to ko, then we have the relation ny, < n.; < ny,
where n.;; = % This index is called the effective index. The guided modes’
propagation constants behave as if they were propagating in a medium, having
refractive indices equal to their effective indices. Having developed the necessary
relations for a symmetric slab waveguides, we can generalize this formalism to

asymmetric slab waveguides as well. For this aim. an asymmetry parameter is

defined,
2 _ 2
n:—n
a=——= (2.14)
ny —n?
such that this parameter takes values,
0 for symmetric slab waveguides

—_
[
—_—
Ot

~

a=
0 <a<oo forasymmetric slab waveguides

IFor the numerical calculation purposes, it is beneficial to introduce the

normalized thickness V' and guide index b as follows,

V = kohy/n} — n? (2.16)

and
neff* —n? .
b= n;"f —n? (2.17)

so as to get to the normalized eigenvalue equation for TE polarization :

[
VV1—b=tan™! ‘/-(l—t—%_‘g + tan™! ”T:)TI; +mw (2.18)

by the use of Egs. 2.9, 2.14, 2.16 and 2.17. The normalized eigenvalue equation

for TM polarization can be found by following the same kind of analysis :
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VV1—0b=tan™!

+ 1 b -+ 1 /
et 1/ _a + + tan™! ot \/ ) +mn (2.19)
c—aVl-1b c -0

where ¢ is defined as ¢ = _7:22—-271,_23 In Egs. 2.18 and 2.19, m denotes an integer
corresponding to the mode order and comes as a natural consequence of the
periodicity of the normalized eigenvalue equations.

The generalization of the preceding mode calculations to 3-0 geometries is
called the effective index method. Let us investigate the following waveguide
structure, which is called a 7ib waveguide (Fig. 2.3). While the material index
profile in the vertical direction provides vertical confinement, the rib etched into
the top layer breaks lateral symmetry and introduces horizontal confinement due
to an effective index experienced by the field.

The effective index method calculates this eflective index experienced by the
propagating light by first dividing the rib waveguide geometry vertically along
the symmetry lines (Fig. 2.3). Then the effective index of the resulting slab
waveguides are solved. The resulting effective indices for the slab waveguides,
then form a 3 layer slab waveguide, whose effective index is the desired result.
Effective indices for TE and TM modes are calculated separately as they satisfy
different boundary conditions. If the TM(TE) effective index is desired, one
calculates the TM(TE) effective in the first step and then uses these effective
indices in forming the final slab waveguide structure but solves for the TE(TM)
set of equations ([ig. 2.4).

After having calculated the effective indices, the single mode conditions for

symmetric and asymmetric geometries can be stated as :

O<V<r for symnetric waveguides

i ) (2.20)
tan~!(\/a) < V < tan™!(\/a) + 7 for asymmetric waveguides

The field distribution of the guided modes in rib waveguides differ from the
slab waveguides. The lateral confinement of the light due to the physical step

of the rib results the propagation of light possible only in z-direction and the
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Figure 2.4: The Effective Index Calculation Steps

maximum intensity of field lies just under the rib. The waveguide structures,
that do not obey the conditions of Eq. 2.20, may not support any propagating
modes or support more than one mode. In the first case, the waveguide does

not support any modes, meaning that light radiates out of the waveguide, where
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in the second case, supports more than one mode and is called a multimode
waveguide. The propagating modes of light in those waveguides start from the
zeroth order (m = 0, TEy or TMy) mode and continue to first, second order
modes (m=1: T, TM,;m=2:TFE,, TM;) and so on. A demonstration of

this situation is given in Fig. 2.5.

o.8r

06

Normalized Field Amplitude (a.u.)

Il

1

-6000  -4000  -2000 0 2000 4000 6000
Distance (Angstroms)

Figure 2.5: Field Distribution of Zeroth and First Order Modes in the y-direction

There is yet another property concerning the confinement of the optical mode in
the waveguide. The confinement strongly depends on the parameter w (width of
the rib). This effect is demonstrated in Fig. 2.6. The full width half maximum
(FWHM) of the field intensity narrows down, as a consequence of increasing

width of the rib. Hence the confinement factor is larger in the sharper peaks.
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Figure 2.6: Dependence of Confinement on Rib Width
FWHM of first order modes in y-direction narrow as w decreases.

2.2 Multilayer Waveguide Structure

In the fabrication of three layer rib waveguides, generally the top cladding layer is
taken to be the air. This makes a sharp index step. Therefore most of the mode
field is expanded into the rib itself. However, as the light is confined to the top
layer below air, the field extending to the surface experiences loss due to surface
roughness as well as loss due to strong interaction with any ncarby lossy medium
such as a metal electrode. Because of this reason, it is preferable to develop a
more sophisticated structure. A four layer rib waveguide gives the advantage
of minimizing loss of optical field, while the mathematical formulations are very
similar to the three layer rib waveguide analysis. IMig. 2.7 sketches a four layer rib
waveguide with the uppermost cladding layer being the air. I'ig. 2.8 demenstrates

schematically how the field is distributed in the rib waveguide structure.
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IFigure 2.7: The Four Layer Rib Waveguide

The top cladding introduced above the core allows for space for the optical
field to quench further before significant optical power reaches to the air interface
resulting in a structure less susceptible to surface loss mechanisms.?  As
active devices require metal electrodes in the vicinily of the optical field to
control the device electrically through the electro-optic eflect, the four layer
structure provides a further advantage for metal electrode induced loss, keeping
in mind that metals have large absorption in the wavelengths of the interest
for telecommunication. Most of the photonic integrated circuits are designed to
operate at the wavelengths of fiber-optic communication for compatibility. These
wavelengths are chosen to be 1.3 um and 1.55 wm for maintaining minimum
dispersion and minimum loss, respectively. A major aim in this work is to develop
a method to prevent the metal induced loss in a metal coated ribh waveguide

structure as in Fig. 2.9.
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Figure 2.8: Confinement of the Optical Field Under the Rib

The final heterostructure used for the design and fabrication of single mode
waveguide is composed of alternating layers of AlGaAs. It is well known that
addition of Al lowers the index of refraction and hence control of composition
allows for precise control of the refractive index™ (Fig. 2.10). Since commercially
available substrates are GaAs, which has the highest refractive index in the
AlGaAs system, it becomes necessary to introduce a bottom cladding with a
refractive index lower than the confining core layer but thick enough to quench

the optical field before it reaches the substrate (Fig. 2.11).
As seen in Fig. 2.10, the index value decreases as the composition ratio of

Al increases. So, the core region Al composition y has to be smaller tlum x in
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Figure 2.9: Metal Coated Four Layer Rib Waveguide
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Figure 2.10: Dependence of Refractive Index on Aluminum Composition (.r) of

Alj;Gai”™xAs at A= 155 /tm

Fig. 2.11 to have an adequately higher index and so as to confine the optical

mode vertically. The necessary values of x and n are cliosen to be :

X =061 nAioe Gansshs = 3.225
y 0.30 nAlosoGaoroAs  3.0/2
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bottom cladding AljGaiAs
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Figure 2.11: AlxGai-xAsjAlyGoi_ [ls Multilciyers

Next step is to confine the optical field laterally. This is managed by etching the
top cladding layer, to construct a rib shape with width to and height h. Using

effective index calculations, we determined that.

core thickness dc = 0.7j.im
bottom cladding thickness = 2.0j.im
top cladding thickness in regions | and 11l dtc —0.3/n?2.
rib height h = 0.5//m

rib width 10 = 4.0f.im

would satisfy single mode operation at A= 155 ;?? (Fig. 2.12).

Since our object was to investigate the loss characteristics of such a waveguide
with metal overlayer, the single mode operation was essential. Waveguide
characteristics can also be calculated using numerical algorithms to solve the
scalar wave equation with general n = n{x,y.,z). Such metliods are called Beam
Propagation Methods™» (BPM). In this work, a commercial BPM simulator
was occasionally used to confirm various waveguide properties such as the mode

spectrum and shape. BPM assumes small index differences along propagation
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Figure 2.12: Single Mode AlGaAs Rilr Waveguide

direction and no back reflected waves in waveguide. Under these conditions

Eqg. 2.3 reduces to :

-hkonp-m = + :A'O + kz{[nzka-,y, z) . Al (2.21)

where Ur stands for a refractive index describing the a.verage phase velocity of the
wave. Numerical calculation with this method works reasonably for ir-invariant
waveguides, as in our design, if the x and y axes are divided into sulFiciently small
grid size with respect to axis grid size.

In Fig. 2.13, parameter War stands for the computed index for the zeroth
order mode and stands for the effective index, computed by BPM. In this
graph, i/-axis shows the ratio,of optical power distribution over index to the total
power. The sharp and intense peak at Ue/f —Udar = O is the signature of a single
mode waveguide. The other small peaks are due to virtual localization of the
optical field at the index step boundaries, as a result of finite grid size, and are

insignificant. As a result, BPM computations also yield single mode operation.
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Figure 2.13: Mode Calculation with BPM

2.3 Optical Loss

The waveguide parameters such as widths and thicknesses can be calculated to
reflect the demands of a particular design. But the non-ideal material properties
and processing imperfections also affect the performance of the waveguides. An
outstanding effect of these is the optical intensity attenuation of the mode as
it propagates along the waveguide due to waveguide optical loss.!? Letting Iy
to be the initial intensity, optical intensity has to be a function of z, = being
the propagation direction, such that I(z) = Ipe™®* where « is the loss {actor, or
extinction coefficient, with units [em™"]. Optical loss itself is olten measured in
units of dB/cm, where we define dB as the ratio of the transmitted to incident

intensity (or power),
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dB = 10log(Lra22) in terms of intensity

(2.22)
dB =20 log(I—'I';—:?) m terms of power
Using the definition of dB, dB loss and loss factor can be related as,
10
Q4B = o 2.23
B~ 1n10 ( )

where ayp has units of dB/cm and a has units of em™!. The total loss factor is

simply the superposition of optical losses from a number of sources.

2.3.1 Loss Mechanisms
Band-Edge Absorption Loss

The photons having energy close to the band-gap of the semiconductor, i.e, the
energy difference between the valence and conduction bands, may be absorbed
promoting an electron from the valence band to the conduction band. Absorption
increases drastically, as the energy of the propagating photon approaches the
band-gap energy of the material. The fundamental lower wavelength limit for the
light propagation in semiconductor materials is therefore a natural consequence
of band-edge absorption. Moreover due to existence of hband-tails the operating
wavelength of the low-loss waveguides should be well isolated from the band-

edges. The operating wavelength of 1.55 gm satisfies this condition well.

Free-Carrier Absorption Loss

The absorption of carriers within the same band can also be significant as a loss
component. The electrons (holes) can gain a higher energy level in the same band
by absorbing a photon. It is predictable that, this kind of absorption increases as
the electron (hole) concentration and photon wavelength increases. I'ree-carrier

absorption is formulated as;

CAn,

a c = v
d 4m2c3ngegum?



CHAPTER 2. THEORY AND DESIGN 22

where n, is the electron density, ¢ is the electron charge, ¢ is the permittivity of
the free space, u is the mobility, m™ is the effective mass of electron, ¢ is the speed
of light, no is the refractive index of the material without the free carriers and
Ao is the wavelength. This kind of loss mechanism becomes significant at high
doping concentrations. For demonstration it will be adequate to quote that a
doping of 10'® em~? yields a free-carrier absorption loss on the order of 1 dB/em
in GaAs. The use of undoped layers makes this mechanism negligible in our

waveguide.

Scattering Loss

Any kind of roughness or disorder in the waveguide, possibly created while growth
and/or processing, lead to optical loss due to scattering. When the guided mode
is distorted by an irregular change in refractive index, it may result in some
portion of the guided mode to scatter out of the waveguide. This may even cause
the optical field to couple to the higher order modes or to leak into the slab.
The MBE and MOCVD layer growth techniques in semiconductors yield vertical
boundaries flat within a monolayer of material, so that scattering in the crystal
plane is usually negligible. Lateral boundaries that are made up of etched rib and
ridge geometries, may be very problematic due to sidewall roughnesses serving
as scattering centers. Optimization of wet or dry etching is required to minimize

this loss component.

Radiation Loss

Radiation implies the leakage of energy from the guided mode either into the
substrate or into the air above the waveguide. For well-designed waveguides,
radiation loss is not an issue; nevertheless in some cases it becomes inevitable.
The waveguides having sharp bends and curved sections also play role in high
radiative loss. The curvature of any deviation from z-direction has to be carefully
designed in order to reduce the radiation loss. The bottom cladding thickness of

2 pm is large enough to minimize radiation loss to SI GaAs substrate.
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2.3.2 Loss Characterization Techniques

We had previously stated the importance of loss reduction in our design. So
we need the methods to measure the waveguide optical loss to demoustrate that
quantitatively. For this reason the methodology of loss measurement techniques
are presented in the following sections. There are two main approaches to
measure optical loss called the cut-back technique and the Fabry-Perot resonance

technique.

Cut-back Technique

This is the simplest approach to measure the optical loss in a waveguide. If we
measure the amount of transmitted light through a set of identical waveguides
having different lengths with a constant input power, we can deduce the loss
coefficient. To guarantee the identical waveguides we can start with an initially
relatively long waveguide and measure its transmitted optical intensity. Then, we
cut a small slice from the end of the waveguide wafer and measure the transmitted
light intensity again. Repeating this many times we can obtain the transmitted
light intensity versus waveguide length curve, hence the name cut-back.

For the output intensities I} and [, measured for waveguide lengths L; and

L, the loss of the waveguide can be expressed as

1 L |
—(—Vm(2 2.24
“ (LI—L2>IH<]1> (2.24)

where L, is taken to be the longer waveguide length. l'or a more precise result,
output intensity has to be measured for a number of different waveguide lengths
and In(Z, /1) has to be plotted as a function of L. The resulting linear plot
then yields a slope of —a.

Although the method is quite simple, its accuracy is questionable since
the reproducibility of input coupling can hardly be guaranteed experimentally.
Moreover in low-loss waveguides it may not be possible to distinguish the intensity

change for a small change of waveguide length.
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Fabry-Perot Resonance Technique

Waveguides having mirror like input and output facets can be regarded as
waveguide cavities, thus resonators. The transmission through this resonator
is then a function of the loss in between the mirrors. Therefore the input and
output facets of the waveguide has to be good quality cleaved facets.

The ratio of transmitted optical intensity ([;) to the incident optical intensity

(I;) can be written in terms of amplitudes,

I, A:A, 1—Re  1—Reol (1 — Re—oLy?

I; ~ ArA; 11— Re®e=ol 1— Re=®e=oL ~ (] _ Re-aL)2 | 4Re-oL sip® *(3)
(2.25)

where R is the facet reflectance, o is the loss coefficient, L is the cavity length and
6 is the phase difference between adjacent waves in the resonator. The maximum
transmission lﬂ};“’— = 1 takes place when 6 = 0 and minimum transmission takes
place when 6 = 7 of the value,

. . —aLy2
Lnin _ (1 — Re™™") (2.26)
Iy (1 — Re=oL)2 4 4 Re—o s
We can then define a dimensionless contrast ratio x as
—aly2
g = Ima:v _ (1 + Re ) (227)

Imin B (1 - Re_O'L)Z
by which the waveguide loss can be derived as,

o=

We see that the optical loss may be evaluated from the contrast of Fabry-

(2.28)

Perot resonances, '™ facet reflectivity, and the cavity length of a single waveguide
device independent of input or output coupling. As the cavity length during the
measurement is fixed, Fabry-Perot resonances are obtained by temperature tuning
the wavelength of the excitation source, from which s can directly be measured.

Alternatively, the waveguide cavity resonator length can be slightly modified by
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a small change in waveguide temperature. As the effective [acet reflectivity may
not necessarily known, inspection of Eq. 2.28 allows us to introduce a further step
to determine o and R independently. This, we achicve by taking a series of &
measurements by successively shortening the physical length of the waveguide by
cleaving it at one end. With the knowledge of resonance contrast and waveguide
length data of a set of various lengths of identical waveguides it is possible to

deduce the facet reflectivity and loss at the same time by plotting the value :

14+ V&
10 - loglo <~1_—~—£)

as a function of L. Extrapolating the value intersecting the loss axis al L = 0
will supply the necessary information for the facet reflectivity while the slope of
the linear plot will give the loss coefficient.

This technique is superior for the characterization of low loss waveguides.

2.3.3 Simulations of Loss Due to Metal Overlayer

Finally, the metal electrodes to be used for active electrical control of the devices
need to be considered. In this work, we study metal electrodes deposited directly
on rib waveguides as in Fig. 2.9. The gold layer serving as an electrode, has a
high absorption coefficient, & = 10.21 at A = 1.55 jon. while its refractive index
is as small as n = 0.18."% This lossy medium superposed on the structure can be
regarded as an additional propagation loss.

Being equipped with the knowledge of optical constants of this medium makes
us able to include this one more layer while solving the scalar wave equation
(Eq. 2.3) and evaluating the mode field distribution. Once the vertical field
distribution is evaluated, the overlapping portions of the field with the metal could
be interpreted as loss due to a large absorption constant. A 1-1) finite difference
algorithm was used to estimate the relative magnitude of the loss. I'igs. 2.14
and 2.15 show how the field gets attenuated by the metal layer for both TE and
TM polarizations. The z-axis in the figures is the vertical waveguide cross-section

in nm. The y-axis stands for normalized field intensities and index distributions.
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We see that the optical field is mainly confined in the core layer with a peak
value centered in the middle of this layer. However it has extensions through the
top and bottom claddings. The bottom cladding is sufliciently thick (2 gm) to
prevent the leakage to the GaAs substrate as opposed to the top cladding layer.
The top cladding layer with a thickness of 0.8 wm gives rise to the extension of

the light into the air when metal electrode is not present.
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Figure 2.14: The Vertical IField Distribution in the Absence of a Metal Layer

In case of metal electrodes, the calculated loss values of 0.18 dB/cm and
8.5 dB/cm for TE and TM polarizations respectively, show that metal loss is
an essential problem in waveguide operation especially for TM polarized light.
This problem may partly be solved by increasing the top cladding thickness from
0.8 pwm up to some large value such as 2.0 gm as the bottom cladding so that
the optical field may he well isolated from metal overlayers. Therefore idea of
increasing top cladding thickness remains as an option for a low T'M loss optical
waveguide. In Fig. 2.16 the dependence of loss on top cladding thickness is
displayed.

A thick top cladding layer in a waveguide is generally not favored since the
E-field intensity will be weaker at the core layer - where most of the optic;"d power

is carried - as the distance from the core to the electrode increases. Moreover the
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Figure 2.15: The Vertical Field Distribution in the Presence of a Metal Layer
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Figure 2.16: Calculated Loss as a Function of Top Cladding Thickness

Schottky type metal contacts stand up to a certain value of the applied voltage
before the Schottky barrier breaks-down. So in this respect, waveguide designers
are forced to find a way to prevent metal loss while keeping top cladding layer

thickness small. Vertical confinement of optical field in the core layer can also he
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achieved with thinner top cladding layer by converting some portion of the rib
to a lower index material for a higher index contrast.

Dependence of refractive index of Al,G'ay_,As on » composition (IYig. 2.10),
gives a clue about the choice of a low index material. Pure AlAs having an index

of n = 2.9 at our operating wavelength is a step in the right direction.

2.4 Low Loss Waveguide Design

We have studied the effect of converting a 0.4 pm thickness of 0.8 pum top
Aly.s1Gaps9As layer to AlAs. 1-D finite difference simulations yield encouraging
results (Fig. 2.17).
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Figure 2.17: Loss Calculation-|
Loss calculation of waveguide with 0.4 um AlAs / 0.4 pm Al 1(Gag39As top cladding

The calculated value of 2.2 dB/cm for TM loss is a large step in eliminating
metal loss with respect to the previously calculated loss value of 8.5 dB/cm but
this is still unacceptable for operation of most PI('s.

Recently, there has been much progress in utilization of oxidized Al,Ga;_,As

layers in optoelectronic devices. Much of this has been in the area of vertical



CHAPTER 2. THEORY AND DESIGN 29

cavity surface emitting lasers (VCSELs) where the electrical insulation and low
index of the oxidized layers lead to low threshold lasers. This technology has
also been used to demonstrate metal-oxide-semiconductor field effect transistor
(MOSFET) operation where thin layers of oxidized Al, Ga;—_.As layers have been
used under the gate.’® The fact that this application shows the possibility of
applying electric field to underlying active layers through oxidized Al,Ga;_,As
(AlOx) layers is technologically very important. While passive optical waveguide
devices is slowly forthcoming, the real advantage of these layers in active devices
lie in the possibility of applying electric fields through them. The low index
combined with this possibility is very promising for a variety of devices including
polarization sensitive devices.

It has been previously reported that the refractive index of AlAs drops
drastically from 2.9 to about ~ 1.6 when oxidized.?! The reason for this change
in refractive index is the total reconstruction of the chemical composition. Thus
AlOx layers provide an even lower index than AlAs layers and hence lead to
stronger quenching of the field before it reaches the metal overlayers. We have
included AlOx layers of various thickness into our 1-D finite difference calculations
to see the effect on loss. We have found that a thickness of 0.4 um was suflicient
and reduced the metal loss down to below 1 dB/cm for TM polarization which
is satisfactory (Fig. 2.18).

Although the lattice constants of Al,Gaj_,As and Al,Ga;_,As crystals for any
x and y, are known to be very close, their thermal expansion coeflicients were
reported to be quite different, giving rise to interface stress on the order of 10®
dyn/cm?, when grown successively on GaAs substrates.’ In addition, interface
stress was known to be an increasing function of the temperature. Thus, our
multilayer structure, having a 0.4 gm x=1.00 layer on top of a y=0.61 layer, was
expected to experience high stress, while being oxidized at 400°C. To minimize
the possible stress related problems such as surface cracks, we have inserted a 100
A graded @ Al,Gay—,As layer at the Alyg1GagagAs/AlAs interface. Furthermore,
we have changed the top AlAs layer to Alg.sGag.o2As to improve lattice matching.

From this point on, the waveguide structures with AlygsGago2As top layer, its
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Figure 2.18: Loss Calculation-2
Loss calculation of waveguide with 0.4 um AlOx / 0.4 pm Al g1 (Gag39As top cladding

oxidized version and waveguide structure with a thick Aly e Gags9As top cladding
layer will be called as WG1, WG2 and WG3 respectively, [or convenience.

Changing the index of the material in the rib of the waveguide exposes no
risk on single mode operation since the effective index of the waveguide shifted
to lower values and normalized parameter V' in condition 2.20 tended to take a
smaller value. But a slight tuning in the rib height has been necessary to enhance
the lateral confinement of light.

At the end we have reached our final waveguide designs as in the
figures 2.19, 2.20 and 2.21.
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Figure 2.21: Final Design of WG3 Waveguide

2.5 Polarization Splitter

The next step of our study was to demonstrate the possible application of loss
reducing AIOXx layer on an active optoelectronic device performance that required
the use of metal electrodes. The polarization splitter*”~~w as chosen for this
purpose, due to availability of the fabrication masks. The previous studies on
this device reported high propagation loss of TM polarized optical excitations
due to metal electrodes on a standard multilayer rib waveguide design.

When two identical waveguides are in close proximity of each other, the
propagation properties of optical field in the waveguides can not be described
separately. When the separation of two waveguides is on the order of waveguide
width, the light propagating in any one of them starts to feel the effective index of
the other. The structure should be treated as a whole by effective index method
and/or BPM. The medium, where the optical field propagates will be composed of
two index steps, rather than one. This double waveguide structure will be called

a coupler based polarization splitter. The operation principle of the polarization
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splitter can be summarized as follows :

The mode shape of the optical field will be composed of superposition of two
eigenmodes. But the complex system should have its own eigenmodes rather than
the eigenmodes of the individual Wciveguides.® The light propagation in such a
system can be described by the choice of two eigenmodes, one even and one odd

with different propagation constants fig and Ao (See Fig. 2.22).

Even Mode —  --mmeeeeeee- Odd Mode

Figure 2.22: Electic Field Distribution of the Odd and Even Modes of a
Polarization Splitter

The wave equations used to describe this system are called the coupled wave
equations. Since the propagation constants of the two modes are different, the
field energy will not always be carried in the waveguide, into which it was
initially incident. Let us assume that light is initially incident on only one of
the waveguides in Fig. 2.22. If we describe the optical field in the coupler’'s
eigenmode space, the two modes interfere constructively at the input waveguide
and destructively in the neighboring waveguide. As the light propagates through
the coupler system, the location of constructive inteivference in y direction will
shift since a phase delay between even and odd modes will develop in propagation

(.?) direction. The optical energy will be totcdly shifted to the neighboring guide
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when the phase dilference becomes 7. Hence we can say that the optical field
will be totally moved (coupled) to the other waveguide. The total physical length
traversed by the optical field until it is coupled to the other guide will be called

the coupling length (L.:). Then, the coupling length can be written as :

T
L. = -
/3(: - Bu

With the help of effective index method, the parameters . and f3,, thus L., can

(2.29)

be calculated for a given polarization splitter geometry at a given wavelength.
The polarization state of optical field will be important in the analysis since two
different polarizations will yield different effective indices hecause of the boundary
conditions. Therefore the effective indices, propagation constants and coupling
lengths (Leg, and Leg,,) will be different for TE and TM polarized fields. This

can be regarded as birefringence*' (Fig. 2.23).

WAVEGUIDE COUPLER
POLARIZATION SPLITTER

@:> TE
Polarized

Circularly Light

Polarized

Light

™
== <>> Polarized
Light

Figure 2.23: Waveguide Coupler Polarization Splitter
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As we intend to investigate the effects of AIOx layers on polarization splitting,
we have simulated the.dependence of various geometrical parameters on coupling

length ratios as in IMigs. 2.24, 2.25, 2.26, and 2.27.

1 1 M 1 v i v T
261 —
-
2.4+ -
224 -
w
&
<
g 204 , .
J -
1.8 -
16+ © AlAsWaveguide T
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Figure 2.24: Coupling Ratio L¢,,, /Lepy versus Core Layer Thickness
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2.25: Coupling Ratio versus Rib Width
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Figure 2.27: Coupling Ratio versus An
An is the index difference between core and cladding layers.

These simulations were done by effective index method. We have also done
simulations by the commercial BPM program.

The figure 2.28 demonstrates multiple coupling of the TE mode between the
two waveguides. Light couples back and forth in the straight section, since the
coupling length is smaller than the straight sections of the polarization splitter.
The figures 2.29 and 2.30 are for demonstration of polarization splitting. Tk
polarized light couples twice as I'M polarized light couples once, propagating
the same length. Hence, when a circularly polarized light is inserted at one of
the input ports of the coupler, the TE and TM polarized optical fields exit at

different output ports of the device.
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-20 -10 0 10 20 30
Transverse Direction

Figure 2.28: Multiple Coupling of TE Mode between the two Wa.veguides
Light couples back and forth if the straight section length is larger than the coupling
length.
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Figure 2.29: Coupling of TE Polarized Light
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The straight section length of the coupler is approximately twice the TE coupling

length.
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Figure 2.30: Coupling of TM Polarized Light
The straight section length of the coupler is approximately equal to the TM coupling

length.



Chapter 3
Fabrication

The fabrication process was conducted in class 100 and class 10000 clean-room
environment. Ifabrication of straight waveguides with electrodes involved a two
layer mask - one light-field for waveguides and one dark-field for electrodes. A
series of straight stripes with different widths varying [rom 2 gm to 100 pm
were available. TFabrication of polarization splitter devices, however, involved
a three layer mask - one light-field mask again for the waveguide couplers and
two dark-field masks for the electrodes and the electrode pads. More than 70
coupler devices with different gaps and lengths were fabricated. Although the
fabrication process consisted of three major photolithography steps at most, it
required utmost care and experience since the devices to be fabricated were 3 um
in width but 1-2 cm long. This geometry made the alignment and cleanliness
issues to be very essential throughout the whole fabrication process. Therefore
each and every step were initially tested on dummy substrates of semi-insulating

(SI) GaAs consuming a large amount of time allocated for the fabrication.

3.1 Epitaxial Growth

The Al,Ga;_,As layers were Molecular Beam Epitaxy (MBE) grown on 2-inch

SI undoped GaAs substrates. The growth uniformity was indicated to be about

3 percent over the whole substrate wafer up to 0.5 cm from the edges. After the
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growth, the wafer was cleaved into 14 mm x12 mm and 12 mm x10 mm pieces.
The 14 mm x12 mmn pieces were used for straight waveguide fabrication whereas

the 12 mm x10 mm pieces were used for waveguide coupler device fabrication.

3.2 Sample Cleaning

The cleaved pieces were first of all three-solvent cleaned. During this process
pre-cleaned, relatively soft, kevlar tip tweezers were used for sample handling.
This way sample edges and epilayer surface were prevented from unintentional
scratches. 3-solvent cleaning included acetone (ACE), methanol (METH) and
isopropanol (ISO) chemicals to remove the unwanted residuals from the surface
of the samples such as dust, organic molecules, i.e. any kind of dirt. First,
the samples were ACE blown to remove the macro particles and laid in room
temperature pure ACE for 5 minutes. Then, they were METH blown and laid
in room temperature METH for 5 minutes. METH is believed to dissolve ACE
residue and oily adsorbents from the surface of the samples. The third stage was
ISO dip. Samples were first ISO blown and then laid in hoiling (~ 70°C) ISO
for 5 minutes. ISO is believed to dissolve METH and the residues. The ISO was
removed in de-ionized (DI) water by washing the samples under DI-water flow
for 1 minute. Finally, the samples were pure nitrogen blown to remove the water
droplets from the surface and kept in clean sample boxes to prevent [rom further

contamination.

3.3 Photolithography

The mask patterns were transferred onto the epi-grown surfaces of the samples
by means of photolithography, followed by subsequent etch and metalization
processes. Different photoresists (PR) were used for different aims throughout
the lithography. The cleaned samples were first baked on hotplate at 105°C for
3 minutes to dehydrate the samples from the residual water vapor absorbed on

the surface. Then the samples were left to cool down for about 5 minutes. The
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samples that were ready for photolithography were then positioned on spinner
chucks. For the etch patterns AZ4210 PR was filtrated with 2 pm syringe filter
and spun on the samples at 5500 rpm. Before the exposure the samples were
prebaked on the 95°C hot-plate for 55 seconds. This PR was the most suitable
one for reactive ion etch (RIE) process because it maintained a thickness of
~ 1.6 — 1.7 gm and it was possible to obtain 1 wm resolution. Our experience
has shown that it was important to have an appreciable thick PR pattern on the
samples to endure the long RIE processes. Moreover, it was also important to
mask the samples with a high resolution PR while patterning the waveguides since
our waveguide mask contained structures as small as 4 pm. After the alignment,
samples were exposed with 7.5 mW /cm? @ 365 nm Hg lamp for 9 to 12 seconds.
Every photolithography step was performed in the vacuum contact mode of the
aligner to ensure minimization of the diffraction related resolution problems. In
the next step, the exposed samples were developed in 1 : 4 AZ400K : H,0O
mixture. The developing time varied in between 45 sec and 55 sec depending on
the exposure time. Samples were then rinsed in flowing DI water for a minute and
nitrogen blown. Before any etching or metalization processes, there was one more
step to emphasize the durability of the PR pattern on the semiconductor surface:
post baking. Many processes like metal evaporation and wet etching require a
moderate post baking temperature as much as 120°C and baking time as long
as 1 minute. RIE process required considerably high baking temperatures in the
range of 180°C to 200°C for 3 to 5 minutes. This is due to fact that whole etching
process is not just by means of chemical etching but also includes a material
independent physical etching counterpart. These issues will be discussed in the

RIE etching section.

3.4 Wet Etching

The most widely applied technique in modification of the crystal surface is the wet
etching technique. Wet etching can be defined as the etching of crystal surface

by chemical reaction between the crystal material and an aqueous acidic or basic
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solution. Many kinds of acids and bases are known to react with Al.Ga;_,As
material. The etch rates can take values from several tens of Angstroms per
minute up to several tens of microns. The etch rate depends on the type of
ctchant solution, temperature of the solution, Al composition ol Al,Gaj_,As,
and crystallografic orientation. These dependencies have been studied carefully
and selective etch conditions for different @ compositions and different solution
concentrations have been derived by several researchers.

Since wet etch is a chemical etch, the reaction between the active ions and
the crystal atoms follows crystallografic planes. When the reaction starts from
the surface of the crystal into the crystal, the efch profile is not necessarily
straight in vertical direction. Deviations occur from the mask definition. These
deviations may be tolerable for shallow etches but for deep-etches they accumulate
to intolerable errors. For samples with a thick top cladding layer, large amounts
of material is needed to be removed. Such large vertical etch depths are inevitably
accompanied by large lateral etch thicknesses which undercut the rih structure
beyond acceptable widths.

For thinner top cladding layers wet etching is a strong possibility and is
widely used for materials such as Al,Ga,_,As where @ < 0.30 using citric
acid solutions.?® To our knowledge no solutions for controlled removal resulting
in smooth surfaces exist for > 0.40. In the case of pure AlAs (x=1) and
Alp.osGagoeAs there happened to be no possibility to etch this geometry by
wet etch method. Iollowing micrographs reflect this fact better than words.
The figures belong to wet etched surfaces of AlAs with citric, hydrochloric and
phosphoric acid solutions in the same order.

The etching method in our fabrication is therefore chosen to be the RIE.
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Figure 3.1: Wet Etched Surface of AlAs Crystal in Citric Acid Solution

Figure 3.2: Wet Etched Surface of AlAs Crystal in Hydrochloric Acid Solution

20[im

Figure 3.3: Wet Etched Surface of AlAs Crystal in Phosphoric Acid Solution
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3.5 Reactive Ion Etching (RIE)

The reactive etching®® process is a dry plasma etching process in which the
semiconductor surface is etched by physically assisted chemical radicals and ions,
accelerating from plasma onto the sample surface under a self generating DC
bias. The plasma is obtained in a high vacuum chaimber by radio frequency (RF)
power incident on the etching gases. Before the etchant gases are let into the
chamber, the chamber is evacuated by the help of a turbomolecular pump in
order to decrease the base pressure below 1076 Torr. The sample to be etched is
positioned on a silicon tray on the bottom electrode. The bottom electrode can
be cooled by He flow under the Si wafer tray. In GaAs and Al,Gaj_,.As etching,
SiCly and BCls gases are widely used as etchants.?®?” The gases are let into the
chamber from the porous top electrode shower head. In plasma etching both top
or bottom electrodes can be powered but in RIE generally the hottonm electrode
is powered.

RI® ionizes the gas molecules and accelerates the resulting free electrons.
These electrons making impact on the gas molecules ionize the gas molecules
further. This is called electron impact ionization. Electron impact in the gas
phase results in production of radicals. lons and electrons also recombine in
gas phase to form excited neutral species. Excited molecules recombine to form
ground state neutrals. Thus recombination results in reduction in energy level
and resultant photo-emission. This is called the plasima glow. Recombination
is enhanced by high pressure and large molecules. The ions in plasma have
low energy, where the electrons have high energy. Therefore electrons sustain the
plasma and of course the electrons are faster than ions. Thus electrons recombine
at grounded surfaces more easily and quickly than ions. A plasma sheath forms
at the powered electrode.

Plasma is left with a positive charge and the powered electrode has net
negative charge yielding a DC voltage drop through the sheath. This DC voltage
leads to ion directionality at the wafer. DC voltage is a self-developing potential

difference and is equal to the voltage required to maintain plasma neutrality.
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Figure 3.4:, Components of RIF System

The plasma sheath hos many functions. It accelerates ions to the wafer, makes
ions highly directional close to normal incidence, and accelerates electrons back
into the glow region. When the ions strike the wafer, they damage the surface,
increasing rate of plasma etching by reactive species. Reactive neutrals interact
with the surface molecules forming volatile reaction i)roducts. This is mainly a
chemical etch promoted by physical modification of the surface. Since the ion
path modifying the wafer surface is directional, the RIE etching is also directional,
i.e. anisotropic. If the ions are dominant in the plasma, then only the exposed
surfaces are etched; sidewalls are not etched. Thus photoresist mask pattern
defines the etched structure. This can be achieved by lowering the chamber
pressure. Lower the pressure, thicker the plasma sheath and thus more energetic
the ions.

There are some inevitable side affects of the plasma processing on the etch
geometry and rate. As described, RIE process consists physical and chemical
components. Although the chemical reactions do not take place in between the

reactive neutrals and the PR, the physical deformation of PR by accelerated
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ions always takes place. This results in material loss from the photoresist during
the etch (Fig. 3.5). The sidewalls may get rounded and the rectangular cross-
section may get serni-spherical (Fig. 3.6). The sputtering of PR (Fig. 3.7) and
penetration of high enei'gy ions through the PR (Fig. 3.8) are other problems.
Wriggled side-walls are the most often faced problem which had to be overcome

since our waveguide geometry was to be precise (Fig. 3.9).

Figure 3.5: Photoresist Loss during the Etch

Figure 3.6: Rounded Photoresist Profile
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Figure 3.7: Sputtered Photoresist

Figure 3.8: Penetration of Energetic lons

Pdgure 3.9: Wriggled Sidewalls

49
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The PR mask, therefore needs to I>e hard bak(;d to withstand this erosion
until the desired etch depth is reached in forming the rib. Surface roughness
of sidewalls is detrimental to waveguide operation, 'Ib minimize this, mask for
etching process with good edge definition is required. It was suggested that Ti
deposited on a PR. hiyer provides good edge definition. For this aim AZ4210
PR was spun and baked on the sample. After that a thin (~ 2000 A) la.yer
of Titanium (Ti) was deposited on the PR by e-beam evaporation. A further
layer of PR was used on Ti to define the mask pattern by photolihography. The
sample was finall}* ready for RIE. First the Ti layer, then the bottom PR layer
Weis etched. Ti layer was etched in pure CI2 . Without taking the Scunple out,
the previous process gas was pumped out of the chamber and base pressure was
let to drop down to 1.0 —1.5 - 10“®Torr. O2was introduced into the chamber to
etch PR. As a result the waveguide pattern was composed of 2.0 /t?/? PR followed

by 0.2 fim Ti layer just before the RIE of the crystal (Fig. 3.10).

Figure 3.10: Photoresist Covered with Ti prior to RIE of the Rib

Although the pattern definition was much better and the sidewalls were
straight with a Ti/PR. mask, we faced another problem. The metal mask was
getting sputtered on to the entire surface of the wafer. The small Ti particles
spread on the crystal surface, resulted in a very interesting, yet destructive etch

surface. The surface was named to be grassy (Fig. 3.11).
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Figure 3.11: Grass Formation

Another idea was to use Si0O2 layer in the ])lace of Ti. The Si02 layer was
deposited on to the crystal surface directly. The photolithography was done
over the Si02 and etched by CF» gas. The resulting mask was composed of
Si02 + PR. After that, ARGai-"rAs layers were RIE etched with CGIZF2 gas.
But this method did not provide any better results. The etched crystal surface
roughness was unacceptable (Fig. 3.12). In addition to this, we experienced one
more interesting formation on the crystal surface : ])olymer deposition (Fig.3.13).
The evidence of polymer deposition while the use of fréons such as CCI2p2 under

certain plasma conditions, has been also previously reported.

Figure 3.12: Rough Etched Surface
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Figure 3.13: Polymer Deposition during RIEC

From Figs. 3.5 to 3.13, it can be deduced that stabilization of RLE recipes
needs long run times, many pieces of the same crystal to be al)le to characterize
every aspect of RIE, and effor'g The recipe that worked best in etching our
waveguides is the following. Photolithography was performed with a thick PR
- i.e. AZ 4210. After the exposure and development of the PR, sample was
post-baked on a 200*0 hot-plate for 5 minutes. Next, it was loaded in the RIE
chamil”er and the chamber was evacuated. For an ideal ])rocess, we have waited
lor the base pressure to drop down below 1.5 - 10~" dorr. Then 30 seem BCI3
and 20 seem SiCR gases were let into the chaml)er. The electrode separation was
set to 3.2 inches. The chamber pressure was set to 10 mTorr and 150 Watts of
RF power was applied. The etch depth was monitored by an interferometric
measurement tool.- M A Lle-Ne laser was incident on the crystal surface and
l)ack-reilected such that the light resonated in crystal cavity. As the surface
of the crystal was etched down, the cavity length changed, so that the Fabry-
Perot resonances were observed. The outgoing light intensity was measured by
a photodiode and the signal was plotted as a function of time. The interference
pattern was previously simulated and followed during the etch. This way the
etch process was stopped at the desired etch-dep(h. Fig. 3.14 and 3.15 are SEM
micrographs of the etched waveguide profile and sidewalls. Figs. 3.16 and 3.17
display the simulated interference patterns of both WGI and WG3, and Fig. 3.18

displays the monitored interference pattern of WG3.
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Figure 3.14: RIE Etched Waveguide I™rofile

Figure 3.15: RIE Etched Waveguide Sidewalls

53
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Figure 3.16: Simulation of RIE luterference IMattern for W(J1
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Figure 3.17: Simulation of RIE Interference Pattern for WG3
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Figure 3.18; Monitored RIE Interference Pattern for WG3
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3.6 Oxidation of Alo_ggGao_ogAS

AlposGagozAs rib waveguides, etched by RIE, were immediately oxidized in an
oxidation furnace in order to prevent oxidation in ambient. The sample was
positioned on a quartz tray inside the furnace. The furnace temperature was set
to 400°C'. H,O vapor obtained from a HyO beaker at 80°C was let to flow over
the sample by the help of pure Ns.

The oxidation reactions start at the sides of the rib waveguides and penetrate
into the AlposGagozAs layer by forming an oxidation front.?¥ Since the index
of top layer changes from 2.9 to 1.6 after oxidation, it becomes transparent in
visible wavelengths. Therefore oxidation may be followed by the color change of

the waveguide ribs.

3.7 Metal Deposition

The electrode fabrication involved metal deposition on top of the sample with
narrow openings of PR on top of the waveguides. To achieve this we have followed
two different photolithography methods.

First method involved image reversal photolithography. Since the alignment
of the long and narrow (1.4 cm x 2 pm) electrode stripes on waveguides of
similar dimensions (1.4 cm x 4 pm) had to be performed precisely, we have
used a light-field photomask. An image reversible PR (AZ 5214) was spun ou the
samples. Then the electrode mask was aligned on waveguide ribs and exposed.
Samples were baked on hot-plate at 110°C for 55 scconds and flood exposed
before development of PR. The resultant PR profile was not suitable for metal
deposition and lift-off, as can be seen schematically in Fig. 3.19.

Second method involved the standard dark-field photolithography. Before the
development of the PR, the samples were submerged in toluene for 10 minutes.
We have obtained PR profiles which were suitable for metal deposition (I'ig. 3.20).

Metal deposition process is accomplished by an Ii-beam evaporator. The

operation of e-beam evaporator involves a high vacuum system. The samples to
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Metal Photolithography 1

Figure 3.19: Photoresist Profile

Metal Photolithography 2
Figure 3.20: Photoresist Profile 11

be metal deposited are clamped on a wafer tray arid positioned facing down. The
deposition thickness is monitored by a detector.

In our case we used three different tyjres of metals : Ti, Pt, An.
200A Ti / 200A Pt / 2000A An was deposited on the samples, d'hin titanium
layer was deposited for its better adhesive propei-ties on semiconductor surface.
Platinum provided a barrier for Au diffusion into the semiconductor. Gold was

chosen as the main electrode material for its high conductivity.
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Figure 3.21: E-beam Evaporator

3.8 Lift-off

Metal deposits over the etched surface of the sample, thus the PR. gets also
covered with metal. In order to lift the unnecessai-} riK'tal sheet off and clean the
sample surface, we immersed the sample in ACE and stirred it overnight. Finall}®,
three-solvent-cleaning of the samples were done before characterization.

Fig. 3.22 sketches the followed fabrication steps.



CHAPTER 3. FABRICATION

top cladding

bottom cladding

Photolithography Reactive lon Etching AljCan./s Oxidation

Metal Photolithography Metal Deposition Lift-off

Figure 3.22: Schematic of Fabrication Steps
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Characterization and

Measurements

4.1 Characterization

Knowledge of thicknesses and refractive indices ol the layers in the optical
waveguide structure 1s critical to final device performance. Thus, both the as-
grown MBE layers and the oxidized AlggsGag g2As layers need to be characterized
for refractive index and thicknesses. In this work, two techniques were used in an
attempt to determine the thickness of the as-grown layers and the thickness and
the refractive index of the oxidized layer. The first technique to be used was the
spectroscopic ellipsometry of the oxidized and the as-grown layer. The second

was in-situ RIL reflectance depth profiling of the as-grown materials.

4.1.1 Spectroscopic Ellipsometry

Spectroscopic ellipsometry®! is a sensitive non destructive thin film measure-
ment technique that uses polarized light. EHipsometry measures the change in
polarization state of light reflected from the surface ol the sample, and that
information is used to extract the optical constants and thicknesses of the layers

under consideration. Ellipsometry works best for film characterization when the

60
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film thickness is not too much smaller or larger than the wavelength of the light
used for the measurement. Also roughness features on the sample surface or at
film interfaces should be less than ~ 10% of the probe heam wavelength for the
ellipsometric analysis to be valid.

The typical configuration of the ellipsometer is as {ollows :
Source=>Polarizer=-Monochromator = Chopper =>Sample=Continuously Rotat-
ing Analyzer= Chopper=-Detector

The light source should exhibit a constant output as a function of wavelength
over a spectral range extending from UV to NIR. Polarizer should bave a high
extinction ratio. Monochromator can be a diffraction grating. Detector should
be polarization insensitive and linear over a broad range of beam intensity and

wavelength. In Fig. 4.1 the schematic of an ellipsometer is shown.

P o s
\ % / )C}h'mding Lens
[ ]
“e—Fiber Optic
Ellipsometer
Control |
Module
Ganiometer Base p— Beam Chopper Xenon Limp
P Monochromator

IFigure 4.1: The Ellipsometer Instrument

The angle between plane of incidence and analyzer azimuth is variable and
set by the user. When a linearly polarized beam enters a rotating analyzer, the

detector will generate a periodic signal :

V(t) = asin(2wt)
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The circularly polarized light would generate :
V(t)= DC
For elliptical polarization, the detected signal is a sinusoid with a DC offset of

the form :

V(1) = DC + acos(2wt) + bsin(2wt) (4.1)

The two important quantities measured by the ellipsometer are « and /7 defined

as .
a tan? ¥ — tan® P ,
o = = 2 2 (4.2)
DC  tan® V¥ + tan* P
b 2tan W - cos A - tan P ,
LI AL (4.3)
DC tan® ¥ + tan* P
U and A are the ellipsometric parameters that characterize the sample, and P is

the input polarizer azimuth with respect to plane of incidence. The equations 4.2

and 4.3 can be inverted and, ¥ and A can be calculated as :

1
¥ = tan™! (‘/ 7 + ZI tan PI) (4.4)
Ji4

tan P (4.5)
V1—a? [tan P| -

since the values «, # and P are known. There is no way of calculating the index

A = cos™! (

of refraction and film thickness directly from ¥ and A, though the reverse is
possible. With the approximate knowledge of n and £, it is possible to obtain
these values for a given wavelength and angle of incidence, starting from the
derivation of Fresnel reflection coefficients. Details ol the fitting procedure is
beyond the scope of this work. However, general procedure to obtain n and ¢ of a
thin film, is to calculate ¥ and A for expected values of n and ¢ as a starting point
and iterate the calculations till the deviation between calculated and measured
data is small. In other words, it is possible to find the correct values by fitting

to the experimental data.
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Ellipsometry of as-grown wafers

Belore the fabrication processes were applied on the wafers, they were 3-solvent
cleaned and their ellipsometric mmeasurements were doue to confivm the thickness
and @ compositions of epi-layers. Starting from an initial model, data was fitted to
the measured W and A, in good agreement with most of the expected thicknesses
and a compositions. One exception was the top cladding layer thickness of the
second wafer. It was found to be 1.7 pm thick rather than 1.9 pm as was
designed. Nevertheless this deviation was still tolerable to continue on fabrication,
as computations showed. These ellipsometric data are shown in I'igs. 4.2 and 4.3
for AlAs and thick top-cladding wafers respectively.
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Figure 4.2: Ellipsometric Measurement of the AlAs Waler

The extracted layer thicknesses and Al compositions of the grown wafers are

listed in Tables 4.1 and 4.2.
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Figure 4.3: Ellipsometric Measurement of the Thick Top-cladding Wafer

GaAs 174 A

AlGaAs | x=0.98 | 4151 A
AlGaAs | x=0.60 | 4013 A
AlGaAs | x=0.31 | 6584 A
AlGaAs | x=0.60 | 19908 A
GaAs substrate

Table 4.1: The Ellipsometric Data of WG1 waler

4.1.2 Oxide Characterization

Refractive index of oxidized AlAs is reported to be in the range of 1.51 - 1.8,
and commonly assumed to be 1.6.32 All of the data on the index of refraction of
oxidized AlAs layers is measured at a single wavelength. By measuring the index
of refraction in a wide range of values it is possible to extract the dispersion of
the refractive index and extrapolate to wavelengths ol interest such as 1.55 pum.

As the index of refraction is an important quantity to be known in waveguide
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GaAs 108 A

AlGaAs | x=0.595 | 16719 A
AlGaAs | x=0.31 | 6667 A
AlGaAs | x=0.61 | 20563 A
GaAs substrate

Table 4.2: The Ellipsometric Data of WG3 waler

design, we have decided to attempt to measure the index of refraction of oxidized
AlAs.

However trying to position the ellipsometry probe beam on a waveguide rib
of 4 pm width would be very difficult. The whole surface of a minimum of 1 cin
x 1 cm wafer piece should be oxidized to get reliable ellipsometric data. A much
larger area is clearly desirable as light source in the ellipsometry setup can be
apertured only down to 5 mm diameter. Furthermore, to simplify the analysis we
decided to use a special sample with only a single layer of AlAs. This sample was
nominally composed of 242 nm thick AlAs with a 10 nin GaAs cap to prevent
ambient oxidation of AlAs layer. A 10 mm x 10 mm sample was cut from AlAs
wafer. As it would take a very long time to oxidize a sample of this size, we have
photolithografically defined 3 pum wide trenches with 100 pm wide AlAs mesas
on the sample. RIE was used to etch the trenches. After removing the PR mask,
sample was cleaved into 7-8 pieces and each piece was oxidized for a different
duration. The lateral oxidation-front, developing in AlAs layer can be seen in
Figs. 4.4 and 4.5.

Lateral oxidation of AlAs from the edges of the waler was studied hefore. 293!
The maximum oxidation-front propagation was reported to be about 100 pm
wide. Lateral oxidation is also possible for Al,Ga;_,As films having 2 not
necessarily exactly equal to 1. The propagation time of the oxide-front depends
on @. As can be guessed the oxidation time increases sharply for decreasing x.
We demonstrate this dependence in Fig. 4.6, using oxidation of several samples
for different oxidation durations.

The knowledge of time dependence of oxidation-front propagation was also
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Figure 4.4: Microscope View of AlAs Wafer Edge Oxidized for 20 Minutes
The wafer edge is the interface between the dark and light, regions. The bright stripe
by the edge is 16 fim wide Al oxide.

Figure 4.5: Microscope View of AlAs Wafer Edge Oxidized for 60 Minutes
The oxidation front propagates laterally into the AlAs layer. The stripe width is .38
j.im.

essential in determination of the time required for the oxidation of waveguides.
Unnecessarily long times in the oxidation furnace may residt in partial oxidation
of other layers in the waveguide structure, which is undesirable.

The final sample for spectroscopic ellipsometry was oxidized at 400“C for 90
minutes and spectroscopic ellipsometry of both the as-grown and oxidized samples
were done. In addition, a single layer of 2300 A thick AlAs with a 100 A GaAs
cap layer, on GaAs substrate was oxidized. Oxidized .\lIAs (AlOx) was modeled

using Cauchy parameterization which is widely used for transparent solids, where
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I'igure 4.6: Lateral Oxidation Depth versus Time
Note that pure AlAs layer oxidizes faster than Aly gsGag g2As layer.

v
n(A) =A+%+:\%+... (4.6)

As the AlOx layers are reported to be transparent in the visible range of
electromagnetic spectrum, no absorption edge was introduced into the Cauchy
model. The modeling of the as-grown sample was done using well known
refractive indices of GaAs, AlAs and GaAs oxide. The results for as-grown sample

are given in Table 4.3.

GaAsOx 17 A
GaAs 101 A
AlAs 2201 A
GaAs | substrate
Total Thickness I 2319 A

Table 4.3: Ellipsometric Measured Thicknesses of AlAs
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The top most layer is a native oxide layer. In the case of AlOx layer, the used
fit routine gave consistently worse results when GaAs cap and/or GaAs oxide layer
were included in the model. We propose that the GaAs cap layer is fully oxidized
and intermixed with the underlying AlOx. The refractive index obtained from
the Cauchy model as in Eqn. 4.6 is given as a function of wavelength in Fig. 4.7

with the Cauchy coefficients in Table 4.4.
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Figure 4.7: Refractive Index of Oxidized AlAs

A 1.6581
B 2.371-1077
C 6.787 - 101
Thickness | 2099 A

Table 4.4: Cauchy Coefficients for A1Ox
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These results are in very good agreement with the design parameters. This
is the first time spectroscopic ellipsometry was done on AlOx layers. As can
be seen, the dispersion of the data is quite small at long wavelengths and as
is seen from the extrapolation in figure 4.7, n is relatively constant up to 1600
nm. Furthermore, comparison of the as-grown layer thickness with oxidized layer
thickness shows a shrinkage of 9.5%. Due to a much smaller unit cell size, large
shrinkages in the layer thickness expected for AlOx has not been experimentally
observed. Our result is in reasonable agreement with the only measurement in

the literature in which a 6.7% shrinkage is reported.*?

4.1.3 RIE Depth Profiling

This characterization method is a destructive way to obtain information about
the formation of the epita.xia.llyrgrown layer thicknesses. Therefore, some pieces of
the wafers have to be spared for RIE characterization. As previously mentioned,
it was possible to follow modulated reflectance patterns in RIE for precise in situ
control of the etch depth.

By etching an unpatterned, clean sample piece, preferably cleaved close to the
center of wafer, all the way down to the substrate, we obtained the full reflectance
character of our Al,Ga;_,As layers. Creating the same multi-layer model in a
specially designed simulation program that plots the reflectance as a function of
depth from the surface of crystal, we simulated this reflectance characteristic. The
comparison of the two showed that W(G1 wafer was as designed but WG3 wafer
was not grown properly. The top cladding layer for WG3 waler was measured
to be about 1.7um thick similar to the ellipsometric measurement (IFigs. 3.17

and 3.18).
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4.2 Measurements

4.2.1 Optical Propagation Loss Measurements

The fabricated waveguides were prepared for measurement by careful cleaving of
the input and output facets. After that, they were attached on aluminum sample
holder by crystal wax. The holders are designed specially in geometry and size

in order to minimize any possible problem due to variety in sample size.

The Measurement System

Measurement setup consists of seven basic parts associated with relevant
operating systems. First is the DFB Laser equipped with a temperature
controller. The operating wavelength ranges from 1557.360 nm to 1557.710 nm
with a peak intensity of 1.470, mW at 1557.500 nmn. Operation wavelength is
selected and tuned by the temperature controller. The second item is the fiber-
optic cable carrying the laser output to the sample. Fiber cable supports single
mode, such that most of the light intensity is confined at the fiber core of 8
pwm diameter. One end of the fiber is integrated inside the DI'B laser, and the
other end is fixed on a translation stage near the sample holder by the help of
a fiber-chuck. The third item is the 3-loop polarization controller. The Jaser
output is linearly polarized with a high extinction ratio, If the fiber cable is
not bent too much or stressed, it maintains the laser polarization. A 3-loop
polarization controller is an intentionally bent fiber making three successive loops
in a controlled fashion. This is used to rotate the initially TIE polarized laser
light to TM when needed. The fourth element in the setup arve the high precision
x-y-z translation stages on which a fiber chuck holder provides angular degree
of freedom. These stages have to be finely tunable since the fiber core and
the waveguide width are on the order of a few micrometers. The fifth element
is the microscope lens. The choice of microscope lens should depend on the
numerical aperture, in order to he able to collect most of the light coming out

of the waveguide output facet. This is important: because the outgoing light
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diverges too much, since the difference in the refractive index of air and effective
index of waveguide is large as in our case. The sixth item is the polarizer. The
polarizer should have an high extinction ratio to perform polarization dependent
measurements accurately. The seventh and the last part describing the basic
construction of measurement setup is the detector. A wide spectrum of detector
types are used in our measurements. In measurements. involving fast detection
of intensity modulation, high speed detectors like [nGaAs photodiode were used.
For cw measurements, Ge photodetectors were used. [or alignment and mode
shape visualization, we have used IR cameras connected to monitors. The IR
camera images of a zeroth order and a first order waveguide mode can be seen in

I'igs. 4.8 and 4.9.
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Figure 4.8: The Zeroth Order Mode of AlAs Waveguide

Figure 4.9: The First Order Mode of AlAs Waveguide

Other than those fundamental parts, we made use of some complimentary
equipment. For the coarse alignment of the sample, a field microscope was
attached on the optical table. Several lenses and neutral density filters were also
used. The measurement area was kept free of stray light during data acquisition.

A sketch of measurement setup is shown in figure 4.10.

Results of Loss Measurements

Loss measurements are performed by the use of Fabry-Perot resonances technique
at multiple waveguide lengths. This way, the facet reflectivities are measured
directly along with the loss coefficients rather than assuming a predicted or

calculated value. The loss values of 15 different waveguides of the same length
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Figure 4.10: Loss Measurement Setup

oil the same sample were averaged. Figs. 411 and 4.:2 show the Fabry-Perot
resonances of a single mode and a double mode waveguide.*”

Waveguides composed of three kinds of configurations were examined in loss
measurements. These are : 400 nm Alo.esGao.o2As/4a @ nm Al0.01Gao.39As top
cladding waveguides (WGI), 400 nm Alo.ssGao.o2As oxicle/Al0.6iG>0.39As top
cladding waveguides (WG2) and 1700 nm Alo.s iGao.ssAs top-cladding waveguides
(WG3).

WG| waveguides were not oxidized before metal deposition, thus they are
susceptible to oxidation in air unless the waveguides are covered with a protective
isolation layer to keep Alo.ssGao.0o2As layer away from forming native oxide
in ambient. Therefore, we have chosen benzocyclobutane (BCB) ]>olymer to
cover the sample, liecause it was durable, solid winni cured, and liad a low

refractive index. The refractive indices of BCB and its photo-definable version
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Figure 4.11: Single Mode Waveguide Fabry-Perot Resonances
The ratio of maximum signal to minimum signal is denoted by k as in e(iuation 2.27.
The .r-axis corresponds to wavelength and the y axis corresi)onds to the optical signal.

Figure 4.12: Double Mode Waveguide Fabry-Perot Resonances
The .r-axis corresponds to wavelength and tlie y axis corresponds to the o

PDBCB, were measured by ellipsometry and were found to be 1.5335 and 1.5365
respectively. These values are close to the refractive index of ciir with respect to
waveguide effective index. Fig. 4.13 shows a cleaved facet of BCB covered WG

waveguide.
BCB was spun on the sample like photoresist. Then it was cured in 200“C oven
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Figure 4.13: SEM Picture of a BCB Covered Al0%Ca002As Waveguide Rib
The rib width is 4 firn.

in nitrogen ambient overniglit. The curing process resulted in a durable BCB on
the sample. Finall y, the sample was cleaved and mounted to the measurement
setup.

After the total loss values were measured, the sample was cleaved into two
different length pieces, and the measurements were repeated lor these two unequal
smaller length waveguides. The total loss was plotted as a function of waveguide
length. The propagation loss coefficients for as-grown (W GI) waveguides were
calculated to be 6.0 dB/cm for TA4 and 3.7 cIlB/cm for TE polarized light.

The oxidized waveguides (WG?2), did not require the usage of BCB. They
were cleaved after the metal deposition and lift-off processes. Following the
same technique, the loss coefficients for oxidized waveguides w'ere measured as
1.0 dB/cm for TM and 0.6 clB/cm for TE polarizations. Fig. 4.14 shows the
experimental data and the linear fit to the data for WGf and W G2 waveguides.
The fit determines the facet reflectivities by extrapolating i/-axis.

The difference of the loss coefficients for oxidized and as-grown samples can
lie easily distinguished by noting the slopes of the linear fits in the figure.

The loss measurements of deep-etched waveguides with a thick top-cladding
(WG3), also yielded lower loss values than the WGI waveguides, as expected.
The measured TM loss coefficient was 2.1 dB/cm and TE loss coefficient was 1.5

dB/cm, still being twice as higher than the oxidized waveguide loss coefficients.
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Iigure 4.14: The Loss Coeflicients and Facet Reflectivities of WG and WG2
Waveguides

The measured loss data is displayed in Fig. 4.15. Thus, increasing-the top
cladding thickness to 1.7 gm reduces the loss by a factor of 3 for TM mode,
introduction of a much thinner but lower index material such as AlOx reduces
the TM mode loss by a factor of 6. This is a major improvement over present
waveguides. It is well known that, in general, RIE leaves behind a non negligible
surface roughness. Fine tuning of various parameters such as gas composition,
pressure, RF power are required to obtain acceptable smooth surfaces. The loss
values obtained for TE and TM modes on W(2 shows that our RIE process

produces very smooth surfaces.
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Figure 4.15: The Loss Coeflicient and Facet Reflectivity of WG3 Waveguides

4.2.2 Characterization of Polarization Splitters

A major problem in integrated optics is the polarization control of light
throughout an optical system. Polarization splitters are 2 x 2 devices that output
different polarization states to different output ports. Thus, when either TS or-
TM polarized light is injected into an input port, T and TM polarized light
is output to separate output ports. However, even with perfect designs and the
best of fabrication technologies tunability of the polarized light intensity at the
output is found to be necessary to improve the extinction ratio. But, metal
clectrodes on the ribs of waveguides for application of tuning voltages induce

excess propagation loss for TM mode and renders the device inoperable. Recent
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advances on MOSEFLTs with thin oxidized Al,Ga;_,As layers as gate material
offers the possibility of using oxidized Al,Ga;_,As layers in polarization splitters.
[However, thicknesses required to minimize TM loss is much greater than (by a
factor of 8) those in MOSEFET's and thus makes this application a challenge. We
have therefore attempted to fabricate an optical coupler for polarization splitting
using a previously designed mask to investigate the possibility ol utilizing oxidized
Al,Gay_,As layers in polarization splitters for both active and passive operation.
The coupling length measurements were performed on the same setup that
was used in loss measurements (Fig. 4.10). The beam from the coupler output
ports was collected with a microscope lens and focused on the IR camera. The
camera image was followed by a monitor connected to the camera. The fine
alignment of the sctup was accomplished by maximizing the image contrast on
the monitor. The intensity of the optical field has been measured by a video image
analyzer that produced an x-y cross on the monitor screen. The cross marks were
positioned on the waveguide mode image on the monitor and the readings were
recorded. The following photographs show the optical field coming from the ports
ol a waveguide which is, totally coupled to the left-hand side waveguide of the

coupler (Iig. 4.16), half-way coupled (Fig. 4.17) and back-coupled (Iig. 4.18).
TIS or TM polarized light is launched from either one of the input ports of
the coupler and polarized light intensity at both outputl ports are measured. For
both polarizations the ratio of the light intensity at one of the ports to the total
light intensity from both ports is plotted as a function of straight coupling section
length. The power transfer function (Eqn. 4.7) based on coupled mode theory is
least squares fitted to the data as in Figs. 4.19 and 4.20, and parameterized as :
Leross = sinz(i) (4.7)

]tota,l Lc

where I...ss 15 the optical field intensity measured at output port opposite to the

insertion port, Ij. is the total intensity at both output ports, L. is the coupling

length and [ is the straight section length of the coupler.
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Figure 4.16; Optical Field Output at the Left Output Port

Figure 4.17: Optical Field Half-and-half at Both Output Ports
Separation between the two output ports is 32 Zim on the sample, and 4 cm on the
monitor

Figure 4.18: Optical Field Output at the Right Output Port

The measured coupling ratio data of WG2 for two dilFerent waweguidegaps are

shown in Figs. 4.19 and 4.20. Also the coupling lengths that were extracted from
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the least squares fit to coupling ratio data of W(2 is plotted in Fig. 4.21. The
coupling length ratios for WG2 polarization splitters, determined experimentally
and simulated with effective index and BPM methods, are given in Table 4.5 for

comparison. The experimental and theoretical results arc in good agreement.
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Figure 4.19: Coupling Ratio of WG2 Polarization Splitter for gap = 3.00um

The measured TM/TE extinction ratios are 12.4 dB for a gap of 3.00 wm
between the straight section of the waveguides and 7.5 dB for a gap of 3.25 pm.
Further analysis of gap = 3.25 um coupling ratio data shows that with straight

section lengths of approximately 4750 pm, extinction ratios as high as 20 dB
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Iligure 4.20: Coupling Ratio of WG2 Polarization Splitter for gap = 3.25p0n

| Gap | 3.00 pm | 3.25 g | 3.50 pm ||
Experiment 1.27 1.20 P14
Effective Index 1.29 1.24 1.20
Beam Propagation 1.30 1.26 1.22

Table 4.5: Coupling Length Ratios of WG2 Determined by Experiment, Effective
Index Method, and BPM

are possible. TI/TM (TM/TE) extinction ratio is a measure of how well the
polarization splitting is achieved by the device. This value can significantly be
increased by optimizing the straight section length of the coupler and the gap (g)

in between the waveguides of the coupler. The other way is to tune the TE (M)
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[igure 4.21: Coupling Lengths of WG2 Polarization Splitters

transfer function by applying voltage between the clectrodes of the waveguides.

4.2.3 AC and DC Bias Measurements

In order to test the possibility of applying bias voltages through the oxidized
Al,Ga;_,As top cladding layers, WG2 type polarization splitters were biased
with both DC and AC voltages. Before applying any voltage to the electrodes,

I-V characterization of the MOS contacts were done, and reverse breakdown
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voltages larger than 15 Volts were obtained. The high contact quality enabled us
to apply voltages larger up to 60 V.

Unfortunately, we were not able to create any change in the TE/TM (TM/TE)
extinction ratio by applying DC voltages to WG2 type polarization splitters. This
was probably due to large amount of charge still remaining at the interface of
oxidized Al,Gay_,.As which screened the applied field. Oxidation of Al,Ga;_,As
produces Al,O3 as well as several other byproducts, including elemental As.?
While it is assumed that part of the As reacts to forin AsH; which is volatile,
significant amounts may remain in the material depending on exact oxidation
conditions. Previous work on MOSFETs with thin (50 nmn) layers of oxidized
Al,Ga;_,As suggests that low (400°C) oxidation temperatures improve MOSFET
characteristics. With this in mind, we oxidized our samples at 400°C for 10
minutes. However, the results were not positive. Arsenic is a well known donor
atom and excess arsenic is known to pin the Fermi level at GaAs Schottky
diodes. Turthermore, while AlOQ, preserves its crystallografic nature, several
other byproducts such as AsyOsz, Gay;O and their hydroxides as well as the
voids that form both in and at the AlO,/Alps;GagseAs interface may cause
Fermi Level pinning preventing DC modulation of the polarization splitter.
Considering that the thickness of the oxidized layer is much larger than those
used in MOSFET, optimization of the oxidation process, perhaps followed by post
oxidation treatments may be necessary. Hydrogen plasma treatments, vacuum
annealing may be feasible approaches and needs to be explored further.

We have, however, attempted to improve oxidized AlGaAs layer quality by
oxidizing it for much longer times in the hopes of providing enough time for
reaction byproducts such -as AsHj to out diffuse and eliminate much of the
elemental and oxidized As. Thus, a separate polarization splitter sample was
oxidized for 75 minutes at 400°C. This sample showed signs of oxidation of
underlying Alp1GagagAs as well but did not perform any differently.

We have applied AC bias of maximum 40 V (p-p) at frequencies from 1 kHz to
100 kHz. We were able to modulate the TE polarized light by 10% at 10 kHz up

to 100 kHz. Light modulation by applied electric field can be scen in figures 4.22
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and 4.23. The light intensity modulation'~” is in phase witli the a.ppliecl voltage
at one output poi’'t, where it is out of phase at the otlier port. This shows the

TDI transfer from one waveguide to the other was enhanced by the applied field.

Figure 4.22: TE Modulation at One Output Port of the Waveguide
The upper curve iu the figure corresponds to optical signal and the lower curve
corresponds to applied voltage. The .r-axis corresponds to time and y-axis corresponds
to optical signal. Note that the optical signal and the applied voltage are in

Figure 4.23: TE Modulation at the Other Output Port of the Waveguide
The .T-axis corresponds to time and i/-axis corresponds to optical signal. Note that

they are out of phase.
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Conclusions

A major aim of this work was to reduce excess propagation loss of the TM
mode of an optical rib waveguide due to metal electrodes. In this work two
approaches were explored. One in which the thickness of the top cladding layer
was dramatically increased (WG3). The other, where a low index material (AlOx)
was introduced as part of the top cladding layer (WG2). As a part of the second
method, the index and the thickness of the as-grown wafers, and the AlOx wafer,
were determined by spectroscopic ellipsometry. The spectroscopic ellipsometry
evaluation of as-grown waveguide wafers were, in a sense, a control of the nominal
growth parameters. Spectroscopic ellipsometry along with RIS depth profiling
provided crucial information on the amount of the material to be etched in order
to maintain single mode operation. Spectroscopic ellipsometry also provided
critical data on the dispersion of the refractive index of AlOx and the resulting
shrinkage after the oxidation step. It is found that the Clauchy model gave a
slowly varying index of refraction throughout most of the visible and near infrared
region of the EM spectrum. The index of refraction of AlOx at [.55 g has been
taken as 1.66 which is in close agreement with previous measurements at 632 nmn.
The obtained shrinkage percentage (9.5%) is larger than the only available data
(6.7%). The small discrepancy may be attributed to different sample preparation
conditions.

The propagation loss of existing Al,Ga;_,As optical waveguides with metal
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clectrodes have been significantly reduced particularly for T'M polarized state of
light. We have found that the TE mode optical loss is also reduced [urther.
Comparison of the loss measurement results for all these waveguides yields
interesting insight into the benefits of the AlOx layer in waveguide operation.
The loss values for waveguide taken as standard (WG1) were 6.0 dB/cm and 3.7
dB/cem for TM and TS modes respectively. While some of this loss is due to RIE
induced sidewall roughness, the difference in loss between different polarizations
clearly indicates the excess metal induced loss. Increasing the top cladding layer
(WG3) decreases these numbers significantly down to 2.1 dB/cm and 1.5 dB/cm
for TM and TE polarizations. Assuming that the TI mode is mostly isolated from
the metal electrode (confirmed by 1-D finite difference simulations), we attribute
most of the loss for TE polarization to sidewall roughness. While the difference
between different polarizations shows that, even when the top cladding layers is
as thick as 1.7 pm, a residual excess TM loss due to metal electrode remains.
The simulated data for loss coeflicients for TE and TM modes were consistently
smaller than the measured values since the simulations do not include the loss
due to scattering from imperfections.

The comparison between the measurement results for unoxidized and oxidized
waveguides demonstrate how powerful our idea works. The TE loss coefficient
drops to 0.6 dB/cm from 3.7 dB/cm which means a total of 3.1 dB/cm reduction,
whereas the TM loss coefficient drops to 1.0 dB/cm from 6.0 dB/cm meaning a
5.0 dB/cm reduction. Obviously, the isolation of optical field from the electrodes
by inserting an oxide layer blocks the absorption of field by the metal surface.
This becomes particularly important for TM mode. There is one more interesting
consequence of the oxide layer in WG2, that comes as a natural advantage over
the other waveguides. When the optical field is quenched in top most oxide layer,
the surface roughness experienced by the optical field also becomes ineffective.
In contrast, in WG3 waveguides, the optical field distribution is nearly the same
as WG1 waveguides (as opposed to WG2), resulting in higher propagation loss
due to sidewall roughness of the rib. The higher loss (1.5 dB/cm, TE) observed

in WG3 than that of WG2 (0.6 dB/cm, TE), can mostly be attributed to the
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above fact.

The isolation of the metal electrodes on waveguides could also be possible by
deposition of a low-index film on top of the guides such as Si0, but Al,Ga;_,As
oxidation has many advantages over that method. The major advantage of
Al,Gay_,As oxidation with respect to low-index dielectric film deposition is the
quality of fabrication. In the case of SiO; deposition, the interface between the
low-index layer and the top cladding layer would be full of surface states which
would not enable us to apply electric field through the core layers that carry most
of the optical energy. However, the growth of AlyesGapozAs on AlggGagagAs
do not intrinsically suffer from interface states since thev are lattice matched.
Another advantage in insertion of AlggsGaggzAs layer on the sanple at the
growth step is the reliability and the consistency of film quality. The results
on MOSFET operation with the thin layers of gate AlOx layer is proof that it is
possible to have high quality interfaces that support electric field application to
the underlying semiconductor.

It should be noted that oxidized AlggsGagp2As thickness of 0.4pm used in this
work is significantly higher than that in previous studies. Such thick layvers of
oxidized AlggsGagy g2 As are found to be crack free and resulted in very high quality
waveguides as long as 1 - 2 em. This is the first time such thick surface layers have
been successfully oxidized and found to be mechanically stable. Nevertheless,
Alp.osGag.opAs oxidation method has a disadvantage. If the Al concentration of
the underlying Al,Ga;-,As layers are also high, during the oxidation of the top
layer other layers will also get oxidized, which is not desired.

The polarization splitters exhibit some interesting properties. It is easy
to visualize the polarization splitting strength (TE/TM or TM/TE extinction
ratio), by diractly inspecting the coupling ratio versus straight section length
plot. In our case, we have reached the maximum TIE/TM extinction ratio at
the output ports of the couplers as high as 12.4 dB for g=3.00 yun and 7.5
dB for g=3.25 wm. In fact, from the data for g=3.25 pm, we can extrapolate
the extinction ratio to over 20 dB at ~5000 wm for the straight section. Our

intentions in fabricating polarization splitters were to investigate the effects of
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AlOx on polarization splitter performance only. A polarization splitter with a
higher extinction ratio can be designed such that the ratio ol coupling lengths of
TE and TM polarizations are =35, where n is an integer. It should be noted that
the optical field starts coupling to the neighboring guide at the curved sections,
hefore it reaches the straight sections. Therefore, a-axis of the coupling ratio plots
do not correspond to the actual coupling lengths. The values for the coupling
length have been extracted from the fit coefficients to Eq. 4.7.

As shown earlier in Chapter 2, various design parameters effect the
performance of a polarization splitter, such as lateral top cladding thickness,
core thickness, and rib width. Parameters such as core thickuess are fixed during
the MBE growth process. On the other hand fabrication can induce uncertainty
in the rib width and lateral top cladding thickness. In fact. we observed that
on a 14 mm x 10 mm samplé, variations on RIE etch depth as high as £50 nm
were observed. We also found that surrounding the sample with blank pieces of
clean GaAs reduces etch depth variations. While hoth the BPM and effective
index calculations are in good agreement (Table. 4.3) with experimental values,
uncertainties in all of the above parameters contribute to the difference.

Our results for DC voltage tuning of the polarization splitters were negative.
This, we attribute to the charge still remaining in and at the interface of
AlOx/Alo.61GagseAs. First, this result may seem unexpected in the face of recent
MOSFET operations with thin AlOx layer. However, it should be kept in mind
that the AlOx layer we employ, is almost eight times thicker with respect to those
used in MOSFIETs. Hence, it is plausible that further processing is required
to improve interface characteristics. These treatments may include hydrogen
plasma treatment and/or vacuum annealing. We believe that any improvement
obtained by these treatments will also improve the modest result obtained in AC
operation as well. However, in the light of our encouraging results, we conclude
that utilization of Al,Ga;_,As (x=0.02) oxidation, provides significant reduction
of metal induced loss coefficient in optical waveguides and opens the way for many
optical devices, an example of which is the polarization splitter discussed in this

work. Further work needs to be done to improve the electrical characteristics
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of AlOx layers, and perhaps find ways to use thinner layers by clever choice of

design parameters.
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