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Abstract

SILICON-ON-INSULATOR OPTICAL WAVEGUIDES
AND WAVEGUIDE DEVICES

Isa Kiyat
M. S. in Physics
Supervisor: Prof. Atilla Aydinh
September 2000

Silicon-on-insulator(SOI) optical waveguides, directional couplers and some
types of MMI couplers were designed, fabricated and characterized at a
wavelength of 1.55 um. Effective index method and the single mode condition
for rib waveguide was used in design of optical waveguides. BPM simulations
were extensively employed for all fabricated devices. Waveguides and the other
devices were defined on SOI material by wet chemical etching in KOH solutionsv
Fabricated devices were characterized on a standard fiber optic measurement
setup with a DFB laser as its IR light source. In characterization of optical
waveguides the single mode condition was verified and insertion loss was measured
to be 12.2 dB for TE and 12.7 dB for TM polarized light as the best values.
[urthermore, the propagation loss found to be 0.70 dB/cm for TE and 0.76
dB/cm for TM which is typical . Characterized directional couplers gave results
completely consistent with their BPM simulations. 1x2, 2x2, 1x4 and 1x8 type
MMI couplers were also found to gave expected behaviors. Splitting ratios as low

as 0 dB and 0.55 dB was measured.



Keywords: Integrated optics, silicon-on-insulator(SOI), optical waveguide,
single mode condition, BPM, optical loss, butt coupling,
anisotropic KOH etching, directional coupler, multimode

interference(MMI), MMI coupler.
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YALITKAN USTU SILISYUMA DAYALI OPTIK
DALGA KILAVUZLARI VE DALGA KILAVUZUNA
DAYALI AYGITLAR

Isa Kiyat
Fizik Yiiksek Lisans
Tez Yoneticisi: Prof. Atilla Aydinh
Eylual 2000

Yahtkan iisti silisyuma dayal dalga kilavuzlari, dogrusal ¢iftleyiciler ve baz1 gesit
gok kipli girigim ciftleyicilerinin tasarimi, tiretimi ve 1.55 um dalga boyunda
karakterizasyonu yapildi. Optik dalga kilavuzlarinin tasariminda etkin indis
yontemi ve sirt dalga kilavuzlar igin tekil kip kogulu bagintis1 kullamldi. Ayrica,
BPM simlasyonlar1 yogun olarak kullanildi. Dalga kilavuzlar ve diger aygitlar
KOH c¢ozeltisi i¢inde izotropik olmayan 1slak asindirma ydntemiyle olugturuldu.
Uretilen cihazlar, DFB kiz1l 6tesi lazer kaynagi olan standart bir fiber optik 6l¢iim
diizeneginde karakterize edildi. Optik dalga kilavuzu karakterizasyonunda tekil
kip sart1 teyit edildi ve optik giris kayb1 TE polarize 1s1k igin en iyi degerler
12.2 dB ve TM polarize 151k igin 12.7 dB olarak &lgiildi. Ayrica optik iletim
kayb1 da TE i¢in 0.70 dB/cm ve TM igin 0.76 dB/cm olarak bulundu. Karakterize
edilen dogrusal ciftleyiciler BPM simiilasyonlariyla tamamen tutarlt sonuglar
verdi. Ayrica, 1x2 ve 2x2 ¢ok kipli girigim ciftleyicilerin de beklenen ézellikler
gosterdigi tespit edildi. 0 dB ve 0.55 dB kadar kiigiik ayrilma oranlan 6lguldu.

i



Anahtar
sozciikler: Timlesik optik, yalitkan istii silisyum, optik dalga kilavuzu,

tekil kip sarti, BPM, optik kayip, ucuca ciftleme, izotropik
olmayan KOH agindirmasi, dogrusal giftleyici, ¢cok kipli girigim,
¢ok kipli girigim ciftleyicisi.
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Chapter 1
Introduction

"Knowledge is Power”, has said one ad campaign, a simple, clear and self
explained statement. Instead, if we are asked "Is Knowledge Power?”, most
of us would say ”Of course!”.

Information and its distilled form, knowledge, is gaining more importance in
our lives day by day. It is nearly impossible to imagine that we live without
computers, televisions, satellites, undersea fiber networks, cellular phones, fax
machines, printers, and all other devices used to produce, transfer, manipulate
and access information.

The electronic devices, mainly the mass produced high density semiconductor
devices have played the important role in the modern information age. The
information processing speed is the most remarkable feature of these devices.
Are the electronic devices the only solution for the information age? To
answer this question, the demands of the information age on candidate devices
and technologies must be well understood, which are met by the electronic
devices to some extent. These demands may be stated as the following,!
information reception (detection), information enhancement(amplification), in-
formation manipulation, memory, informafion transfer, information generation,
and information display. We know from the advances in the last few decades
that there is an alternative technology named integrated optics -exploiting light-

and/or integrated optoelectronics -exploiting both light and electrons.
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1.1 Integrated Optics

Instead of cables, the metal interconnects and integrated electronic circuits in
the integrated electronics, light guiding optical fiber, dielectric waveguides and
optical integrated circuits (OIC) are utilized in integrated optics, respectively.
Integrated optics showed great progress in meeting the demands of information
age since 1960’s, with the development of the laser as a stable source of coherent
light.?2 References(®) and (*)are very good sources for a historical overview of
integrated optics.

There are some points where integrated optic devices (optical fibers and
QIC’s) have advantages over electronic devices.  Electronic devices have
limitations on the inter-connectivity due to metal interconnects, difficulties in
transmission of information over long distances -integrated optics has showed
the most significant development in this area by using optical fiber networks-
, external electromagnetic interference effects, small bandwidth, comparatively
large size and heavy weight and scattering of electrons as they move in a material.
Being totally different from the above criteria, no phase information could be kept
in a systemn of electronic devices after some amount of distance. This does not
bring any functional problem for the electronics devises, actually. However, this
is a point where integrated optics will find new horizons. That is, capability of
keeping phase information of light leads the emergence of new so-called ”future”
devices in integrated optics which are based on "interference effect”.

Two forms of optical integrated circuits are widely used, hybrid OIC’s in
which two or more substrate materials are bonded together and monolithic OIC’s
in which a single substrate material is used for all components of the circuit.
Since nearly all OIC’s need a light source, i.e. a laser, monolithic OIC’s can
only be fabricated in optically active materials, that is, materials with direct
bandgaps and capable of light generation.- The materials that are incapable of
light generation are optically passive. Both optically passive and active materials
commonly used in fabrication of integrated circuits are presented in Table. 1.1.

The most commonly used material in monolithic OIC’s is the gallium
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PASSIVE ACTIVE
Quartz Gallium arsenide
Lithium niobate Gallium aluminium arsenide
Lithium tantalate Gallium arsenide phosphide
Tantalum pentoxide Gallium indium arsenide
Niobium pentoxide Other III-V semiconductors with direct bandgaps
Silicon Other II-VI semiconductors with direct bandgaps
Polymers

Table 1.1: Optically active and passive materials for OIC

aluminum arsenide, Ga,_,Al;As or the gallium indium arsenide phosphide
GazIny_zAsi_yP,. One of the most important properties of these optically
active materials is that by changing the fractional atomic concentration of the
constituents, the emitted wavelengths can be varied from 0.65 um(for AlAs) to 1.7
wm (for GalnAs). The other important properties which deserve to be mentioned
are the following: firstly, these materials are transparent for wavelength range
of 0.6 um to 12 um and have relatively large electro optic and acoustooptic
properties. Then, the nearly equal lattice constants of GaAs and AlAs (5.646
and 5.369 A, respectively)® makes epitaxial growth of layers of Ga;_, Al As with
greatly different Al concentration possible with minimal interfacial strain being
introduced. Finally, they are the cheapest of all III-V and II-VI materials, due
to their widespread use. These materials are used in fabrication of all type
OIC’s components, but especially preferred for the fabrication of multilayered
heterojunction lasers.

Lithium niobate, LiNbO; is an anisotropic material with high electrooptic
and acousto-optical coefficients. It is transparent for the range of 0.2 um to 12
pm. LiNbOj; based hybrid OIC’s are the most commercialized integrated optic
systems. Nearly all of the integrated optic devices first realized on L1 NbOj; except
lasers and detectors. Apart from these properties it has a very high birefiringence
which makes it a good material for polarization sensitive devises.*® Another

optically passive materials group is polymers which represents a huge class of
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materials. Among them, poycarbonate which used for compact discs and PMMA
(photoresist) are used for purely passive optical components.® Other poymers
cxhibit a large elctro-optical or nonlinear coefficient, but at the expense of a poor
long term stability. Silicon, which is also optically passive, based technologies are
mentioned in the next section.

Optical waveguides are one of the building blocks of integrated optic
technology. Waveguides have been realized in different types and geometries
planar, circular, rib, ridge, buried etc. In both optically passive and active
materials including those briefly explained here. The loss characterization is
the key step when analyzing a waveguide. The losses of as large as 2-5 dB/cm
for GaAlAs systems, 0.5 dB/cm for LiNbOs, and 0.1 dB/cm for silicon based
optical waveguides are typical.” Apart from being fabricated and analyzed as
a separate devices, optical waveguides are passive components of most of the
integrated optical devices, e.g. in directional couplers, multimode interference

couplers, modulaters, Mach-Zehnder type devices, access components of detectors

and lasers in OIC's, etc.

1.2 Silicon and Silicon-on-insulator (SOI) in
Integrated Optics

Integrated optics on silicon has received great attention especially in the last
decade. A very clear reason may come to mind immediately. That is, since
silicon is the most commonly used material in semiconductor electronics,it is
commercially available in high quality and at low prices. Hence, it is natural
to investigate silicon as a candidate platform for integrated optics. But, why
to have waited until late 1980’s. The answer hide in the latest developments in
silicon materials technology® (other than bulk silicon), first with the emergence of
silicon-on-insulator(SOI) as a platform for both OIC’s and electronic integrated
circuits (e.g. VLSI,CMOS, etc.), second epitaxial growth of silicon based alloys
with tailored optical properties ( SiGe-heterostructures) and doped silicon. There
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are some other technologies such as silica on silicon and siliconoxynitride(SiON)
f:lms. However, they use silicon only as substrate material.

Plasma enhanced chemical vapor deposition (PECVD) or fiame hydroli-
sis(FHD) techniques are used to deposit silica layers on silicon or quartz
substrates. Then the substrates are heated to about 1000 C° to make glass
layers transparent. These silica layers are designed such that refractive index
differences of 0.5-1.5 percent are possible. This flexibility is usefu! for different
applications. That is low refractive index difference is good for low loss devices
whereas, high refractive index difference allows fabrication of bend-waveguides
with smaller radii. The typical waveguide losses in this technology ranges from
0.01 dB/cm for low refractive index difference and large core sizes to 0.07
dB/cm for high refractive index and small core sizes.® On the other hand,
in SiON technology, SiON layers with refractive indices between 1.45 (silicon-
oxide refractive index) and 2 (silicon-nitride refractive index) are deposited by
optimized PECVD or LPCVD techniques on an already deposited th=rmal silicon-
oxide layer on a silicon substrate. Light guides in the SiON layer which has a
slightly larger refractive index than lower cladding (thermal oxide) and upper
cladding (silicon-oxide deposited after waveguide fabrication). Before waveguide
or device fabrication the deposited SiON layers are annealed at an approximate
temperature of 1140 °C. This step is needed to remove N-H bonds which exist
in deposited SiON layers. These bonds cause an infrared absorption and its first
overtone is found at 1510 nm which is very near to the optical communication
wavelengths, 1550 nm. The typical losses for SION based waveguide technology
are 0.1 dB/cm for slab waveguides and 0.2 dB/cm for channel waveguides. One
of the most important advantages of the SiON technology with respect to weakly
guiding materials technologies is that waveguide bend radius as small as 1.5 mm
are possible due to the high refractive index difference between SiON layer and
its cladding.'®

In doped epitaxial silicon based waveguides, guiding is obtained if the doping
level of the epilayer is lower than the doping level of the substrate. However,

these waveguides suffer from high optical losses, waveguide loses in the range of
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15-20 dB/cm have been measured for rib waveguides with epilayers of thickness
between 7Tum < H < 43um and doping levels of a few 10 cm =3 for epilayer and
10'® — 10'° cm~3 for substrate.!! These high losses may be further decreased by
using larger H and a very highly doped substrate, because the main source of the
loss is the substrate absorption. Applying the above statement the optical losses
as low as 1.2-1.5 dB/cm have been achieved.!?

Si-Ge heterostructures can be fabricated by both MBE!® or CVD-growth.!432
Germanium(n =~ 4.3) is used to slightly increase the refractive index of silicon
(n ~ 3.5). For a resultant Si,_;Geg-alloy, ngige =~ ng; + 0.3z + 0.32z% gives
refractive index which is enough for weakly guiding structures. Due to the similar
lattice constants of Si and Ge which both are belong to group IV of the periodic
table, epitaxial growth of thin strained SiGe-layers is possible. Waveguides
on MBE-grown strained Sigg9Geg o1 layer have been fabricated with losses 3-
5 dB/cm at A = 1.3um! and with reduced loss of 0.6 dB/cm on CVD-grown
Si,_,Ge layers.'® The high cost and difficulty in growing of SiGe by MBE and
CVD, lead induffusing of germanium into commercially available silicon. SiGe
is a good platform for photodetector fabrication and these devices have been
integrated with SOI waveguides.!” So SiGe is an important material due to its
compatibility with SOI technology. Most of the integrated optical components
and devices have been realized on the materials mentioned here, we do not
attempt to include all these information here which would be a lengthy task.

Among these silicon based materials, SOI -apart from its promises in future
electronic integrated circuits- has very unique optical properties due to its very
unique structure. It uses pure silicon as its guiding layer and has a large refractive
index difference between silicon( n ~ 3.5 and SiOz(n ~ 1.45). Silicon has very
good optical properties at the optical telecommunication bandwidth (around
1.3x m and 1.55um) and it is fully compatible with silicon electronic integrated
circuit. Since, full replacement of integrated electronics with integrated optics
will probably not happen for a very long time, this compatibility is one of SOI
OIC’s most important advantages over other technologies.

SOI integrated optics technology has developed very rapidly, because it raises
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on the well-established silicon integrated electronics micromachining technology.
So there is nearly no need to establish a new device fabrication technologies.
Like bulk silicon SOI is now commercially available both at high quality and at
rclatively low prices. Although, there are a number of fabrication techniques of
SOI substrate, only two of them has good material properties and hzve succeeded
in becoming commercial, namely Separation by IMplemented OXygen (SIMOX)
trchnology and Bond-and-Etchback (BE-SOI) technology,'® more information on
these SOI fabrication techniques are given in section 3.1.

In last decade optical properties of SOI waveguides have been investigated and
a number of both passive and active(based on electroptic effect) optical integrated
devices on SOI developed. The fabrication techniques are not presented here ,
they are explained in Chapter 3 extensively. Waveguides on SOI was first realized
with relatively high propagation losses then by means of advanced fabrication
techniques this value come to 1 dB/cm, and then to 0.5 dB/cm, &nd finally to
0.1 dB/cm using large cross-section SOI rib waveguides.!®* Typically, the losses
around 0.5 dB/cm are obtained provided that silicon top layer is larger than 4
um and waveguides are designed to be single mode. Also the dependence of
propagation loss on the thickness of insulator (Si0,) has been investigated.?*

Apart from optical waveguides, a number of SOI guided wave optical devices
and circuits (SOI-OIC’s) have also been demonstrated. Some examples are
integrated 3dB directional couplers with excess insertion loss (that is chip loss)
of 1.9 dB,* 5x9 star couplers with loss of 1.3 dB,?6 asymmetric Mach-Zehnder
type wavelength filters with -18 dB crosstalk?’” and waveguide interferometers
based on electroptic effect?(low eloctrooptic response of the silicon enhanced by
ion implantation), optical switches based on thermoptic effect?*3® with 5 us rise
time and 150 mW switching power®® and low-loss multimode couplers.®

The ultimate purpose of this effort of which this work is only the first
part, is the development of a library of low-loss silicon-on-insulator (SOI)
optoelectronic devices. To reach this goal, SOI waveguides(singe and multimode),
directional couplers and MMI couplers have been designed, simulated, fabricated

and characterized to some extend so far. This thesis work summarizes
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the fundamental physical theories behind these optical integrated devices in
Chapter2, describes the each fabrication step in Chapter3 and explains the

measurements and presents results in Chapter4.



Chapter 2
Theoretical Considerations

As was stated earlier, the optical waveguide being the integrated optics
counterpart of the metallic interconnects in integrated electronics, is the
fundamental component of dptical integrated circuits. So it is necessary to
analyze the optical waveguide before we try to study optical integrated devices.
In this chapter, the slab waveguide and single mode waveguide at the beginning
and is discussed first, then optical directional couplers and multimode interference
(MMI) couplers are treated.

Light propagates in an optical waveguide in the so-called optical modes
according to wave optics. In its simplest meaning, like its counterparts in many
other physical situations, modes are the different ” ways” of propagation of optical
energy in a waveguide. These modes, can be differentiated from each other by
spatial distribution of optical energy in the waveguide, the propagation constant
and the orientation of electric and magnetic fields (polarization) of the each
mode. An optical waveguide can support a definite number of modes at a specific
wavelength, the waveguide is called a single mode waveguide if only one mode
is supported, and a multimode waveguide if more than one mode is supported.
The number of modes for an optical waveguide is determined by its refractive
index distribution, that is the refractive index values of materials making up the
waveguide, and the waveguide geometrical dimensions.

Wave optics is the most important tool of the integrated optics but not
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the only. Ray optics (geometric optics) which assumes that light travels in
straight lines ,is also useful in analyzing the optical waveguide. Ray optics is
used whenever it is applicable and it is an approximation of the wave optics
in the limit of small wavelengths and/or large waveguide or device dimensions,
especially when the waveguides are multimoded.

Since we mainly deal with single mode waveguides which are very small in
dimensions, wave optics will be used in most of the following sections. A brief
summary of ray optics will also be given since the planar (slab waveguide) optical
waveguide, which is the first step in understanding of the waveguide theory, can

also be analyzed by ray optics.

2.1 Analysis of Optical Waveguide

Being the simplest of waveguides, it is logical to analyze the slab waveguide first.
Slab waveguides are very good models for studying more general types of optical
waveguides. Slab waveguides are dielectric slab films.

M “ -f- "

Figure 2.1: Slab Waveguide Structure

As is seen in Fig. 2.1 , in general, it has a minimum of three different layers.
For guidance of light, n/ (refractive index of guiding film) must be larger than
ric(refractive index of cladding layer) and  (refractive index of substrate layer).
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ny > ng 2 ne. (2.1)

When ng=n,, the slab waveguide is said to be symmetric and antisymmetric
c herwise, n; # n.. So the symmetric waveguides are special cases of
zntisymmetric ones.

Since, the slab waveguide is an optical waveguide, all the rules apply to it.
The slab waveguide supports a definite number of optical modes, and at least
cae if it is symmetric. These modes can be found by applying the boundary
conditions to Maxwell’s equations. However,the same modes for slab waveguides
can be found by using ray optics concepts which has a relatively easier procedure.

In ray optics, it is assumed that a light ray in a homogeneous optical medium
follows straight paths. Light changes its path after passing from one medium
to another with different refractive index, and the paths in different media have
a relation between them through the well known Snell’s law. The Snell’s law
relates the angles with respect to the normal to a dielectric interface that a beam
forms when passing through the interface. For guiding of light, rays should be
confined in the middle layer of the slab waveguide and this is only possible when
total internal reflection (TIR) occurs. TIR happens when the angle of incidence
is smaller than the so called critical angle of TIR. Light rays having angles of
incidence smaller than this critical angle will be confined (see Fig.2.2). When the
phase information of the light rays having multiple reflections on the interfaces
is brought into picture, it is seen the only light rays which are incident at some
specific angles are guided. -

On the other hand, in wave optics, all analysis start with solving well
known Maxwell equations for a source free (p=0, J=0 ), linear (e and p are
independent of E and H ) and isotropic medium. Maxwell equations are strongly
coupled. They can be decoupled through a standard procedure of creating a

single second order differential equation. This procedure when applied to the

Maxwell equations leads to

V3 — pe— =0 (2.2)
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Figure 2.2: The Light rays in a slab waveguide; for confined (a) and not
confined(b) light.

the wave equation and tp stands for either of E or H.
Now we can solve, the wave equation for the slab waveguide in Fig. 2.1. The

parameters are chosen such that n/ > nj > Ucand the guiding layer has thickness
h. To make the problem simpler, rectangular cartesian coordinate system can be
utilized. s always chosen to show propagation direction. There are two cases
emerging from geometry, either E ov H is parallel to the layer interfaces, which
define either TE or TM polarizations respectively as shown in Fig.2.3.

(TEPolarization) - (TMPolarization)
" m. S e

V.

Figure 2.3: TE and TM polarizations in slab waveguide
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Also, TE and TM polarizations are preserved as the light propagates in z
direction and undergoes reflections with respect to the rectangular cartesian
coordinate system. The analysis will be done for TE, and can be similarly done

for TM. In TE case, E only has E, component and the electromagnetic radiation

have the following general form,

E(z,y,2,t) = E(z, y)e't=F? (2.3)

where 3 is the propagation constant in z direction. It is also called the longitudinal

wavevector. w is the angular frequency given in terms of c, the speed of light and

A. the wavelength of electromagnetic wave as,

2me
= —— 2.4
w== (2.4)
Then the wave equation, Eqn. 2.2 for E, can be written as scalar wave
equation: '
V?E, + k¢n*(z)E, =0 (2.5)
here n(x) is given as
N x < —h
n(z)=4¢ ny 0>2>—h (2.6)
Ne z>0
and kg as
2T
ko= — 2.7
o=2 (2.7

E., has no y dependence, since the slab waveguide is infinite in y direction. So,

E, can be written using Eqn. 2.3 as

E,(z,z) = E,(z)e"* (2.8)

Substitution of Eqn. 2.8 into the scalar wave equation (Eqn. 2.5), gives
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0?’F,(x ) ,
3;2( ) + (kin(z) = B°)E, =0 (2.9)

The solution to the Eqn. 2.9 changes according to sign of the value inside the

parenthesis. The cases are,

E,(z) = EpetVP*-Rn’s if 85 kin (2.10)
and
E,(z) = Epe™VEr =9’ if B < kon (2.11)

where Ej is the field amplitude at x=0. The solution given in Eqn. 2.10 has a
real exponential form and to be physically meaningful the solution with minus
sign is chosen , which leads to a negatively decaying solution. The other case

gives an oscillating solution. Two new coefficients are defined which are useful to

understand the physical processes in the two cases. They are

Attaneuation Coeflicient, =/B? - kin? 1 > kon
Y B 0 f B 0 (2.12)
Transverse Wavevector, k= ,/k3n2— 2 if B < kon

The two cases are visually compared in Fig.2.4 according to both ray optic and

wave optic approaches.
As seen clearly in the Fig. 2.1, for guidance or total internal reflection to take

place, the condition of the Eqn. 2.1 can be restated as

kons < B < konf (213)

Then the general solution of E, for the slab waveguide can be written in either

oscillatory or decaying waves according to Eqn. 2.13,

E, = Ae~%= z>0
E, = Bcos(kysz) + Csin(ksz) —h<z<0
E, = De@+h z < —h

(2.14)
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Figure 2.4; A schematic of light in the slab waveguide as waves and rays.

where the coeiRcients A, B, C and D will be determined from boundary
conditions. There are two boundary conditions to be satisfied. Tangential E
and H must be continuous at the interfaces. The first condition says Ey will be
continuous. Utilizing Maxwell equations and the constitutive relations to find an

e.xpression for the continuity of the tangential H results in

H, = E’axy (2.16)
Applying these conditions will give us the coefficients in Eqn. 2.14, but instead we
will find a more fundamental relation. After a few manipulations and applying
the boundary conditions gives the so called the eigenvalue equation for /3 for TE

polarization.

tanfhkf) - €T P (2.16)
«/(1 -

The above equation is also called the characteristic equation of TE modes of a
slab waveguide. Eqgn. 2.16 is a transcendental equation and it can only be solved

numerically or graphically.
Setting the problem for TM case and using the same procedure yields a

relation, Eqn. 2.17, which is somewhat different;
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rUf _lr_l}
+ TifT
tan (%) — e 2.17)
K TcTs

These complex looking equations are simplified for the special case of the
symmetric waveguide. The eigenvalues of these eigenvalue equations, /3te and
Ptm can be found for a slab waveguide with a definite thickness h and index
values for its layers using either a numerical or graphical software in a personal
computer. A simple example computation result using a graphical software is

given in Fig.2.5.

Figure 2.5: TE modes in a SOI slab waveguide with thickness of 1 /tm.

As seen in the example given in Fig.2.5 the waveguide confines a definite number
of modes. This corresponds to existence of a definite number of eigenvalues of
eigenvalue equation for /?, and a definite number of light rays traveling at different
angles in the waveguide.

The number of modes, m, can be determined after plotting the eigenvalue
equation, the number of nodes are equal to the number of modes supported, but

there is a simple approximate formula as well:
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hk(nfc — n2)l/2
T

] (2.18)

m = Int|

This is an approximation only and in general good, when m is large. This equation
g:ves important results. The number of modes that a waveguide confines increases
as the difference between the refractive index of the guiding film and the substrate
ar.d the thickness of the film, h, increase. The numerator in the Eq. 2.18 is
called the normalized frequency of the waveguide. This value is generally used
to designate a waveguide. The number of modes is a key concept in design
of waveguides and waveguide devices. If a signal with a narrow bandwidth is
la:anched to a waveguide with m larger than one, the signal will be distributed
over all modes and since light moves with slightly different speeds in different
. odes, the signal will have larger bandwidth after some distance. This effect will

decrease the rate at which the signals can be sent. The single mode waveguide

ccmes as an answer for this problem.

2.2 Single Mode Waveguide and Single Mode

Condition

The slab waveguide is easy to analyze and useful to understand the basic concepts
of optical waveguides. However, it has no lateral confinement and this reduces the
number of applications where it can be used. The alternatives are circular fibers
and dielectric rectangular waveguides. The fibers are not compatible with planar
processing technology, such as planar chips, which are backbones of integrated
electronics. The slab waveguide can be laterally confined and resulting structure
is zhe so called dielectric rectangular waveguide. The rectangular waveguides may
have several geometric shapes to establish the lateral confinement namely, rib
waveguide (Fig.2.6a), ridge waveguide (Fig.2.6b), channel waveguide (Fig.2.6c)
and diffused waveguide (Fig.2.6d). Rib and ridge waveguides have the same
shape, that is the top dielectric layer has a rib, the difference between them is

that the guiding layer in ridge waveguide is the layer under the rib layer whereas
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the rib layer functions as the guiding layer for rib waveguides.

AL o |

c) Channel d) DifTused

Figure 2.6; Types of rectangular dielectric waveguides

The SOI optical wavegqgide we designed, fabricated and characterized in this
work is a very good example of the rib waveguide type. The mode analysis of the
rectangular waveguides (i.e.: of the SOI waveguide) is a bit cumbersome and exact
analytical solutions can not be so easily found, instead, some simplified analytical
results based on the solution of the wave equation are further corrected by some
perturbation techniques. What is actually needed are some simple methods
which will be useful for design purposes. There are two waveguide design tools,
namely effective index method (EIM), which is an relatively easy method to apply
and useful for most of the design purposes and the beam propagation method
(BPM), which is a numerical simulation method and not an approximation to the
analytical solution. The SOI rib single mode waveguides were designed applying
EIM, then BPM were also used for verification.

A rectangular waveguide can be analyzed in two dimensions (x and y) as
seen in Fig.2.7. The effective index method comes into picture at this point, it
divides the 2D problem into two ID problems (slab waveguides for which the
exact solutions are straightforward).

In this method the rib waveguide is divided so that three slab structures are
formed as seen in Fig.2.7. The propagation constant, j3, for the guiding mode

of interest and wavelength are calculated from the eigenmode equations of the
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Nef Nef neffl

Figure 2.7: EIM analysis of a rib waveguide

slab waveguide for the two slab waveguide structures. Then the effective indices

{n"fi and neff2) are calculated for each structure using,

neff — ! (2.19)
ko

Then, using these effective indices an artificial slab waveguide structure is formed
as in Fig.2.7 and calculation of the ~ is repeated for this structure using Eqn. 2.19
The resulting effective index is the effective index of the original rib waveguide.
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also. It should be noted that in solving the eigenvalue equation for the artificial
siab waveguide structure which has n.ys, as the guiding film refractive index and
n.sp1 as the refractive indices of cladding and substrate , the initial polarization
of the light is replaced with its orthogonal counterpart.

It had been generally assumed and thought that a single mode rib waveguide
is possible only with the same dimension (height) as a single mode slab waveguide
of the same material. Such an approach yields ineffective rib waveguides. Single
mode slab waveguide in a SOI structure is obtained with waveguide heights
smaller than 0.3 um which can be verified using approximate relation given in
Eq. 2.18. So, any SOI slab waveguide with height larger than this value would be
multimode, in reference(3!) SOI slab waveguides with heights ranging between 0.5
and 2 pum were examined experimentally and all were found to be multimoded.
Rib waveguides with such small dimension would result in high coupling losses
between the waveguide and a single mode fiber which have dimension of 9 ym. On
the other hand, at the beginping of the 90’s, it has been shown that single mode
rib waveguides are possible with large cross section that is dimensions comparable
with that of single mode fibers.3?

For the rib waveguide in Fig.2.7, the single mode condition which relates

vertical and horizontal dimension of the waveguide by facilitating EIM can be

stated as
t<c+ 2.20
1-—172 ( )
for
r> 0.5 (2-21)
where

g Werr_ hepy
Hess - Heys

heff =h+q  Heyp=H+q
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29 c Ye

2%e
Weff =W+ === ¢ = +
ky/n% — n2 k\/nfc —n2 k\/n} — n?

and

Ye,s = 1 for TE modes

2.22
’)’c,s=(%f)2 for TM modes (2.22)

The relation in Eq. 2.20 leads to single mode propagation in horizontal (lateral)
direction while Eq. 2.21 ensures propagation of only one mode in vertical
(transverse) direction by avoiding deep etching of the waveguide. The constant
c is given as 0.3 in the reference (*?) which was found from an approximation to
a BPM numerical solution. However, it has been recently stated that ¢ values of
0 or -0.05 give better single mode condition for rib waveguide design purposes.3®
These latter constants put more restriction on the single mode condition and
ensures realization single mode waveguides in fabrication.

Using single mode conditions given above is not very practical when
fabricating waveguides. So, we have reorganized the relations for definite rib
heights, H, which is fixed with the silicon top layer for the SOI structure and
obtained a plot of controlled fabrication parameters, waveguide width, w and
etch depth, e (see Fig.2.8). These are the H values of the SOI structures we used
in realization of the devices presented in this work. The areas remained under
the plot lines defines the single mode region and the rest remains as multimode
region, also due to Eq. 2.21, etch depths can not exceed half of the H values.

Actually, the rib waveguide treatment can be made more realistic by
considering the sloped walls formed during chemical wet etching. In this
treatment, the sloped edges can be approximated by a staircase function of
definite number of stairs, and the eigenvalue equation is solved and cut off widths
are calculated by the help of an computer program,3* in an effectively long and
complex manner. Our SOI waveguides are also fabricated by an wet etch process
which yields sloped walls of 54.7°, but we prefer to use the EIM analysis explained

above, due to its reasonable accuracy and practical simplicity. The single mode
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Figure 2.8: Single Mode Condition for rib waveguides with H=3,4and 5 um.

condition will be compared with the BPM simulations and experimental results

in Chapter 4.

2.3 Loss in Optical Waveguides

Integrated optical devices are designed to have low power consumption, high
speed, size compatibility, low cost, and low loss. Low loss or low attenuation
may be the most important concept among all. Characterizing a waveguide
means loss measurement after mode analysis of the waveguide. Light reduces
in power as it propagates in the waveguide. Power decrease is due to several

mechanisms. Power loss in a waveguide is expressed in terms of dB/cm where
dB is defined as;

Pin
P out
The well known definition, 3dB means FP,,; = 0.5P,, and so on.

Power(dB) = 10log1o(—=—) (2.23)
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2.3.1 Optical Waveguide Loss Mechanisms

Scattering Losses

Two types of scattering losses are under consideration, volume scattering and
surface scattering. The former, volume scattering, depends on the number
ar.d relative size of imperfections in waveguide material with respect to light
wavelength. These imperfections are voids, crystalline defects and contaminant
atoms. These imperfections are generally smaller than the wavelength and smaller
in number, so volume scattering is not a main scattering mechanism for SOI
optical waveguides.

Surface scattering can be an important source of loss and should be reduced
during fabrication. Since, light reflects many times from surfaces of a waveguide,
it has been showed quantitatively that the surface scattering loss depends on
ratio of the roughness of the waveguide surfaces to the wavelength directly, and
the waveguide thickness and the amount of the tail of the evanescent field. In
the case of the SOI rib waveguides the roughness of the buried SiO, layer, the
thickness variation of the top silicon layer and the roughness of the walls of the
etched rib are the points to be considered. The first two are related with the
fabrication of the SOI substrate and they are results of the optimized commercial

technologies. The last is related with the etching of silicon during fabrication

process, which was our first task to deal with.

Absorption Losses

This is a mechanism which is mainly important for semiconductor waveguides
and is no so important in amorphous thin films and in crystalline ferroelectric
materials. Band edge absorption and free carrier absorption are the two types of
absorption loss mechanisms that are dominant in semiconductor waveguides like
SOI waveguides.

Photons with energy greater than the bandgap energy is absorbed in
semiconductors, and the energy of the photon leads valence electrons to be excited

to the conduction band. This is a very strong effect. Silicon has a indirect band
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gap with 1.1 eV (0.9 pm in wavelength). So, we do not have to worry about this
loss mechanisms since the wavelength employed in the telecommunication are 1.3
and 1.55 pm, well apart from the band gap of the silicon.

Free carrier absorption is intraband absorption. A photon gives its energy to
an electron in the conduction band exciting it to a higher energy level. This effect
is strong when the number of free carriers (electrons and holes) is large. This
absorption can be eliminated by utilizing substrates with low doping levels. Low
doping levels means small number of free carriers and this means high resistivity.

We eliminate this effect for SOI waveguide using wafers with silicon top layers

having high resistivity.

Radiation Losses

Actually, the scattering loss is also a radiation loss, that is guided light is somehow
leaked into either substrate or cladding and not guided anymore. However,
radiation loss is the loss taking place when the waveguide design is near or beyond
cutoff. Well confined single mode waveguides do not suffer significantly from this
loss mechanism. However, it is important for multimode waveguides and bending
waveguides. In case of SOI rib waveguides, radiation losses are not so significant
as long as the waveguide is designed as a single mode waveguide away from the

cutoff and the input light is well coupled into the waveguide facet so that slab

modes would not be excited.

2.3.2 Measurement of Optical Waveguide Losses

To measure the loss, the simple and straightforward way is to input some light
with known optical power .into the one facet of the waveguide and measure the
optical power at the other facet of the waveguide. Some problems arise when this
method is applied. First of all this is not an efficient way for the loss measurement
of slab and other multimode waveguides, since individual mode losses can not
be determined by this method. Prism-coupling loss measurement technique is

preferred for multimode waveguides since it allows measurement of loss for each



CHAPTER 2. THEORETICAL CONSIDERATIONS 25

mode.? Another problem is that the losses at the input and output ports during
coupling can not be known exactly. Despite its drawbacks, this technique is used
for determination of losses in single mode waveguides. There are two ways of
applying this technique called end-fire coupling(and/or but-coupling) and Fabry-

Parot resonance techniques which are explained below.

End-Fire and Butt Coupling

In end — fire coupling technique, which is the simplest of all, the light with
a known wavelength and optical power is focused into cleaved or polished
input face of a waveguide using a microscope objective and the transmitted
power is measured at the output port. This measurement is repeated for a
large number of waveguides having different lengths, but otherwise identical.
This task is accomplished by starting measurements with a relatively long (e.g.
several millimeters ) waveguide sample then repetitively shortening the sample
by cleaving, or cutting and pélishing and measuring these new waveguides with
different lengths. The most important problem of this technique is with alignment
which should be optimized for each waveguide - microscope objective pair by
maximizing output optical power. Then the logarithm of relative transmission is
plotted with respect to waveguide length. The plot is a straight line and its slope
gives loss coefficient. This technique is effective for the single mode waveguides
which can be easily cleaved to optical quality.

Instead of focusing light by a microscope objective an optical single mode fiber
can be butt coupled into the waveguide face. The technique is called butt coupling
in this case. End-fire coupling is better than butt coupling because alignment
can be easier and better optimized by focusing light with an microscope objective
into waveguide facet than directly butt coupling an optical single mode fiber of
diameter nearly 9 um to a waveguide facet of size about 3x3 um?2. All the other

procedures for measurement and data analysis are the same for both techniques.
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Fabry-Perot Interferometer

If the waveguide for which the loss to be measured has optically cleaved
facets, it can be considered as a microscopic Fabry-Perot interferometer with
facets as the partially transmitted mirrors of the interferometer. Interference
pattern is constructed when the phase of the propagating light in the Fabry-
Perot interferometer is changed. Optical phase change in a waveguide can be
accomplished in two ways, by either increasing waveguide sample temperature
by a few degrees or changing the wavelength of the input light continuously .
The second way is relatively easier if a temperature tuned distributed feedback
(DFB) laser is used. When applying this technique the same setup as in the
end-fire coupling technique is used, except the output of the detector should
be visualized graphically to identify the minimums and maximums of the fringes.
An oscilloscope or an computer connected optical powermeter or even multimeter

would help.
The ratio of the maximum transmitted optical intensity to minimum intensity

can be defined as

o —alLy2
Inoz _ (1= Re™™”) (2.24)

Inin (1 — Re—ol)?
in terms of the facet reflectence, R, loss coefficient, oz and waveguide (Fabry-Perot

cavity) length, L. Defining this ratio as . the loss coefficient can be stated as

—~ —Ll—ln[Rj_ij i ] (2.25)
Using the Eq. 2.25, the optical loss for a waveguide can be determined in one
measurement if the facet reflectance is known. In practice the same optical quality
can not be repeated in each cleavage of a waveguide sample so the reflectance of
the facets can not be known exactly. In that case, the same procedure applied in
end-fire coupling technique can be emplo_ved here. That is, measuring maximum
and minimum intensity for waveguide samples with the same features except
different lengths. Then, 10log[(1 + /«)/(1 — v/)] which has dimension of dB,
versus waveguide length is ploted. This plot will be a straight line. The slope
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gives optical loss coefficient and extrapolated value to L=0 defines reflectivity of
facets.

These techniques can be utilized in optical single mode waveguide loss
characterization as long as their limits are considered. Fabry-Perot interferometer
technique should be preferred if the waveguides can be cleaved to optical quality.
Siuce it gives directly the total losses explained in this section earlicr. This
total loss is called propagation loss. The end-fire coupling gives a loss value in
which the so-called insertion loss is included. The insertion loss arises from the
mismatch between waveguide modes and the light at both input and output ports.
This loss has nothing to do with the waveguide material or fabrication quality
and it depends on the size of the waveguide, quality of cleaving or polishing and
the optimization of the alignment. In the literature end-fire and butt coupling

have been reported to be used in SOI waveguide loss characterization mainly.

2.4 Optical Waveguide Directional Couplers

Optical tunneling is responsible for the coupling of optical power from one
waveguide to an other one. The device composed of this pair of waveguides
is called a waveguide coupler in general and directional coupler if the power
exchange happens in a coherent fashion so that the direction of propagation does
not change. Directional couplers are one of the fundamental waveguide devices
used in integrated optic circuits. They have been used in circuits designed for
power splitting, modulation or switching of light signals, wavelength filtering and
polarization selecting.

A directional coupler consists of two identical waveguides very closely placed,
as in Fig.2.9. The light incident at input of one of the waveguides couples to the
other as it propagates and full coupling of the optical power is possible for long
enough coupling length.

In integrated optics, coupled mode formalism is used to treat directional
couplers. Coupled mode theory is the theory describing the power exchange

between all the optical modes. What happens when coupling occurs is that the
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Figure 2.9: Schematic layout of a directional coupler

electromagnetic field of waveguides in a directional coupler is not ideal anymore
when there is light propagating in adjacent waveguide. Rather it is perturbed
by the evanescent tail of the) adjacent waveguide. The coupled mode theory
describes this perturbed field by superposition of unperturbed or ideal modes
of the waveguide. The basic coupled mode theory is based on the scalar wave
equation. The advanced couple mode theories based on vector wave equation is
still a developing topic. What is computed at the end is coupling coefiicient, k,
for a definite directional coupler design. Knowing k, the exact coupling length
can be determined.

We will demonstrate the coupled mode theory approach for a directional
coupler with rib waveguide structure, but the results can be applied to directional
couplers with other rectangular waveguide structures by only replacing the
refractive indices shown in Fig.2.10 with appropriate ones for each.

This coupled mode approach is also known as degenerate mode coupling, since
both waveguides(A and B in Fig.2.10) have the same transverse and longitudinal
wavevectors, &, Ky and propagation constant, 13 The electric fields in waveguide

A and B are

EA{xX,y,z) = Acos{Kyy + ()y) cos{kx/2{x + (w + @)))e (2.26)
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Figure 2.10: Cross section of a rib waveguide directional coupler(a) and its EIM
counterpart(b)

EB(X,y,z) —B cos(Kjjy + (py) cos{kx/2{x - {w +@g)))e (2.27)

Now, the perturbation made by the evanescent tail of the mode of waveguide A
in waveguide B, which is called polarization perturbation, can be written as

Ppert{x,y,z) = €o{nlff*{x,y)-nlff2)EAix,y)
(2.28)

Only the modes in the same direction will couple to each other, that is there
will be no coupling to the backward mode of the waveguide B. Therefore, the
amplitude equation of motion will be given in terms of forward mode of B as

[
N\
20] dP Js £b (SN y"PpertdS
i) foo

AQ{nIffi{x,y)-nlff2)sB{xy)

‘00

dz

+ c.c.)dxdy
= + ccC. (2.29)
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where , the coupling constant, is defined by the integrals and all the constants.
There is also a relation similar to the one in Eq. 2.29 for the coupling from

waveguide B to waveguide A. These both relations reduces to

0A .
52;‘ = —ikB (230)
0B :
i —ikA (2.31)

since exponential terms cancel out for the same [’s. These are strongly

coupled differential equations and must be solved simultaneously. Substitution

of derivative of Eq. 2.30 into Eq. 2.31 results in

8%A
52:7 = —/6214 (232)

a second order differential equation, which can be easily solved for initial

conditions, A(0) = 1 and B(0) = 0 to give

A(z) = cos(kz)
B(z) = —isin(xz) (2.33)

As seen in Fig.2.11, the total power goes back and forth between two

waveguides and the driven field (waveguide B) always lags 90°. Using the results

in Fig.2.11 gives L as

T qm
L=— 4+ 2.34
2K + K ( )

then complete energy transfer happens if q is integer, and the length for q=0
is called coupling length and represented by L.. ¢ values other than integers
produce couplings between 0 and 100 percént. k and L. strongly depends on
g,the gap between waveguide pairs, w, the width of waveguides H, the waveguide
(rib) height, h, the waveguide slab height and the refractive index difference

between guiding layer and substrate.
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Figure 2.11; The pol\yer exchange between waveguide A and B

Coupled mode formalism is not practical when a directional coupler is
designed. As can be seen in the Fig.2.9, waveguides must be bend apart to
decouple them at the output. As practical coupling also takes place in this
region they bring further complexity to the analysis. They cause radiation
loss(as stated in previous section) and change the effective coupling constant
and Lc- For this reasons beam propagation method(BPM) has been used in
our directional coupler analysis. A commercial BPM based computer program,
named BeamProp has been used to simulate directional couplers. An available
mask design was applied to some SOI single mode waveguide structures, then
coupling lengths were deduced from these simulations. Simulation results will be
given along with optical measurement of fabricated couplers in Chapter4.
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2.5 Optical Multi-Mode Interference (MMI)
Couplers

Multimode interference (MMI) couplers are based on the self — imaging
property™ of multimode waveguides by which an input field profile is reproduced
in single or multiple images at periodic intervals along the propagation direction
of the input field. A MMI coupler or power splitter is composed of an central
multimode -waveguide that can support a large number of modes (typically larger
than 3), N input and M output access waveguides which are usually singlemoded.
This is why these devices are also called as NxM M M | couplers. Some examples
of MMI couplers are presented in Fig.2.12. MMI couplers have been strong
alternatives for its competitors, directional couplers, adiabatic X and Y junction
splitters and diffractional star couplers with their high tolerance to polarization
and wavelength variations(higfi bandwidth), acceptable fabrication tolerance, low
access losses and ability to split light to ports of any number.

Figure 2.12: Some MMI coupler examples

Self-imaging has been known and studied for a relatively long time/®
However, the realization of MMI couplers have been started since the beginning of
90s”® Several analytical analysis methods of the MMI efliect and couplers based
on this effect are available. However, we have made use of a mode propagation
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method based on effective index (2D) approximation which is explained in detail
inreferenceUsing results of this method as a starting point, we designed the
MMI couplers to their final version using BPM simulations. A brief summary of
the method will be discussed for the sake of the completeness. The detail of our
MMI couplers mask design with their BPM analysis results will be presented in

Chapter 4 where the results are compared with measurements.

WMMI WMMI

Figure 2.13: Lateral modes in a multimode waveguide with metal(a) and
semiconductor(b) walls

For mode propagation analysis, modes of the multimode waveguide should be
determined. For a multimode waveguide of width ridge refractive index, M
and cladding refractive index , ng there are m lateral modes at the wavelength
Ag The dispersion equation for these lateral modes can be written as

K1 +71 = kfn2 (2.35)

for which VXU is defined as the lateral wave number for mode u and can be find
by assuming metal MMI walls. As seen in Fig. 2.5a, metal walls require the fields
vanish at the boundaries, which result in standing waves with u nodes for the

mode u. From the examples in Fig.2.13a, we can write
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2Wrnr
Agy = ——- 2.36
(v+1) (2.36)

and using the equation for wavevector(Eq. 2.7), we get k, as

(v+1)m

—_— 2.37
Warmr (2:37)
and ko as given in Eq. 2.7. Actually, Wy should be replaced by W, which

is the effective width which takes into account the lateral penetration of each

mode (see Fig.2.13b), because our multimode waveguide is not an metal one

kxu =

but is a semiconductor waveguide. However, for high contrast waveguides (large
refractive index difference), W,, can be approximated as Wy = Wy, Then,

propagation constant can be written as
v+1)2rA
rlmh (2.38)

using binomial expression. Now, the beat length, L, which will be important in
MMI coupler design, is defined as
. (2.39)

T B—B T 3N
so the propagation constant differences are

Ly

v+ 2)m
Bo= By = —7—— I (2.40)

An input field ¥(z, 2 = 0) into the multimode waveguide will be decomposed

into all the modes, so that

¥(z,0) = 3 Cuth(z) (2.41)

If the input field is so narrow that no unguided modes are excited, ¥(z, 0) can be

expressed as the summation of only guided modes. The field profile at a distance

z can be given as

Y(z,z) = mZ—Ol Co, (z)expli(wt — B,2)) (2.42)
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then writing 5, as an common factor using Eq. 2.40 and dropping it and time

dependence lead to

m—1
¥(x,2) = Y Cuih(x)expli(3 — B.)] (2.43)
v=0
Using the Eq¢s. 2.40 and 2.43 the ﬁeld profile at z=L is

m-—1 I/(I/ + 2)/-.

¢¥(z,L) = Zo C’,,w,,(a:)exp[iTL] (2.44)

It is possible to find some L values for which the field profile is the same as of
the input field. A quick glance to the Eq. 2.44 shows that when
v(v+2)T v
expli5 Ll =1 or (-1) (2.45)

the field at z=L will be an image of input field. The corresponding length,

L =p(3L,) (2.46)

in which p is an integer, gives the distances for direct images of the input field for
even p’s and those of mirror images for odd p’s. Similarly, the lengths at which

multiple images formed can be determined to be between the direct and mirrored

image lengths. The N-fold image is formed at

p
L=L(3L,) (2.47)

for an MMI coupler based on general interference.

The discussion made so far has not put any restrictions on excitation of the
modes in the multimode section of MMI couplers and this is called general
inter ference. But some different results appear when restrictions on the input
come into picture. In this case, this is called restricted interference, which has
two types: paired and symmetric interference. In paired interference case, modes
numbered by 2,5,8... are not excited. This is accomplished by careful positioning
of input waveguides. Only 2xN MMI couplers are possible by paired interference

with N-fold image forming at
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L= !E(L,,) (2.48)

N
where p and N should be integers with no common divisor. It is clearly understood

that lengths are shortened by three times as compared by lengths of general
interference. In symmetric interference case, upon which only 1xN MMI splitters
can be designed, on the other hand, only even modes are excited. N-fold imaging

occurs at even shorter distances which is given by

p,3
= v (zLn) (2.49)

with p and N defined as integers only. 2xN and 1xN MMI couplers can also be
realized upon general interference but with longer imaging distances. However, no
restriction on excited modes exists for general interference, devices function with

any input field(symmetric or antisymmetric) profile and any off-axis injection of

input field.

2.5.1 Important Issues in Design and Characterization

There are some practical points which should be emphasized about design of
MMI couplers. First of all the interference type used for the design is decided.
For general interference case, input waveguides can be put anywhere and by
careful adjustment the output can be optimized. There is no such a flexibility
for restricted interference case. In this case the input waveguides should be
symmetrically placed so that only the required modes are excited, there is
not much tolerance for mistakes. It should not be forgotten that arrangement
for restricted interference may lead to larger multimode waveguide widths and
therefore longer MMI lengths than general interference which is the case for the
2x2 MMI couplers.

Fabrication tolerances refers to the flexibility of the device to the variations
of the geometrical shape. On the other hand, operational tolerances is related

with the variations in wavelength and shape of the input field, polarization and

refractive index. The approximate relation
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2
TNW,
0L ~ i 0 (2.50)

gives the length change which would lead approximately 0.5 dB loss.3” Here

the new parameter, wp, is the waist of the input Gaussian beam and it can be
approximated by the width of the input waveguide. The other parameters of

the both fabrication and operational tolerances are related to §L through the

relation3®

oL

L W DY
So, high tolerance in length needs wider access waveguides, this result has lead
the use of the tapers at the end of the access waveguides.?® Also high operational
tolerances are possible if shorter MMI lengths are used.

Imaging quality, which defines how well the images are formed at the output,
is another criteria for a MMI. coupler design. The images should not be much
wider than the access waveguides. The resolution of the MMI couplers can be
estimated and it is related to the highest supported mode (m) in the multimode
section. The resolution which defines minimum reachable image width, is
approximately Wjs/m. So the deeply etched waveguides, that is those with high
1ib height, will have narrower images due to their higher lateral refractive index
difference which leads to confinement of larger number of modes.

Another important issue which should be considered is the possible
reflections due to the walls of the multimode section between output
waveguides. These reflections may be a problem if the MMI coupler is used for a
specific application. These reflections are larger when there is high contrast and
the length is not optimized. Using tapers may help in this issue.

When a MMI coupler is characterized insertion loss, inter balance and phase
of the images are the issues to be considered. These parameters are better for an
MMI coupler in general when compared with a directional coupler. Balance and
phase parameters are determined by comparing any of the output image with
another output image. Balancing is defined by IOIog}’—;; with P; and P; are field
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intensities of the " and j** output images respectively. The unit is in dB and

balancing is better when it is closer to zero.



Chapter 3

Material Properties and Device

Fabrication

In this chapter, all the steps of fabrication of SOI integrated optical devises
presented in this work are described in detail. Also some SOI wafer fabrication

techniques are mentioned. This is needed because the techniques used in wafer

fabrication directly affect the device performances.

3.1 SOI Structure and Wafer Fabrication Tech-

niques

Silicon-on-insulator (SOI) material structure can be defined as a relatively thin
silicon(n ~ 3.5) top layer separated from a thicker silicon substrate by a thin
insulator which is SiO, (n ~ 1.45) in general, as seen in Fig.3.1.

SOI does not mean that the insulator is always SiO,. There has been another
SOI material which is known as silicon-on-sapphire (SOS). The idea to separate
a silicon layer from the substrate has started with SOS since 1960’s. SOS is not
so good due to its poor material properties, high defect density in silicon films
and the high dielectric constant of sapphire limiting device performances.

The point is to make use of the SOI structure while having the active silicon

39
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Base ‘Silicon

Figure 3.1; A picture of SOI structure

fabricated with the same quality as bulk silicon. The criteria needed to be better
in SOI fabrication are defect density, layer interface and silicon surface roughness
and thickness uniformity. These have been the categories in which different SOI
material fabrication techniques compete. Since the use of Si02 as an insulator
was started, several techniques have been developed and utilized for realization
of SOI material most of which have remained only as a research interest. Among
these, growing single-crystal silicon films on Si02 using lateral epitaxy by seeded
solidification’ ®deserves to be cited. However, it does produce SOI material with
properties even worse than SOS. The winners of the competition. Separation by
IMIlimanted OXygen (SIMOX) and Bond and Etch-back (BESOI) technologies
have emerged after 1980‘. They are the only technologies which succeeded
in being commercial products and have started to be used in both SOI based

integrated electronics and integrated optics.
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Separation by IMlimanted OXygen (SIMOX) Technology

The simple layout of SIMOX process is as follows; an oxygen ions (O*) beam of
doses as high as 1 — 2210'® jons cm™2 is accelerated to penetrate into a silicon
wafer surface by about 0.1-0.2 um under a electrical potential of 150 — 200 keV
to produce a SiO; insulating layer with 0.1 — 0.5 um thickness.*! This is then
followed by a high temperature anneal at 1250 — 1300 °C. This annealing step
facilitates the crystallizatior: of the damaged thin top silicon layer and formation
of a relatively sharp S¢ and SiO,. In SIMOX technology different Si thicknesses
become available by implantation at different O doses and under different
In any case, tne layer thickness obtained by SIMOX is limited.

potentials.
Whereas, the thickness uniformity is well controlled which is of the order of

+5%.

Bond and Etch-Back (BESOI) Technology

All the different techniques uﬁder the name, BESOI, have the same starting
procedures. One of the two silicon wafers used is oxidized by either wet or
dry oxidation techniques (e.g. thermally grown SiO, ) while the other wafer
is hydrophilicly bonded with the oxidized wafer (The oxide layer then functions
as the buried insulator). Then, what makes difference among different BESOI
techniques is the way they use for thinning one of the silicon wafers to get
the silicon film with desired thickness. The simplest way of handling this
thinning task is to polish the wafer until the desired thickness, which can be
as small as 1 um or as large as a few hundred microns, is reached.® Also some
etching mechanisms enhanced by some etch stop layers are also being utilized.?*?
However, the uniformity of the silicon film thickness may become a problem with
these techniques due to lack of sensitivity of polishing and etching mechanisms.

There have been a clever solution to this problem, the smart—cut technology.
In this process,*? the wafer which will be oxidized is previously implanted by
hydrogen ions of doses 2210'° - 12107 jons cm™2. Then two wafers are bonded

as described before, and followed by a two step heat treatment at temperatures of
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100 —600 °C instead of direct polishing or etching as in the previous techniques.
This leads the hydrogen ions implanted wafer to split into one thin silicon layer
bonded to the other wafer with Si02 between them and a thick silicon layer
which can be used in another process as the bottom wafer. The final step in
all techniques is the fine polishing of the top silicon layer. The general BESOI
and smart-cut procedure layout are schematicly described in Fig.3.2. The basic
advantage of smart-cut is that the thickness uniformity as good as those achieved

in SIMOX technology is possible.

General BE-SOI Technology

Wafer A
Wafer B Bonding Polishing or Etching
‘Srartciit Technology
Wafer A
Heat treatment
Bonding
Wafer B

Ne implantation

Figure 3.2: Process layout of BESOI and smart —cut technologies

When SIMOX and BESOI are compared, it can be said that SIMOX provides
good SOI structures for both digital and analog integrated electronic circuit
applications and is not preferred for integrated optics systems in general .
Whereas, BESOI wafers are better SOI platforms for integrated optic devises and
systems with providing defect densities as low as bulk silicon and various silicon
layer thickness options. We used BESOI wafers with various silicon thicknesses

in integrated optical devices presented in this work.
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3.2 Sample Preparation

Preparation of SOI samples for further fabrication processes, photolithography
and anisotropic chemical wet etching (in KOH solution), includes cleaving of
pieces from a whole SOI wafer of 100 or 125 or 150 mm radius, cleaning
and finally masking material (silicon nitride) deposition of the samples. The
whole fabrication process ircluding sample preparation is done in the class 100
facility available at Bilkent University Advanced Research Laboratory. The pieces
cleaved out from SOI wafers have sizes depending on the mask used to translate
waveguides, directional couplers and MMI couplers patterns to samples. Typical
sample sizes are 12218 mm. for straight waveguides, 12210 mm for directional
couplers and 10z15 or 12220 mm for MMI couplers. A wafer is drawn by a
diamond point pencil to define the samples, which must have edges perpendicular
or parallel to the principal axis of the wafer , then the wafer is sandwiched between
two glass plates so that the drawn line be on the edges of two glass. After that
an direct and instant force :s ai)plied on the wafer part remained outside of the
sandwich with a metal, rounded tip stick, this leads the wafer cleave into two

parts through the drown lice. Further cleavage is applied if necessary to define

smaller samples.

3.2.1 Sample Cleaning

The cleaved samples are first blown with nitrogen to remove any tiny crystal
pieces remaining on them. Then, they are cleaned through the process called
tri — solvent cleaning. These solvents, trichloroethane (TCE), aceton (ACE)
and iso-propanol (ISO) are put in different clean, glassware containers. Samples
are first put in TCE solvent boiling on a hot plate for 3 minutes. Then they
are directly put in ACE at room temperature and left there for 5 minutes and
finally put into ISO solvent also boiling for another 3 minutes. The tri-solvent
cleaning of samples is finished by exposing them to flowing deionized water(DI).
Through this process samples are carried in a rinser. Tri-solvent cleaned samples

are one more time blown with nitrogen while lying on a tissue paper to remove the
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remaining water droplets. Before finishing the cleaning process, the cleanliness
of each sample is controlled under optical microscope. If any of them is not clean
enough, they are put into a ACE bath at room temperature and their surfaces
are scrubbed with a ACE soaked g-tip. This is an effective way for removing any
remaining dirt after tri-solvent cleaning. If the samples are verified as clean they

are put on a hot plate at 110 °C for 1 minute in order to evaporate remaining

monolayer of water on the sample surface.

3.2.2 Masking Material Deposition

The realization of integrated optic devices on SOI samples is achieved by etching
some parts while preserving the others. For waveguides, the straight strips should
be preserved in the etching process. KOH solution which is an selective etchant
for crystal silicon is used in our fabrication process, and will be explained with
all the other etching details later in this chapter. We make use of a thin layer of
silicon nitride (SizN4) film, which shows very high resistance to KOH solution, as
a mask. SiO, have also been widely used as masking material in the same purpose.
Apart from their resistance to the KOH solution, their simple processing through
hydro floric acid (HF) makes them the primary choices for masking material to
be used in KOH based etching processes.

SizN4 films are deposited using the standard plasma enhanced chemical
vapor deposition (PECVD). PECVD is an extended version of chemical vapor
deposition (CVD) in which the reactants are brought to the vicinity of the hot
sample by gas flow and appropriate chemical reactions take place to grow the
material of interest on the sample surface. Normal CVD reactions require the
samples to be at temperatures as high as 700 to 1000 °C.** PECVD makes use
of plasma reactions to assist the CVD reactions taking place which result in the
samples being deposited at relatively low temperatures( 100 — 350 °C).

PECVD process is conducted in plasma reactors which may be in barrel (or
tube) or planar or downstream configurations. A fully automated planar plasma

reactor (see Fig.3.3) have been used for SizN4 deposition in our fabrication process
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{Plasmalab 8510C).

Figure 3.3: PECVD reactor structure

Cleaned samples are placed on the lower electrode plate which is heated before
the process starts. The plasma is created via excitation by 13.56 MHz radio
frequency (RF) which is applied across the electrode plates. The gases used in
the process come into the reactor from the specific valves placed at its walls. In
general, PECVD grown films have characteristics (refractive index, film thickness
etc.) which depend on the following reactor and process parameters; gas type,

gas flow rate, RF power, sample temperature and sample material.
In SiaN4 deposition, we make use of 2 % silane (SiH4) diluted in 98 % nitrogen

(N2) as the silicon source and ammonia (NH3) as the nitrogen source. Two

possible chemical reactions taking place during plasma process are

35r14 -F ANHz SIANA + 12H2
8riLl + 2N2 3ulll + 692

We are not interested in material characteristics of the deposited SiaN4 except
its thickness, since it is not included in final product and to be removed after the
realization of the waveguides with KOH etching. The recipe file which result in

2000 A thick SiaN4 film when applied is given in Table 3.1.
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2% SiH4 + 98% N, Flow Rate (sccm) 180.0

NH; flow Rate (sccm) 45.0

Automatic pressure controller(ADC) pressure (mTorr) 1000.0
RF power (W) 10.0

Temperature (°C) 250.0

Process time (mins) 20.0

Table 3.1: The recipe file parameters used for deposition of SizN,, masking film.

3.3 Photolithography; Pattern Transfer

After masking material is deposited, it is the turn of the step, to transfer the
pattern from a mask to the sample. Masks have clear and opaque parts defining
the patterns. In our waveguide mask, the waveguide strips are defined as opaque
while their surroundings is clear. This pattern transfer to a sample surface from
a mask is done by lithography methods. In this process, samples are first applied
with photoresists (PR), then the mask is carefully positioned on the alignment
tool to align sample and the mask and the sample is exposed with UV light
and this process is called photolithography. After exposure, the samples are
treated with a special solvent called developer. This solvent dissolves the PR
parts which are exposed, that is parts remained under the clear part of the mask
during exposure, if the PR is positive.4

In our case, the exact photolithography process can be explained in detail as
follows. The samples are put on the spinning chuck of the spinner tool(Karl Suss
Model SM 120 Spinner) and a drop of 100 % HexaMethylDisilazene (HMDS)
solution is put on the sample surface to enhance the adhesion of the PR to the
sample and the sample is spun at 5000 rpm for 40 s so that HMDS is uniformly
spread over the sample surface. The PR we use is a positive PR and has the
label, AZ5214E. After covering all the sample surface with the PR drops, the
sample is ones more spun at the same rate for 40 s. The uniformly PR covered
samples are prebaked on a hot plate at 120 OC for 50 seconds to strengthen the
sticking of PR to the sample and eliminate the stickiness of the PR. The resulting
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PR filin has a thickness of 1.6 um which is measured after photolithography and
developing steps with Sloan Dektak 3030ST Surface Texture Analysis System.
The mechanisms we used for both mask alignment and exposure are integrated
under the label of Karl-Suss MJB-3 HP/200W Mask Aligner. This is a system
that uses a 500 W mercury xenon high pressure lamb as its light source and in
principle can define dimensions as small as 0.8 um with 0.1 um accuracy. The
mask is loaded on the mask holder of the aligner and the sample and patterns on
the mask are aligned such that the waveguide strips or the straight sections of
the other devices are parallel or perpendicular to the edges of the rectengularly
cleaved sample. The SOI samples used have surfaces on < 100 > planc and the
strips are defined on that plane also. This choice of alignment lets us make use
of the anisotropic characteristic of KOH etching which will be discussed in next
section. After exposure, the exposed PR parts are dissolved in 25 % aqueous
AZ400K developer solution and this results in realization of the mask patterns
in the PR film. The structure is in the form of PR strips on SizN4 film which is
on SOI substrate.

The sample is still not ready for KOH etching. These PR strips must be
transferred into SizNy strips, the actual mask for KOH etching. For this purpose
the SizN4 between PR strips should be removed and this can be done by etching
Si3Ny in diluted HF solution. In this etching step, the masking material becomes
PR. Before this etching process, the PR stripes or patterns are further hardened
via another baking process with same temperature and duration as the prebake.
This baking is called the postbake. The HF solution has ratio 1 : 30 for
HF(50%) : H,O and etches all of the 2000 A SizNy4 in 15 seconds. The new
structure is PR strips on SizNy strips over SOI substrate. The PR strips are
then removed by aceton (ACE), since they are not needed anymore. Finally

our samples with SizN4 patterns on them are ready for final etching in a KOH

solution.
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3.4 Anisotropic KOH etching

Waveguides must be defined on the top layer of the SOI samples. Dry and
wet etching techniques can be employed for this purpose. In both techniques,
the unmasked silicon between SizNy strips on SOI samples are removed. Dry
etching uses physically assisted chemical radicals and ions, which are produced
in a plasma reactor, to etch the semiconductor material surface, both chemical.
Dry etching which can be called as reactive ion etching (RIE), results in an
anisotropic etching profile. That is, some special planes of semiconductor crystals
arc preferably etched at a higher rate than other planes. On the other hand, wet
etching being the most widely used etching technique makes use of chemical
reactions taking place between semiconductor material and aqueous acidic and
basic solutions. Unlike dry etching, wet etching is generally isotropic for the
most semiconductor material and etching solution pair, but also some examples
of anisotropic wet etchants exist.

Both dry etching (or RIE)®2?527 and wet etching!®?® have been applied in
silicon-on-insulator based waveguide device fabrication. During the initial stages
of this research, we had to decide on the etching technique to be applied.
Using some criteria which are stated below, we decided to make use of aqueous
potassium hydroxide (KOH) solution which is one of the anisotropic wet etchants
of silicon. The points considered were as follows. (1) If possible, the etching
technique to be used should be simple and easy to apply. Wet etching techniques
do not require complex equipment and are simple in general, unlike RIE process.
(2) The anisotropic etching techniques would be preferred to the isotropic ones
in our case, since, isotropic etching causes the waveguides be narrower than the
strips on the masks, an effect called undercut, and the available strips on the
mask are limited with widths 2, 3, 4, and 5 wm which are not suitable for the
process leads undercut. KOH is a natural and good choice under these conditions
because it has been used widely in silicon micromachining technology and is easy
to apply and does not need any complex equipment. Also, waveguide profiles
without undercut are possible with KOH etching as described in Fig. 3.4.
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KOH anisotropic etching of silicon have been studied a lot since the early
g0’s4546 rpgg characteristics studied are the etch rates for different KOH
concentrations and etch temperatures for various silicon crystal planes with and
without stirring the solution. The type of the silicon surface((100) or (110))and
the orientation of the mask strips on the sample determine the waveguide profile.
The Fig.3.4 shows the resulting crossectional waveguide profiles on a (100) silicon

surface.

Figure 3.4: Effect of the waveguide strip orientation on the waveguide profiles on
(100) surface

When starting, we knew very little about anisotropic KOH etching. We

could only start with some parameter values from KOH etching literature but
the process had to be optimized for the best result. The goals for KOH etching
process optimization were to realize waveguides with no or very small undercut,

get smooth waveguide walls and smooth inter waveguide surfaces. This is the

key point for low loss waveguides. Finally, we need to find a reasonable etch

rate. These goals are reached one by one and changing only one parameter while
keeping the others unchanged. The parameter to be controlled was solution
concentration, etch temperature, stirring and HF dip application before starting
etching.

For optimization process silicon samples instead of SOl were used , since SOI

wafers are more expensive. The samples were prepared for the etch trials through
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the procedures explained in previous sections. The waveguides are patterned on
the (100) silicon samples so that they are either parallel or perpendicular to
the primary axis of a (100) silicon wafer. In other words, 0 was chosen as 0
(see Fig.3.4). This choice ensured that the wavegiiides will be fabricated with
minimum undercut. Good waveguide profiles but very rough sample surfaces
were seen after first trials (see Fig.3.5 and 3.6). The top layer in the pictures is
the SI3N4 and the undercut seen is probably due to missalignment of the mask

in photolithography step.

Figure 3.5: SEM photograph of the initial etching results; waveguide profile

Figure 3.6: SEM photograph of the initial etching results; surface
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In first etching trials KOHrbIrO ratios of 1:4, 1:10 and 1:20 were employed at
temperatures of 80, 70, 55 and 50 °C. The solution was put on a hot plate which
uses a probe placed in the solution to control and fix the solution temperature at
the set value. The hot plate also has stirring capability. All initial trials resulted
in rough surfaces for example, the waveguide seen in Fig.3.5 was etched with 1:20
KObbHTrO solution at 50 °C. Numerous etch trials with KOH dissolved in H20
resulted in high etch rates but rough surfaces.

To smoothen the surface we tried adding some iso-propanol(ISO) as a wetting
agent. A solution KOH:H20:1SO with 1:3:1 ratio was used for etching at different
temperatures, 85, 40, 35, 30 °C with no stirring. Almost perfect smooth surfaces
and rib walls were obtained at 40 °C with this solution (see Fig.3.7).

Figure 3.7 SEM photograph of the etching results at 40 °C ; surface and
waveguide walls

The surface smoothness became better at lower temperatures but periodic hills

started to build on rib walls (see Fig.3.8 and 3.9).

In lieu of these results, we chose 1:3:1, KOH:H20:1SO solution at 40 °C as our
optimum parameters. Samples were treated with diluted HF(1:100) for 2 seconds
to etch away native silicon-oxides on SOI surfaces. This recipe have been used
for anisotropic etch of SOl waveguides, directional coupler and MMI couplers
(see Figs.3.10, 3.11 and 3.12 ). The etch rate for this recipe is not constant with
time which is a general property of anisotropic KOH etching, but, the etch rate
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Figure 3.8: The etching results at 35 °C; surface and waveguide walls.

Figure 3.9: The etching results at 30 °C; surface and waveguide walls.

remained in the range of 550 to 650 A/min for 0-35 minutes long etch process
during which etch depths upto 2.2 jj,m were reached. The other parameters that
may affect especially the repeatability are the total volume of the solution and
the stability of solution temperature. Larger solution volumes and more stable

solution temperature result in better etch results.



CHAPTER 3. MATERIAL PROPERTIES AND DEVICE FABRICATION 53

Figure 3.10; SEM photograph-of a cross section of a SOl waveguide fabricated
by KOH etching.
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Figure 3.11; A top view photograph of SOI directional couplers fabricated by
KOH etching; the lines closer to each other are straight waveguide sections.

Backside Thinning

After fabrication of waveguides, samples have to be prepared for optical

measurement. That is, samples are cleaved in order to get waveguide facets
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Figure 3.12: Top view photographs of input and output ports of SOl MMI
couplers fabricated by KOH etching.

with optical quality. This cleavage process is different from the process used to
cleave a whole wafer into small samples. This so-called optical quality cleavage
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process is accomplished by first open a small trench at one edge of the sample then
rounding a metal stick with rounded shape tip on that trench to make sample be
cleaved through a crystal layer. However, due to the buried oxide layer, optical
quality cleavage of SOl samples was an problem for us. Our first trials resulted
in very bad waveguide facets (see Fig.3.13), and we could not even see the mode

liofile of these waveguides during optical measurement.

Figure 3.13: SEM photograph of a bad (not optically cleaved) waveguide facet.

W& resolved this problem by thinning backside of the SOI samples after
waveguide fabrication, then applying optical cleavage. KOH etching was used
one more time but with a different etching recipe. In backside thinning process,
two SOI samples were stuck to two sides of a dummy silicon crystal piece with a
black-wax on a hot plate at 120 *C. During sticking, processed surfaces (devices
fabricated on them) of the two SOI samples were applied with black-wax and
backsides remained clean. This stack of crystal pieces are put into a previously

prepared KOH solution (KOHrHrO ratio was 1:3) stabilized at 50 °C over which

black-wax starts to melt. During the thinning the solution was stirred at 150

rpm. The approximate etch rate was 13.6 pm/hx and samples were thinned to



CHAPTER 3. MATERIAL PROPERTIES AND DEVICE FABRICATION 56

100-125 jxm with that rate. After thinning is over the samples are removed from
the silicon piece on the hot plate and cleaned from black-wax with TCE. Samples
were then optically cleaved, the results were encouraging (see Fig.3.14), that is,
some of the facets were good enough for optical measurements but some were

still bad.

Figure 3.14: Photograph of optically cleaved waveguide facets.

A summary of all the fabrication steps can be seen in Fig.3.15.
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b) SigN” Deposition ¢) Spinning PR d) Photolithography
and Developing

h) Backside Thinning

. : _ . and Resulting
e) Etching Si: N. f) Removing PR g) Etching Si SOl Waveguide

inHF inKOH

Figure 3.15: All steps in fabrication of SOI optical waveguides.



Chapter 4

Measurements and

Characterization

The fabricated SOI integrated optical devices were characterized using standard
optical measurement techniques. All the results of the measurements are given
with details of the experimental setup in this chapter. BPM simulation results

for the devices are also presented. Finally, a comparison of experimental results

with simulations are provided when needed.

4.1 Thickness Measurement Results of SOI
Wafers Used

SOI wafers used in device fabrication were purchased with the thicknesses given

in Table 4.1

# Top Si Layer (um) Buried SiO, Layer (um) Base Si Layer (um)

Wafer 1 3 1 630
Wafer 2 4 1 424
Wafer 3 5 1 525

Table 4.1: The thicknesses of SOI wafers used.

98
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For SOI waveguide devices analysis, fabrication and characterization, the correct
knowledge of silicon top layer and buried oxide layer thicknesses is necessary.
| 'herefore, relevant thicknesses were measured to verify the specifications of the
p irchased SOI wafers.

The thickness measurement was performed as follows; tiny slices were cleaved
from each of the wafers radially as seen in Fig. 4.1. These long slices were
then cleaved into smaller crystal pieces. Pictures of the layers were taken using
scanning electron microscope (SEM, Model JEOL-JSM 6400) for each piece of
crystal. Two cross sectional SEM pictures of Wafer 2 are given in Fig.4.2 where
the radial distance, d was measured from the edge of the wafer. As seen in Fig.4.2,
silicon top layer does not start from the edge of the SOI wafer. The measured
thicknesses are plotted in Figs.4.3 and 4.4 as a function of the distance to the

wafer edge (d).

Figure 4.1. A slice taken from a wafer for layer thickness measurement.

These measurement results show us that layer thicknesses are consistent with
the values given in Table. 4.1 within the error limits which are typical for BESOI
wafers. As for the oxide thicknesses, the BPM simulation results for different
thicknesses show that thicknesses above 0.1 fxm are enough to prevent optical
power leakage to base silicon layer (see Fig.4.5). Buried oxide layers of the SOI
wafers used, which are measured to be approximately 1fim, ensure that we are
well apart from cutoff oxide thickness. Therefore, the assumption of SiOa as
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Figure 4.2: SEM photographs of laj”ers taken at (a) 0.8 mm and (b) 39 mm to
the wafer edge for Wafer 2.

Figure 4.3: Measured layer thicknesses for Wafer 1
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Figure 4.4; Measured layer thicknesses for Wafer 2.

the substrate and silicon top layer thicknesses as waveguide height in design and
BPM simulation of SOI integrated optical devices are reasonable .
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Figure 4.5: BPM simulations of optical power confinement for a SOI rib
waveguide of different Si02 layer thicknesses.
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4.2 Characterization of SOl Optical Single
Mode Waveguides

All the fabricated SOI waveguide samples and other devices were optically cleaved
after backside thinning as described in previous chapter. These samples were then
glued on specially designed sample holders of different sizes using a yellow crystal
wax. Here various holder sizes were used for samples of different lengths and this

enhances effective light coupling to devices.

4.2.1 Measurement Setup

The measurement setup explained here were used for all the optical device
measurements. The setup uses a DFB (Distributed FeedBack) laser as its IR
light source. This laser lazes around 1550 nm but the peak value could move by a
few nm by changing the laser temperature. Optical measurements were generally
performed with the laser being at 25 °C and under 27 mA current. The laser has

a peak value of 1547.58 nm under this condition (see Fig.4.6).

Figure 4.6: DFB laser wavelength peak value variation with laser temperature.
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Fiber-laser integration enables light to be transferred to a single mode (SM)
fiber with core size of 9 um. This SM fiber is attached to another SM fiber which
is bent to form a number of circles with diameter of a few cm and placed in
three circular mounts. This specially designed SM fiber is called polarization
controller and enables us to measure device performances at both TE and TM
polarizations. It controls polarization while moving the mounts from transverse
to longitudinal state or vice verse. The polarization controller is attached to an
third SM fiber whose optically cleaved end is positioned in a fiber-chuck on a XYZ
translational stage. In butt coupling case, light is directly coupled into waveguides
through the cleaved fiber end. Sample holders can also be moved on another XYZ
translational stage to enhance the fiber-chip coupling. Light coming out of the
waveguides end facets is collected and then focused to either an Ge photo detector
or an IR camera using a microscope objective. The detector measures output
optical power when attached to an oscilloscope or optical powermeter. Optical
power measurements are then used for calculating optical losses. IR camera
was used for careful positioning of optical modes before power measurement and
visualization of modes. A number of neutral density filters were used to control
optical power to avoid saturation of the camera when the images captured to
image files using an video capture card attached to a PC. Coupling properties of
directional couplers and balancing between output ports of MMI couplers were
calculated by analyzing captured IR images with a special image contrast analysis
software. The software we used was labeled Scion Image and had the ability to
read relative intensities at each pixel of a straight line cursor placed on an image.

For injection of the laser light, we also made use of end-fire coupling in which
case light is coupled to another microscope objective using a special optical fiber-
objective coupler. This objective then focuses light into the waveguide facets. The

rest of the measurement setup instruments and steps are the same as explained

and the whole setup can be seen in Fig.4.7.
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Figure 4.7: Optical measurement setup.

4.2.2 Verification of Single Mode Condition

The single mode (SM) condition explained in Chapter 2 (Egs. 2.20 and 2.21) is

based on EIM analysis. However, the real SOI rib waveguide has a 3-D structure.
For that reason the validity of SM condition in 3-D SM rib waveguide design
has to be verified. We evaluate SM condition using two different ways, BPM
simulation results and experimental results.

First a number of SOI rib waveguide structures with different waveguide
parameters (width, w, height, H and slab height, h) were chosen. Some of these
structures correspond to multimode (MM) waveguides while the others to SM
ones, according to SM condition. BPM was then used to simulate some of these
structures. In BPM simulations transverse mode profiles of these waveguides
were computed. These profiles were then analyzed to determine those which

were SM or MM. Some transverse mode profiles computed during these BPM
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simulation runs are given in Fig.4.8. As can be seen in Fig.4.9, BPM simulations

gives almost the same results of SM condition.

0.0
-20 -10 0 10 20
Honzontal Direction (urn)

a) SM Profile

-20 ~-10 0 10 20
Honzontal Direction (pim)

6 4 -2 0 2 4 6
Horizontal Direction (jim)

b) MM Profile

6 -4 -2 0 2 4 6
Horizontal Direction (pm)

Figure 4.8: Transverse fundamental and first excited mode profiles of a SOl SM
(@) and MM (b) waveguide structure computed using BPM.

Then, a number of SOI rib waveguides width different w/H and h/H
ratios were fabricated and their modal properties were analyzed on the optical
measurement setup. The geometrical dimensions of SOI straight waveguides
analyzed are given in Table 4.2 with results of modal analysis. The results
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a) According to Single Mode Condition for Rib Waveguides
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b) According to BPM Simulation Results

Figure 4.9: Comparison of BPM simulation results (b) with SM condition
results (a).

are also displayed in Fig.4.9 in order to compare with the other evaluation
means. Experimental results shows a behaviour totally fitting to the single mode

condition and BPM simulations.

During analysis of waveguides, a waveguide had to be defined as singlemoded
(SM) or multimoded (MM). For this purpose, the laser light was input to the
waveguides in an off-axis position to excite possible higher order modes. Images
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Sample# H(pm) w (um) h(um) e(um) w/H h/H Mode
SMSOI01 3 3 2.3 0.7 1 0.77 SM
SMSOI02 3 3 2.31 0.69 1 0.77 SM
SMSOI03 4 3 1.68 232 0.7 042 MM
SMSOI05 3 4 2.04 096 1.33 0.68 MM
SMSOI06 3 3 2.29 0.71 1 0.76 SM
SMSOI07 4 3 2.6 1.4 0.75 0.65 SM
SMSOI09 3 ) 2.67 0.33 167 089 SM
SMSOI10 ) ) 3.41 1.59 1 0.68 MM
SMSOI11 4 5 3.47 0.53 1.25 087 SM
SOIMMIO!L 5 3 3.3 1.7 0.6 0.66 SM
SOIMMIO03 ) 3 291 2.09 06 058 MM
SOIMMIO0S 5] 3 3.0 2.0 0.6 0.6 SM

Table 4.2: The geometrical dimensions of analyzed SOI optical waveguides.
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of waveguide modes were then captured. TE and TM fundamental modes of
a single mode waveguide is given in Fig.10. Also, the images of output port
when input port is off-axis aligned with input light are shown in Fig.4.11. Here
both fundamental(Fig.4.11c) and first excited mode(Fig.4.11a) of a SOI optical

waveguide is seen.

As a result, the single mode condition for rib waveguide proposed by Soref
et.al. and enhanced by Pogossian et.al. was verified by BPM simulations and
experimental results. It can be stated that the single mode condition for rib

waveguides is a very useful and practical way of designing single mode waveguides.
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a) Fundamental TE mode of a SM SOI waveguide

b) Fundamental TM mode of a SM SOI waveguide

Figure 4.10; TE and TM fundamental modes of a single mode waveguide on
sample SMSOI09.

4.2.3 Optical Waveguide Loss Measurement

Some of the fabricated SM SOI waveguide samples was used for optical loss

measurements. Initially, we tried Fabry-Perot interference method to measure

propagation loss. However, the results were not encouraging. This method
requires optically cleaved and parallel waveguide facets which behave as partially
reflecting mirrors. These conditions were partially met by our fabricated SOI
waveguides. To get optically cleaved facets was difficult and was possible only for
a few of the SOI waveguides on a sample after cleavage. Two kinds of waveguide
facets resulted in a cleavage process. If the cleavage is not perfect enough few of
the waveguide facets were fine while the most were not good enough for optical
measurements. The second kind of facets that we obtained resulted according to
definition of a perfect cleavage. The waveguides had broken and sloped rib facets
while the slab layer of the waveguide is vertical (see Fig.4.12). The waveguides
with facets of the first kind was found to be good for optical measurements.
However, it was almost impossible to couple light to waveguides with facets of
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Figure 4.11: Output images of an output port of SOl waveguides on sample
SOIMMIO05 with different alignments.

second kind (optically cleaved but with broken and sloped rib). Despite the fact
that, cleaving a sample was made possible by backside thinning sloped ribs formed
during cleavage caused problems during light coupling. We have not yet found a

reasonable explanation for this mechanical problem of sloped rib formation.

We, therefore, decided to use butt coupling along with by cut-back method
for optical loss characterization of the waveguides. Samples of several millimeters
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* A »Ss Cross sectional view

b)Top view

Figure 4.12; Slopped rib facets after a standard optical quality cleavage.

long were first used in measurements then they were successively cleaved into
asymmetric lengths. These shorter waveguides were also used in measurements.
To find total input power, a SM fiber carrying laser light was brought to the
focus point of a microscope objective and optical potver was directly measured
by a Ge detector attached to an optical powermeter. The power value measured
when the waveguide sample was between the SM fiber and microscope objective
is output power. Output powers of 5-10 waveguides were averaged for each
waveguide length. The measured optical powers were then expressed in terms
of dB. What is found in this kind of loss measurements is insertion loss which
includes propagation loss and losses due to fiber to waveguide coupling at input
and output facets . The measured typical insertion losses for analyzed samples
are given in Table 4.3. as can be seen TE and TM insertion losses are comparable
within the measurement error. Furthermore, it is clearly seen that the insertion
losses decreases as the cross sectional area of the waveguides increases. This is
due to better coupling of light in and out of the waveguides.

The measured best values which were not added to above typical values came

out to be
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Sample#t  TE loss (dB) TM loss (dB)

SMSOI01 20.9 21.9
SMSO0I02 22.3 21.7
SMSOI11 19.7 19.8
SOIMMIO1 16.6 16.8

Table 4.3: Typical measured insertion losses.

122 dB for TFE input. (4.1)
12.7 dB for TM input.
Furthermore, cutback method was applied to SMSOI11. The initial 11 mm long
sample was cleaved into two pieces of 7.5 mm and 3.5 mm long, after the first loss
measurement. The measurements were repeated for the new shorter waveguides.

The loss values were plotted in Fig.4.13 as a function of waveguide length. Linear

fit to the measured data gave the propagation loss values about

0.70 £ 3.4 dB/em for TE input. (4.2)
0.76 +£3.7 dB/em for TM input. '

The propagation losses deduced from measured insertion losses are close to
the loss values from literature. The reported loss values range from 0.1 dB/cm®®
to 2dB/cm.? It should be noted that, the 0.1 dB/cm loss was measured for SOI
rib waveguides with cross sections as large as 11 um. While, 2 dB/cm value is
the loss of waveguides of 3 um cross section. Also, the errors for reported values
are in the range of & 0.1 dB/cm to + 0.6 dB/cm .47 Our propagation loss results
seem to support the claim of Zinke et.al.?’; it is possible to reach losses as low as
0.5 dB/cm with SOI waveguides of cross sections > 4 ym. Also, the low inherent
defect density of BESOI wafers and our very smooth waveguide walls explain
the measured loss values. The loss values can be further improved, if waveguides
with larger cross sections are fabricated and measured.

As far as insertion loss considered, it can be stated that the relatively high

losses are mainly due to the poor coupling at waveguide facets. This statement is
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Figure 4.13: Measured insertion losses versus waveguide length.

confirmed by our loss measurement results since, the propagation loss is low and
shortening the waveguides did not lead a major improvement in insertion loss.
The reported insertion losses are between 3 dB and 9.6 dB for waveguide various
cross sections.® Improving insertion loss seems to be one of the first thing to do in
our near future plans. For this purpose, better waveguide facets are needed. Some
ideas are already under consideration. The first is that waveguide facets may be
chemomechanically polished. This process may supply optical quality facets, but
paralleling of facets can not be guaranteed and requires proper equipment which
is not yet available. Parallel facets is not a must for improving insertion loss but
is needed if Fabry-Perot technique is to be applied. The second possibility is that
waveguide facets may be defined by a reactive ion etching (RIE) prior to sample
cleavage. This process is expected to result in both optically cleaved and parallel

waveguide facets if the process is well optimized.
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4.3 Characterization of Optical Directional

Couplers

SOI directional couplers were fabricated on samples from Wafer 1. The sample

characterized had the geometrical dimensions given in Table 4.4.

Waveguide Height, H 3 pm
Waveguide Width, w 3 pm
Slab Height, h 2.35 pm
Gap between two straight sections, g 3.25 pm
Gap between two inputs or outputs 29 pm
Straight section lengths 1250-4250 pm

Table 4.4: Geometrical dimensions of the characterized directional couplers

The same optical measurement setup on which the waveguide loss measurements
were performed had also been used for directional couplers. The directional
couplers were identical except their straight section lengths. The DFB laser light
was butt coupled to one of the inputs of a coupler from a SM fiber. Then, the
light from both bar and cross outputs was visualized by a TV monitor attached
to the IR camera. The fiber-input waveguide coupling was optimized for better
imaging. The images were then captured using the TV card integrated to a PC
as explained in section 4.2.1. Care was taken to make such that the IR camera
was not saturated by using neutral density filters. Another image was captured,
while light coupled into the other input. The same procedure explained above
for one coupler pair was applied to all other couplers on the same sample for
both TE and TM polarized input light. Three of the captured images of couplers
with different straight section lengths for TE polarized light input are given in
Fig.4.14. Here the light was input at the right port. Fig.4.14a shows full coupling
while in Fig.4.14b a nearly half coupling (3 dB) is seen.

The captured images were analyzed by a computer program, Scion Image.

This program was used to find the intensities of both bar and cross outputs
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for each captured image. Examples of these peak profiles also can be seen in
Fig.4.14 for each image. Ratios of intensities of bar or cross outputs to total
output intensity were calculated, by also considering that the IR camera gives
intensities which are square root of the real ones. These so-called coupling ratios

were then plotted as a function of straight section lengths (see Fig.4.15). The

curves resulted from fitting

ICross .2 L
= sin“(— 4.3
ITotal (Lc) ( )
which can be shown using Eqgs. 2.33 and 2.34 of Chapter 2, are also given in

Fig.4.15.
Coupling lengths deduced from this fitting are

L.=13533um for TE input. (4.4)
L, =1916um for TM input.
As can be seen in Fig.4.14, full coupling takes place when straight section length
is nearly 1250 pm, but fitting results in coupling length of 1353 pum for TE
polarization. This difference can be explained by the existence of s-bends at both
beginning and end of the straight sections. S-bends are used to be able to input
light into only one of the input ports from a SM fiber and they come very close
to each other to let light propagate to straight sections. Therefore, light coupling
starts before straight sections and continues after straight sections where s-bend
sections come very close to each other. So, it can be said that the coupling lengths
given in Eq. 4.4 are the effective coupling lengths and can not be directly related
to the straight section lengths.
This explanation is also verified by the BPM simulations of the measured
couplers. First, straight sections of dimensions given in Table. 4.4 were used
in simulations, the results are given in Fig.4.16. From the coupling ratio plots

coupling lengths are found to be around

L.=1600um for TE input. (4.5)
L. =1800um for TM input. '
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a) L= 1250 L,

b) L=2750uT

c)L=3250uT

Figure 4.14: Output images and peak profiles at different straight section

lengths(L).

The values resulted from this simulations are comparable with those resulted
4.4). Then, simulations for

from fitting to measurement results (given in Eq.
S-

the characterized couplers were repeated with s-bends included this time.
bends used in simulations were composed of two bends with radius of 5 mm and
length of 300 /nn, which are chosen to be similar to their counterparts on the
coupler mask. These simulations gave exactly the same result as obtained in
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Figure 4.15: Coupling ratios and fitting curves for the characterized couplers.

measurement (see Fig.4.17).
In conclusion, we fabricated and characterized directional couplers based on

single mode SOl waveguides at a wavelength of 1.55 fim. The measurement
results are shown to be confirmed by BPM simulations. The difference between
coupling lengths for TE and TM polarized light can be understood by recalling
that the effective index difference between the rib section and the slab section of
the SOI optical waveguides is larger for the TE polarization, this leads a larger
coupling constant so to a shorter coupling length. Relatively high confinement of
SOI rib waveguides requires straight sections be closer to each other for shorter
coupling lengths. For example, in our structure with waveguide separation of
3.25 dB couplers seem to be possible at the straight section length of about
625 yum While, it has been reported that 3 dB SOI couplers has been realized at
straight section lengths of 400 fim with 2.5 /j,m waveguide separation.® Finally,
it should be stated that the understanding of directional couplers is important
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Figure 4.16: BPM simulation results of straight sections only: X Z counterparts
and coupling ratios for both TE and TM, L=4250 fj,m.

before realization of certain integrated optical devices and circuits, such as
wavelength division-multiplexed (WDM) networks based on Mach-Zehnder type

interferometry.
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Figure 4.17: BPM simulation results, s-bends included: X Z counterpart and
coupling ratios for TE and L=1250 /um.

4.4 Characterization of Optical MMI Couplers

There were no available MMI masks, so we designed our own mask. The details
are given below, and the results of the measurements are presented.
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4.4.1 The Mask Design

Design of MMI couplers and power splitters were made to have simple
fabrication and measurement for them. Our main purpose was to observe major
characteristics of MMI couplers, so complexities were removed whenever possible.
Thus, straight access waveguides were used, that is, s-bends were not used in the
design. Since, s-bends bring some complexities which would also be necessary
to take into account. These access waveguides had to be placed such that no
coupling could occur between them. Results of BPM simulations showed that
the gap between two straight waveguide should be no narrower than 8 um for
two parallel spaced SOI waveguides of width 3 um. All the access waveguides are
with this width. Considering mistakes that may come from fabrication and for an
easier testing and measurement we included gaps no narrower than 15 um on the
mask. We designed and placed 1x2, 1x4, 1x8 power splitters and 2x2 couplers on
the mask. 1X4 and 1X8 type devices were placed for demonstration. However,
1x2 and 2x2 type devices have some special importance. They are the simplest
MMI structures. They are designed as 3-dB couplers. They can be easily applied
to Mach-Zehnder interferometry based devices and finally their performances
and function can be compared with directional couplers. In design of the MMI
couplers, multiple image distances corresponding to several multimode waveguide
section widths were calculated according to results of section 2.4 for general
interference, then BPM simulations were performed for these structures and
optimum lengths for 2-fold, 4-fold and 8-fold images were found (See Figs.4.18
and 4.19 for some BPM simulation results). As can be in the figures showing
simulation results, N-fold image length corresponds the length at which the
electric field distribution has N maximums. Also, for a definite MMI width 4-
fold and 8-fold images are formed at shorter lengths, but the gap between access
waveguides becomes to small to avoid coupling between waveguides. So, 1x2, 1x4
and 1x8 MMI power splitters were designed with different MMI widths ensuring
no coupling between access waveguides. The details of the MMI structures on

the mask is seen in Table 4.5. The designed MMI couplers were like those seen

in Fig.2.12.
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Type Wung (pm) Gap, g (um) Acc. WG width(um) Lasasr (um)

1x2 48 21 3 2750
1x2 64 29 3 4850
2x2 36 15 3 2275
2x2 438 21 3 3960
2x2 64 29 3 5010
1x4 88 19 3 4485
1x4 128 21 3 9045
1x8 168 18 3 8100
1x8 200 22 3 11410

Table 4.5: List of MMI structures on the designed mask.

Table 4.5 does not show all the devices on the mask. Apart from those
shown in the table, devices with various MMI section lengths were also included
for each device group. The lengths of the extra devices were decided considering
the length tolerance (see section 2.5) value for SOI structure which was estimated
to be 16 um. So devices with length Lasar £ 16q pum, where q is an integer,
were also placed on the mask. These extra devices are for the possible design and

fabrication tolerance tests.

4.4.2 Measurements and Results

The same measurement setup and procedure used in measurement of directional

couplers were employed for MMI couplers. That is, captured images were

analyzed with Scion image analyser software. In measurement, 1x2 and 2x2
devices were analyzed for their outputs under both TE and TM polarized light.
All devices were demonstrated to be working and their output pictures are given
in later parts of this section. Insertion loss (called excess loss for 3 dB couplers)
and splitting ratio (unbalancing) are the parameters which can be analyzed with
respect to the variations in MMI couplers geometrical dimensions (MMI width
and MMI length). This analysis can be done under different states of polarization
and for varying wavelength. So, the MMI length and width tolerance, polarization
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Figure 4.18: BPM simulation results for 1x2 MMI power splitters and 2x2 MMI

couplers.

sensitivity and optical bandwidth for a designed coupler can be evaluated.

Our designed MMI couplers let us only test the parameters with respect
to variation in MMI lengths under both TE and TM polarization. Bandwidth
measurements requires a tunable laser light source which was not available. Due
to the facet problems explained in section 4.2.3, unbalancing of all the fabricated
devices could not be analyzed as a function of MMI section length. However, 1x2



CHAPTER 4 MEASUREMENTS AND CHARACTERIZATION
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Figure 4.19: BPM simulation results for 1x4 and 1x8 MMI power splitters.
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and 2x2 types were analyzed despite this problem. Insertion losses were measured
to be around 27.5 dB for TE and 29 dB for TM polarized input light. These
relatively high insertion losses are understood to be due to the facet problems
and also radiation losses in regions especially where MMI sections and access

waveguides connect.
results. The results for each device group are given one by one.

The radiation losses are clearly seen in BPM simulation
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1x2 MMI Power Splitters

The characterized 1x2 sample included devices with both 48 pym and 64 pm
AMMI widths. 2-fold output images were seen for both type of devices (see
Fig.4.20). Devices with 48 pm wide MMI sections were further analyzed for
their unbalancing, splitting ratio. Splitting ratio can be defined as

Py

Splitting Ratio(dB) = IOIoglo(Fz) (4.6)

where P; and P, optical powers of ports 1 and 2 of the devices. The results are

given as a function of MMI section length in Fig.4.21. The measured bes- value

of splitting ratio is around 0.5 dB.
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Figure 4.20; Output port images of 1x2 MMI power splitters for various MMI
section lengths .

2x2 MMI Couplers

There was 2x2 devices of three different MMI section widths, 36 /jm, 48 yum and
64 fj,m, on the measured sample. The 2-fold output images were observed for

all three types. Images can be seen in Fig.4.22. The splitting ratio is also an

parameter for 2x2 MMI 3 dB couplers. It is now defined as
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Figure 4.21: Measured splitting ratio versus MMI section length for 1x2 devices
of 48 fj,m width.

SplittingRatio{dB) = 10Iogio{P 2y 4.7)
Ccr

which is similar to the previous equation, but the sign of the value is decided by
defining bar and cross ports. The measured splitting ratios with best values as
low as 0 dB (totally inbalance) are presented in Figs.4.23 and 4.24.
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Figure 4.22: Output port images of 2x2 MMI couplers for various MMI section
lengths .

1x4 and 1x8 MMI Power Splitters

Only, preliminary measurements were performed 1x4 and 1x8 MMI power
splitters and 4-fold and 8-fold images were observed. Images of observed outputs
are given in Fig.4.25. Further characterization is planned to be done in near

future.
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Figure 4.23; Measured splitting ratio versus MMI section length for 2x2 MMI
couplers of 36 fim width.
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Figure 4.24: Measured splitting ratio versus MMI section length for 2x2 MMI
couplers of 64 yum width.
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Figure 4.25: Output port images of 1x8 and 1x4 MMI power splitters for various
MMI section lengths .

4.4.3 Discussions

1x2, 2x2 and 1x8 power splitters and 2x2 MMI 3 dB couplers have been designed
and fabricated facilitating multimoded SOI waveguides. Despite the difficulties
emerging from poor waveguide facets, all the MMI devices were demonstrated to
be working. This shows that the MMI design tools used, a mode propagation
method based on effective index method along with BPM simulations have worked
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well. As far as splitting ratio is concerned, we measured good values (arour:d 0.5
di3) for 1x2 MMI power splitters and very good values (0 dB) for 2x2 MMI
couplers. Reported splitting ratio values are around 0.2 dB,%® all with MMI
lengths shorter than 600 ym. The measured splitting ratios values around 4 dB
can be understood as follows. First of all, it was shown with Eq. 2.51 of section
2.5 that the shorter MMI lengths allows higher tolerance. So, it is natural to
expect lower tolerance in general and higher splitting ratios in particular when the
device length is large. Also, higher splitting ratios may result from measurement
errors. For example, different waveguide facet qualities for output ports of a
device may give higher but wrong splitting ratios. It should be also notec that
very different output facet qualities introduces higher error limits for splitting
ratios. It is known that MMI couplers are not so polarization sensitive. We
observed that this is generally so, but with some scattered data points which is
most probably due to the reasons just explained. After experience with design,
fabrication and testing of both directional coupler and 2x2 MMI coupler, it can
stated that design and fabrication of MMI couplers are more simpler anc it is
possible to reach shorter 3 dB MMI couplers with higher fabrication tolerance
and lower polarization sensitivity. Whereas, the coupling length of directional
couplers strongly depends on transverse dimension of waveguides, which observed
both during simulation and measurements. MMI couplers are not so dependent
on transverse dimensions as long as single mode condition is satisfied for access
waveguides.

The MMI structures and mainly 3 dB power splitters and couplers

find application in Mach-Zehnder structures. The design, fabrication and

demonstration of MMI couplers presented in this thesis has been very useful
for our future plans about MMI coupler based devices and systems, especially
Mach-Zehnder structures. The experience with simple structures is needed before
going on with more complex structures. For example , it was shown that splitting
ratios even around 0.2 dB might be critical for extinction ratio of the fabricated

devices.?® We believe that with better waveguide facets, measured splitting ratio

results would be better.
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Conclusions and Discussions

This thesis work presents the first part of the effort to develop a library of silicon-
on-insulator (SOI) optical integrated devices operating at wavelength of 1.55 um.
In this part SOI single mode wéveguides, directional couplers and a number of
MMI couplers were designed, simulated, fabricated and characterized.

Effective index method and the single mode condition for rib waveguide
proposed by Soref et.al. and enhanced by Pogossian et.al. (Eqs. 2.20 and 2.21)
has been used for design of SM waveguides. BPM simulations were performed
for all the fabricated devices. Waveguides and other devices were defined on
SOI samples by wet etching in KOH solutions. Solvents (KOH, H,O and ISO)
ratio and other etching parameters were optimized for the smoothest surface and
rib side walls. Characterization of fabricated devices requires optically cleaved
samples, which was impossible for SOI samples as thick as 525 um. This problem
was partially resolved by backside thinning of samples for which device fabrication
was over. In thinning procéss, we again made use of a KOH solution. The
cleavages allowed optical measurements. Fabricated and cleaved device samples

were characterized on a standard fiber optic measurement setup.

A number of SOI waveguide samples had béen fabricated and characterization

results were used to evaluate the single mode condition. It was found that,

measurements and BPM simulations gave results which perfectly fit to the
SM condition. First a number of SOI rib waveguide structures with different

90
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waveguide parameters (width, w, height, H and slab height, h) were chosen.
Some of these structures correspond to multimode (MM) waveguides while the
others to SM ones, according to SM condition. BPM was then used to simulate
some of these structures. In BPAI simulations transverse mode profiles of these
waveguides were computed. These profiles were then analyzed to determine those
which were SM or MM. After that, a number of SOI rib waveguides width diferent
w/H and h/H ratios were fabricated and their modal properties were analyzed on
the optical measurement setup. Experimental results shows a behaviour totally
in line with the single mode condition and BPM simulations. It have been shown
that the single mode condition for rib waveguides is a very useful and practical
way of designing single mode waveguides.

Single mode waveguide samples were used in optical loss measurements.
Initially tried Fabry-Perot interference method did not gave encouraging results.
Optically cleaved and parallel waveguide facets which required in this method
was partially met by our fabricated SOI waveguides. Due to explained facet
problems (not optically cleaved facets and broken and sloped facets)., butt
coupling along with by cut-back method was used for optical loss characterization
of the waveguides. Long samples were first used in measurements then they were
successively cleaved into asymmetric lengths and insertion loss measurements
were repeated for these shorter samples. Measured insertion loss includes
propagation loss and losses due to fiber to waveguide coupling at input and output
facets. The measured insertion losses have average values between 16.6 to 22.3
dB for TE and 16.8 to 21.9 dB for TM polarized light. The best measured value
for TE was as low as 12.2 dB and that for TM comes as 12.7 dB.

The propagation losses, 0.70 dB/cm for TE and 0.76 dB/cm for TM, deduced
from measured insertion losses are around the loss values from literature. Loss
values range from 0.1 dB/cm!® to 2dB/cm? had been reported. The errors
for reported values are in the range of £ 0.1 dB/cm to £ 0.6 dB/cm .*" Our
propagation loss results are in accordance with the claim of Zinke et.al.??; it
is possible to reach losses as low as 0.5 dB/cm with SOI waveguides of cross

sections > 4 um. Also, the low inherent defect density of BESOI wafers and our



CHAPTER 5. CONCLUSIONS AND DISCUSSIONS 92

very smooth waveguide walls explain the measured loss values.

It is clear that coupling losses at input and output of waveguides were the
major part of the measured insertion losses. This can be confirmed by our loss
measurement results. The propagation loss is low and shortening waveguides did
not lead a major improvement in insertion loss. Improving insertion loss seems
possible since the insertion losses between 3 dB and 9.6 dB for waveguide various
cross sections’® had been reported. For this purpose, better waveguide facets
should be obtained. Some of the processes that can help are chemomechanically
polishing waveguide facets and defining facets by a reactive ion etching (RIE). A
new idea recently discussed is to deposit a oxide layer of as thick as a few microns
over the fabricated waveguides and then perform cleavage, this deposited upper
cladding may avoid the formation of broken and sloped ribs during cleavage.

The characterized directional couplers were found to have coupling lengths of
1353 pm for TE and 1916 um for TM polarized light. However, full coupling was
observed for straight section length of 1250 um. This difference was understood
as follows: Coupling in directional couplers starts in s-bends and this shortened
the required straight section length for full coupling. S-bends are used to be able
to input light into only one of the input ports from a SM fiber and they come
very close to each other to let light propagate to straight sections. Therefore,
light coupling starts before straight sections and continues after straight sections
where s-bend sections come very close to each other. Therefore, it should be
noted that the coupling lengths found from fitting to result of measurements are
the effective coupling lengths and not the straight section lengths.

The difference between coupling lengths for TE and TM polarized light was
understood within the effective index knowledge of both states of polarization.

High confinement of SOI rib waveguides requires closely spaced straight sections

for shorter coupling lengths. For example, in our structure with waveguide

separation of 3.25 um, 3 dB couplers seem to be reachable at the straight section
length of about 625 um. While, it had been reported that 3 dB SOI couplers

had been realized at straight section lengths of 400 um with 2.5 ym waveguide

separation.?’
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A mode propagation method based on effective index method along with
BPM simulations have been used in design of the MMI couplers. The designed
mask included 1x2, 1x4 and 1x8 MMI power splitters and 2x2 MMI couplers
with various MMI widths and lengths. Straight waveguides are used as access
waveguides, this requires wider MMI devices to place access waveguides such
that no coupling occur between them. So, long devices resulted after the design.
Optimum lengths for a definite MMI width are the distances at which electric
ficld has N maxima. N-fold images are formed at this length. Lengths around
the optimum values were also included for possible tolerance analysis. Insertion
losses which come to be around 27.5 dB for TE and 29 dB for TM and splitting
ratios were measured. The insertion losses seem reasonable when compared to the
straight waveguides. The facets became source of problem here, also. However,
all devices were demonstrated to be working.

1x2 and 2x2 type devices were analyzed for their splitting ratios. The best
measured values came to be around 0.5 dB for 1x2 power splitters and 0 dB
for 2x2 couplers which is very good. Some of the data points showing higher
values are considered to be due to both long MMI lengths and errors resulting
from possible different facet qualities of outputs of a device. The splitting ratio
of MMI couplers are polarization insensitive in general. As far as MMI couplers
compared to directional couplers, it can stated realization of 3 dB MMI couplers
with higher fabrication tolerance and lower polarization sensitivity is simpler.

Finally, we have the technology and experience to design, fabricate and test
most of the integrated optical devices on SOI wafers. However, we need to find

and optimize a process to get good waveguide facets. The proposed methods are

expected to solve this problém in the near future.
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