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Abstract

Silicon-on-insulator (SOI) is rapidly emerging as a very promising material platform for integrated
photonics.

As it combines the potential for optoelectronic integration with the low-cost and large volume
manufacturing capabilities and they are already accumulate a huge amount of applications in areas

like sensing, quantum optics, optical telecommunications and metrology.

One of the main limitations of current technology is that waveguide propagation losses are still much
higher than in standard glass-based platform because of many reasons such as bends, surface

roughness and the very strong optical confinement provided by SOI.

Such high loss prevents the fabrication of efficient optical resonators and complex devices severely

limiting the current potential of the SOI platform.

The project in the first part deals with the simple waveguides loss problem and trying to link that with
the polarization problem and the loss based on Fabry-Perot Technique.

The second part of the thesis deals with the Bragg Grating characterization from again the point of
view of the polarization effect which leads to a better stop-band use filters.

To a better comprehension a brief review on the basics of the SOI and the integrated Bragg grating
ends up with the fabrication techniques and some of its applications will be presented in both parts,
until the end of both the third and the fourth chapters to some results which hopefully make its

precedent explanations easier to deal with.
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Chapter 1

Optical Waveguides Fundamentals

In this first chapter the reader will get to know the definition of the optical waveguide then a quick
review for the Maxwell’s and the wave equation and the basic model which all optics relies on the ray
model where the light behavior inside a waveguide can be realized all will be presented.

Then a better look on the Transvers Modes that travels in the medium will be reviewed in which a
close look on the differences between each other can be understood, and that will prepare the reader

to have a good start on the waveguide and polarization effect relation on the next chapters.

1.1 Definitions

The optical waveguide is the fundamental element that interconnects the various devices of an optical
integrated circuit, just as a metallic strip does in an electrical integrated circuit. However, unlike
electrical current that flows through a metal strip according to Ohm’s law, optical waves travel in the

waveguide in distinct optical modes. [1]



A mode is the field spatial distribution which solves Maxwell's equations in a longitudinally constant
structure. It transversal shape is constant. Along the propagation distance it has an exponential
dependence on attenuation and propagation constants. In general, Maxwell's equations are solved in
harmonic regime, where there’s no time dependence.

The plane wave is the most fundamental electromagnetic wave and it is a particular solution of
Maxwell’s equations. It will be used to develop the fundamentals of electromagnetic waves in dielectric
media including solutions to Maxwell’s equations, phase velocity, group velocity, polarization,
boundary conditions, and total internal reflection, which makes it possible for optical signals to
propagate and be guided in waveguides. [2]

So here’s a quick mentioning for the Maxwell’s equations:

JB
v = E: e

ot (1.1)
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Where E is the electric field vector, B the magnetic flux density vector, D the electric flux density or
electric displacement vector, and H the magnetic field vector. The parameter p is the volume density
of free charge, and J is the density vector of free currents.

The flux densities D and B are related to the fields E and H by the constitutive relations. For linear,
isotropic media, the relations are given by D =¢ E and B =u H, where ¢ is the dielectric permittivity of
the medium and p is the magnetic permeability of the medium. A dielectric medium is linear if the
permittivity € and permeability y are independent of field strengths. [2]

The solutions to the wave equations with a given frequency in the form of [2]:

E(r,t) E(r) exp(jwt) (1.5)

And
B(r,t)

B(r) exp(jwt) (1.6)

And by using (1.5) and (1.6) the wave equation for E reduced to:
V2E(r) + o*usE(r) =0 (1.7)
Noting that:

—

V-E(r)=0 (1.8)



And
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All of the above formulas will be used on the boundaries of the planes by the applying the boundary
conditions and at this level it won't be mentioned excessively here but it can be reviewed on

Reference no. [3] and the first chapter of Reference no. [2].

1.2 Ray-Optic Approach

The propagation of light in a waveguide has been considered as an electromagnetic field which
mathematically represented a solution of Maxwell’'s wave equation, subject to certain boundary
conditions at the interfaces between planes of different indices of refraction. The light propagating in
each mode traveled in the z direction with a different phase velocity, which is characteristic of that
mode. This description of wave propagation is generally called the physical-optic approach. [3] An

alternative method, the so-called ray-optic approach [Figure 1.1], is described:

Figure 1.1 The Ray Optics Approach to Describing Planar Waveguides.

Ray Optics is based on three laws which describe the propagation of rays [4]:

1. Light rays in homogeneous media are straight lines.

2. Law of reflection, which state that the reflection on the boundary between two media of
different refractive indices: the reflected ray lies in the plane of incidence; the angle of
reflection equals the angle of incidence (i.e.6r = 6i = 61).

3. Snell’'s law of refraction, at the boundary between two media of different refractive index n, the
refracted ray lies in the plane of incidence; the angle of refraction 6 is related to the angle of

incidence 6; by [5]:



ni Sinfi = nt Sinft (1.10)

The lightwave becomes totally confined, as shown in Fig. 1.1, corresponding to a guided mode. In this
case, the critical angle is given by

¢c = sin~1(n2/n1) (1.112)

1.3 Transvers modes

A transverse mode of a beam of electromagnetic radiation is a particular electromagnetic field pattern
of radiation measured in a plane perpendicular (i.e., transverse) to the propagation direction of the
beam. Transverse modes occur in radio waves and microwaves confined to a waveguide, and also in
light waves in an optical fiber and in a laser's optical resonator. [83]

Transverse modes occur because of boundary conditions imposed on the wave by the waveguide. For
instance, a radio wave in a hollow metal waveguide must have zero tangential electric field amplitude
at the walls of the waveguide, so the transverse pattern of the electric field of waves is restricted to
those that fit between the walls. For this reason, the modes supported by a waveguide are quantized.
The allowed modes can be found by solving Maxwell's equations for the boundary conditions of a

given waveguide.

b4

z

Figure 1.2 a rectangular waveguide with perfectly conducting walls, filled with a lossless material.



1.3.1 Modes of Propagation

1- Transverse magnetic (TM) modes: no magnetic field in the direction of propagation. These
are sometimes called E modes because there is only an electric field along the direction of
propagation. [84]

That definition concludes the electric field on the direction of the propagation is presented
by:

_ i i -n
E, =(A cosk, x+ A, sin kxx)(A3 cosk,y+ A, sin kyy)e (1.12)
And by imposing the boundary conditions where:

E,=0aty=0, (1.13)
E,=0atx=0,a (1.14)

From these, it has been concluded referring to Figure 1.2:
X(x) is in the form of sin k,x, where k,=mIl/a, m=1,2,3,...
Y(y) is in the form of sin k,y, where ky=nI1/b, n=1,2,3,...

So the solution for E,(x,y,2) is

E, = A2A4(Sin kxx)(Sin K, y)e_jﬂz (1.15)

And by substituting:

E, =E, sin(m x}sin(n—” y)e‘jﬂZ (1.16)
a b
where
mrz ’ Nz ? 2 2
hz:(jj +(Tj =y +k (117)

The m and n represent the mode of propagation and indicates the number of variations of the field

in the x and y directions. Noting that for the TM mode, if n or m is zero, all fields are zero.

7:\/(kx2+k5)_k2 (1.18)
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The cutoff frequency occurs

2 2
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The cutoff frequency is the frequency below which attenuation occurs and above which

propagation takes place (High Pass).
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2- Transverse electric (TE) modes: no electric field in the direction of propagation. These are

sometimes called H modes because there is only a magnetic field along the direction of
propagation.

So by the definition and knowing that the magnetic field will be moving along the z
(propagation direction)

H, = (B, cosk,x+ B, sink x)B, cosk, y+B,sink, yk 7 (1.24)
By imposing the boundary conditions where:

E.,=0aty=0,b (1.25)
E,=0atx=0,a (1.26)

From these, it has been concluded:
X(x) is in the form of cos kx, where k,=mIl/a, m=0,1,2,3,...
Y(y) is in the form of cos kyy, where k,~=nI1/b, n=0,1,2,3,...

So the solution for H,(x,y,2) is



H, = B,B,(cosk,x)(cos kyy)e‘jﬂz (1.27)

A

By substituting it results:

_ mzx N7z la-im
H, = Hocos( " Jcos( 0 yje (1.28)

where
mzY (nz)
a b (1.29)

Note that n and m cannot be both zero because the fields will all be zero.

Cut off frequency is the same expression as for the TM mode

, 2 2
foo_um n
emn = o (gj +(Ej (1.30)

The dominant mode is the mode with lowest cutoff frequency and here it's always TE;j

, and the order of the next modes change depending on the dimensions of the guide.

1.4 Conclusion

The optical waveguide is the fundamental element that interconnects the various devices of an optical

integrated circuit, just as a metallic strip does in an electrical integrated circuit.

The propagation of light in a waveguide as an electromagnetic field which mathematically represented

a solution of Maxwell’'s wave equation subjected to the boundary conditions at the interfaces between

planes of different indices of refraction.



Snell’'s law is important to represent the moving light behavior between two medias of different
refractive index n,and that leads to the total internal reflection which the light is totally confined in the
waveguide happens when the critical angle is greater or equal to sin~*(n2/n1).

The electromagnetic field pattern of radiation measured in a plane perpendicular to the propagation
direction of the beam is called a transverse mode which occurs because of boundary conditions
imposed on the wave by the waveguide.

A transverse magnetic (TM) mode happens when there’s no magnetic fields in the direction of
propagation while the transverse electric (TE) modes: no electric field in the direction of propagation.
The cutoff frequency is the frequency below which attenuation occurs and above which propagation

takes place (High Pass).



Chapter 2

A Glimpse on the Silicon on Insulator

In this short chapter the concept of the silicon on insulator will be discussed and the advantages of
using the SOI and some of the important applications that the SOI was solution for will be followed by.
Then to quick fabrication techniques description especially the core of the wafers fabrication of the
used sample which was fabricated in university of Glasgow’s Labs. And after that a Unibond process
of Smart cut will be explained, then a general challenges in our life that the SOl was a part of its
solution.

As it's been mentioned this chapter is short and it's been located in the middle of the thesis just to
show a small historical and applicable uses of the SOI and its fabrication technique which will make it
easy when the fabrication of the used sample in this thesis is mentioned, and will make it even easier

to understand the choice of using the SOI here.

2.1 What is SOI Technology?

A technology that exploits silicon as optical medium, which has been chosen by many researchers as
because it's addressing the need of large bandwidth and small footprint, with demonstrated high

performances in passive applications, it is also intrinsically suitable for monolithic integration and



compatible with microelectronics platform, discovering, moreover, interesting perspectives like non-
linear application and fast activation [89].

Also the transparency range of silicon extends from 1.1 ym to the far infrared region, covering
therefore both second and third windows of optical communications, and suggested, since the late
1980s, the exploitation of silicon for photonic applications [90].

SOl technology provides a very high refractive index n = 3.5 at A = 1550 nm, so for device with silica
upper cladding, an index contrast An = 1.4. [91] Due to the high confinement of the optical

field, typical waveguide cross sections are 220x500 nm? (Same core space of the sample used in this
thesis which been designed in Glasgow’s University Laboratories).

The features of silicon photonics has become the choice for passive optical components [92], like
filters (which will be presented in chapter 4 by the Bragg grating), multiplexers / demultiplexers,

add/drop, interconnecting and routing networks, and so on.

Although an amount of features has been developed all over the past couple of decades yet the main
drawback of the high index contrast of silicon is the scattering process due to sidewall roughness, that
becoming the dominant contribution to losses, is the main issue to face for silicon photonic devices

development [93].

Since waveguides with sub-micrometers cross section are employed, few nanometers amplitude of
roughness is enough to produce significant values of propagation losses (for instance , it'll be shown
that for a widths 400 nm results a loss coefficient a = 4 dB/cm).

Moreover, high confinement of the optical field makes the component more sensitive to fabrication
tolerances, because small inaccuracies cause non-negligible alteration of the propagating mode,
having a detrimental impact over the device performances.

Another drawback of SOI technology concerns the coupling between silicon chip and optical fibers. By
increasing light confinement, the waveguide mode field diameter consequently decreases which drop
down the efficiency. [91] (the coupling technique used in the thesis is end fire coupling, will be

explained later on section 3.4)

Another interesting feature of SOI technology is the possibility, exploiting directly polarized p-n
junctions, to modify the core refractive index by injecting free carriers [94]. This peculiarity, that
promises to realize a more efficient tuning of optical devices.

Several SOl advanced devices have been recently reported in literature, not only for passive
functions, like coupled resonator architectures [95], waveguide gratings [96] (the thesis subject of

interest) and routing matrices [97] and more challenging active tasks.



2.2 SOl Wafers Fabrication

2.2.1 The Fabrication Technique

The standard material for silicon photonics is the SOI wafer, produced by UNIBOND process
[99][100], that is composed by three layers. The top one is the silicon layer that is patterned in a
suitable way to become the guiding core of the optical circuits; typical nominal thickness of 220

nm enables single mode regime in the vertical direction. Below the core layer, a buried oxide (BOX)
SiO, layer, grown by thermal oxidation, forms the lower cladding of the waveguides; a thick insulator
buffer (in this thesis work it's 2 ym) between guiding layer and substrate, allows to have negligible
leakage losses. Finally, the bottom layer, made of bulk silicon crystal, has a thickness of about 700 um
and gives mechanical stability to the wafer.

The most common fabrication processes for SOI technology [101][102], employed for example by IBM
and NTT, exploit a silica intermediate masking layer in the pattern transfer from resist level to silicon
level, to avoid that employed relatively soft resists are degraded too quickly by a direct silicon etching

process, resulting in pattern edge damage and loss of small feature sizes.

As shown in Fig. 2.1 (a), four main fabrication steps are therefore generally required: silica

Deposition; resist coating, patterning (by electron-beam or photolithography) and development; silica
etching; silicon etching.

The developed process, shown in Fig. 3.3 (b) includes, instead, only two main steps: resist coating,
patterning (by electron-beam lithography) and development; silicon etching.

This reduction in the number of steps was achieved by the use of a highly dry-etch resistant resist that
made the use of a separate silica layer unnecessary.

This approach practically halved the process complexity and, since the intermediate silica mask is
considered to be the main source of roughness, resulted in better quality and reproducibility.

The resist employed is HSQ (Hydrogen SilsesQuioxane), a spin-on glass material that relatively
recently has been demonstrated as a negative tone resist (A positive resist undergoes chain-scission
and becomes soluble, while a negative resist reacts to electrons by cross-linking or becoming
insoluble) with very high resolution capability [103].

A 220 nm thick film is spinned on the top layer of the chip, baked, and patterned using a sequential
writing lithographic technique; the resist is then developed using TMAH (Tetra-Methyl-Ammonium
Hydroxide) at 25% concentration in water, to leave behind the exposed insoluble areas.

Although parallel photolithography is characterized by faster writing times, allowing mass production,
sequential writing lithographic technique, orders of magnitude slower, is however characterized by
higher degree of accuracy and programmability, allowing to produce fast turnaround in prototype

design and testing and to generate masks for optical lithography.[91]



The tool employed is the Electron Beam Vistec VB6-UHR-EWF, that features a 4 nm spot size and
very high resolution (0.5 nm) and accuracy (20 nm).

The software of the electron beam machine implements both proximity correction and stitching
compensation. The former is a technique that, by modulating the exposure dose according to the
writing pattern, reduces the proximity effect, i.e. the extra exposure caused by the finite size of the
electron beam, broadened by scattering of the incident electrons [104]. It improves therefore the
accuracy and the repeatability of optical devices.

The latter reduces the stitching errors: because of the limited amount of achievable steering on the
electron beam, EBL tools have a finite writing field; when a pattern exceeds the boundaries of one
field, the stage has to be moved and the limited placement accuracy results in a not correct re-
composition of the patterns [105].

Stitching correction is therefore a key feature in order to reduce the scattering effect of these
concentrated defects that can be particularly detrimental, also for their periodical nature.

After definition of the mask in the resist by lithography, the pattern is transferred into the underlying
layer by Inductively Coupled Plasma Reactive lon Etching (RIE) with etch gases Sulfur hexafluoride
(SFs) — Butene (C4Hg), a technique that accomplishes removal of material through chemical and
physical interaction with accelerated ions, decoupling plasma generation and ion acceleration.

In Section 4.2 more satisfying explanation about the electron-beam, photolithography and the HSQ wiill

be presented.
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Figure 2.1: Sketch of process sequence for fabrication of devices in SOI, as reported in [98]: (a)
common four-steps fabrication process based on intermediate SiO, layer, (b) two-steps fabrication

process based on direct pattern transfer from HSQ resist.

The optimization of all the parameters involved in the process, from the deposition, writing and
development of the resist, to the silicon etching, provides very high quality features: [91]

- near-vertical sidewalls, which is a fundamental requirement for optical waveguides when
attempting to avoid polarization mixing;

- low sidewall roughness: an indication of the LER (line-edge roughness) can be extracted by
the analysis of a top-view SEM (Scanning electron microscope) image of the sidewall, and
returns an estimated value lower than 1 nm; this means very low propagation losses: for
uncovered waveguides an excellent value of a = 1 [106] to 1.5 dB/cm was measured for some
waveguides widths (see Sec. 3.4.2).

- High etching contrast, that enables to open very narrow and sharp gaps, down to few tens of
nm, between waveguides; this is a key feature to realize accurate and reliable couplers.

- Avery high degree of repeatability with an estimated average dimension variation of 1.5 nm.

Figure 2.2 describes the Used Sample dimensions which again was fabricated using negative tone
HSQ ebeam resist and ebeam lithography. Developed mask is etched in Sulfur hexafluoride (SFg) /

Butene (C4Hg) chemistry using an ICP etch tool.

220 nm[ Ikl s
2um f S0 7
X e /
?00 um SEcon Substrate

Figure 2.2 a single (out of many devices was planted on the used sample) dimensions of an SOI

waveguide.



2.2.2 Smart Cut

In the beginning of the previous section the term of UNIBOND process was imposed so here as
mentioning one prominent example of a wafer bonding process is the Smart Cut method developed by
the French firm Soitec which uses ion implantation followed by controlled exfoliation to determine the
thickness of the uppermost silicon layer which been explained in figure 2.3. [35]

A technology which been developed by Silicon Genesis Corporation called NanoCleave used to
separate the silicon via stress at the interface of silicon and silicon-germanium alloy. [36] There’s also
other technology called ELTRAN developed by Canon which is based on porous silicon and water cut.
[37]

Initial silicon wafers A & B Water B

Oxidation of wafer A to
create msulating layer

H'ions
Smart Cut ion implantation “
induces formation of an in-depth

weakened layer

Cleaning & bonding wafer A to
the handle substrate. wafer B

Smart Cut - cleavage at the mean
ion penetration depth splits off wafer A

Wafer B undergoes annealing, CMP
and touch polish == SOI wafer complete

Split-off wafer A is recycled, becoming
the new wafer A or B

Figure 2.3 Smart Cut is at the heart of Soitec’'s UNIBOND SOI wafer fabrication. In this case, the
process is based on Hydrogen implantation and wafer-bonding to a silicon handle substrate B.



2.3 SOI Applications

SOl in general is taking over a huge part of our life whether in computing, Gaming, Automative,

Networking or even cameras and hand watches.

And it's been showed before that the SOI enables the best performance per watt, which means it

delivers more than 20% performance improvement and 35 to 40 power improvement, [40] here some

of the SOI applications will be presented by mentioning the challenges and the solution which been
found in the SOI.

1-

Optical active cable

Challenge: In data centers connections between racks must be extremely fast to support
system speed.

Solution: SOI technology minimizes coupling and power dissipation. It allows integrating
multiple high-speed channels reliably in a small form factor. Also, SOI simplifies manufacturing
of wave-guides to interface CMOS circuits with optical fiber.

Optical waveguides

Challenge: To minimize signal loss and cost for optical interconnects both noise isolation and
precision manufacturing are essential for highly integrated solutions.

Solution: SOI Technology enables — for example — to combine on one die 25 silicon lasers
(with different frequencies) with 25 40 Gbps silicon modulators and multiplex them into one
output fiber.

CMOS image sensor

Challenge: Less expensive cameras and mobile phones demand small and low-cost image
sensors, without trading off sensitivity or quantum efficiency.

Solution: The oxide layer in the SOl wafers acts as an etch-stop and allows accurate and low-
cost manufacturing. Very uniform thinning of 300mm wafers, down to 5 um or less, is possible
and allows low-cost and high-quality CIS manufacturing.

Multi-GHz RF circuits

Challenge: In bulk-CMOS substrate currents reduce Q of inductors, especially in GHz range.
Solution: In SOI wafers the top silicon film can be of low resistivity, while the silicon substrate
can be very high resistivity material which significantly improving the quality of passive
components.

Highly integrated radio

Challenge: In bulk-CMOS it’s difficult /costly to separate sensitive circuit elements sufficiently,
due to significant substrate- and cross-coupling.

Solution: The BOX in SOI wafers isolates the active circuitry from the HR-substrate and
minimizes these coupling effects. Also, the lateral oxide isolation between circuit elements

separates transistors better than junction isolation and consumers less area.



2.4 Conclusion

SOl is technology that exploits silicon as optical medium because of the need of large BW and the
small footprint as its compatibility with microelectronics platform the main drawback of the high index
contrast of silicon is the scattering process due to sidewall roughness.

The standard material for silicon photonics is the SOI wafer, produced by UNIBOND process such as
smart cut.

The four main fabrication steps are therefore generally required: silica Deposition; resist coating,
patterning (by electron-beam or photolithography) and development; silica etching; silicon etching.

There are many applications challenges in our life that the SOI was a good solution for.



Chapter 3

Waveguides Losses

In this chapter the types of the losses will be presented as for the definition of the Fabry-Perot method
and using it to calculate the propagation loss in the simple waveguides with different widths, and a first
look on the modal scattering in the waveguide with presenting the percentage of the scattered TM with
respect to the total TE and TM intensities will be illustrated in with some of the results that have been

measured.

3.1 Attenuation coefficient

The attenuation coefficient is a quantity that characterizes how easily a material or medium can be
penetrated by a beam of light, sound, particles, or other energy or matter. A large attenuation
coefficient means that the beam is quickly "attenuated" (weakened) as it passes through the medium,
and a small attenuation coefficient means that the medium is relatively transparent to the beam.

Attenuation coefficient is measured using units of reciprocal length. [77]



3.1.1 Definition and formula

The measured intensity I of transmitted through a layer of material with thickness T is related to the

incident intensity Iy according to the inverse exponential power law that is usually referred to as Beer—

Lambert law:
_ —i¥ T
I=1Ie™, 3.1)

Where I denotes the path length. The attenuation coefficient (or linear attenuation coefficient) is €.

3.2 Losses In Waveguides

One of the most important characteristic of a waveguide is the attenuation, or loss, that a light wave
experiences as it travels through the guide. This loss is generally attributable to three different
mechanisms: Scattering, absorption and radiation. Scattering loss usually predominates in glass or
dielectric waveguides, while absorption loss is most important in semiconductors and other crystalline
materials. Radiation losses become significant when waveguides are bent through a curve. [1]

3.2.1 Scattering Losses

Scattering loss occurs when electromagnetic waves interact with scattering centers of a size smaller
than the wavelength. Because of the small size of the scattering centers, which can be due to impurity
clusters and localized dielectric fluctuations, they can be viewed as uniformly excited by the field.[2]

In an ideal waveguide the modes are orthogonal, so that no energy will be coupled from the lower-
order modes to the higher-order modes. However, waveguide irregularities and inhomogeneities can
cause mode conversion, so that energy is coupled from lower-order to higher-order modes. [11]

There are two types of scattering loss in an optical waveguide: volume (Rayleigh) scattering and
surface scattering. Volume scattering is caused by imperfections, and it follows either A* dependence,

or A* dependence, as a consequence of the type and concentration of scattering centers.

In Rayleigh scattering, each “particle” is uniformly excited by the field and becomes polarized with a

dipole moment. So the absorption coefficient can be given by an equation referred to ag in [7].

The second type is surface scattering that results from surface roughness.


http://en.wikipedia.org/wiki/Beer%E2%80%93Lambert_law
http://en.wikipedia.org/wiki/Beer%E2%80%93Lambert_law

And it has been modeled by many authors, but a reasonably accurate and attractively simple model

was produced by Tien: [8]

152
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Where g, is the rms roughness for the upper waveguide interface, o, is the rms roughness for the
lower waveguide interface, ky, is the decay constant in the upper cladding, ky, is decay constant in the
lower cladding, Ao is the free space wavelength, n; is the refractive index of the core and h is the

waveguide thickness.

3.2.2 Absorption Losses

The two main potential sources of absorption loss for semiconductor waveguides are band edge
absorption and free carrier absorption. If it's been operated at a wavelength well away from the band
edge, the former is negligible. [9]

3.2.2.1 Interband Absorption

Photons with energy greater than the bandgap energy are strongly absorbed in semiconductors by
giving up their energy to raise electrons from the valence band to the conduction band. This effect is
generally very strong, resulting in absorption coefficients that are larger than 104 cm™ in direct
bandgap semiconductors. To avoid interband absorption, one must use a wavelength that is
significantly longer than the absorption edge wavelength of the waveguide material. [1]

Interband absorption can also be avoided by employing a laser source emitting a wavelength

significantly longer than the absorption edge of the waveguide material. [10]

3.2.2.2 Free Carrier Absorption

Free carrier absorption, sometimes called intraband absorption, is that which occurs when a photon

gives up its energy to an electron already in the conduction band, or to a hole in the valence band,



thus raising it to higher energy. The electron transitions between energy states for both interband an
intraband (free carrier) absorption are shown in Fig. 3.1 [1] Where the downward arrow refers to the
energy absorbed by the electron that increase the energy and leaves a hole in an lower energy
position:

Interband l

absorption Intraband absorption
hv > Eg =E¢ —Ey, (Free carrier absorption)
hv < Eg

Figure 3.1 Electron energy transitions during absorption.

Changes in free carrier absorption can be described by Drude-Lorenz equation: [9]
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(3.3)

where e is the electronic charge; c is the velocity of light in vacuum; pe is the electron mobility; ph is
the hole mobility; m*. is the effective mass of electrons; m*, is the effective mass of holes; N, is the
free electron concentration; Ny, is the free hole concentration; €, is the permittivity of free space; and Aq
is the free space wavelength.

3.2.3 Radiation Losses in optical waveguides

Optical energy can be lost from waveguide modes by radiation, in which case photons are emitted into
the media surrounding the waveguide and are no longer guided. Radiation can occur from planar
waveguides as well as from channel waveguides. Radiation losses are generally negligible for well
confined modes that are far from cutoff.



However, at cutoff, all of the energy is transferred to the substrate radiation modes, Since the higher-
order modes of a waveguide are always either beyond cutoff or are at least, closer to cutoff than the
lower-order modes, radiation loss is greater for higher-order modes. [11] Though the precedent
knowledge of the waveguide width shall be a key factor to bring out the property of monomodal or
almost monomodal.

There Radiation Loss occurs by Curved Channel Waveguides Because of distortions of the optical
field that occurs when guided waves travel through a bend in a channel waveguide, radiation loss can
be greatly increased. In fact, the minimum allowable radius of curvature of a waveguide is generally

limited by radiation losses rather than by fabrication tolerances. [12]

3.3 Measurement of propagation loss in optical waveguides

There is confusion between insertion loss and propagation loss. The insertion loss of a device, is the
total loss associated with introducing that element into a system, and includes the inherent loss and
the coupling losses.

Inherent loss refers to the light loss in a waveguide that cannot be eliminated during the fabrication
process is due to impurities and roughness. [78] As for the coupling losses refers to the power loss
that occurs when coupling light from one optical device or medium to another, [79] which in the thesis
work shall be refer to coupling light from air to the waveguide yet it also will be taken care of as the
mode is well confined into the waveguide.

Alternatively, the propagation loss is the loss associated with propagation in the waveguide alone.
There are three main experimental techniques associated with waveguide measurement. These are (i)
the cut—back method; (ii) the Fabry-Perot resonance method; and (iii) scattered light measurement.
The cut back method is conceptually simple. A waveguide of length L is excited by one of the coupling
methods with an optical fiber like the grating couplers [80], inverse tapers [81] or tapered waveguides
[82], and in any of those the output power from the waveguide, and the input power to the waveguide
are recorded.

Waveguides have definite dimensions they are tapered to roughly 22 micron to couple light with the
fiber then fabrication of shorter and shorter waveguide sections and consequently longer and longer
taper sections with for instance another length, and the measurement repeated to determine the

output. Hence: [13]

L_ exp(—a(L, -L,))
L (3.4)
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The scattered light measurements takes a place when the scattered light will be quantitatively

(3.5)

evaluated, however, the measurement requires assumptions to be made like the evaluation of the
angle-resolved scattered light measurement and the conversion into the surface parameter which
makes the process not really easy.

3.3.1 Using Fabry-Perot Resonance Method

The used chip facet is reflective which make it form a cavity. This cavity has an input and an output
mirrors, and noticing this structure makes the Fabry Perot cavity method presented.

The Fabry-Perot etalon, or interferometer, named after its inventors [15] designed in 1899. Fabry and
A. Perot, represents a significant improvement over the Michelson [114] interferometer. The
difference between the two lies in the fact that the Fabry-Perot design contains plane surfaces that are
all partially reflecting so that multiple rays of light are responsible for creation of the observed

interference patterns.

Fabry-Perot optical resonator is a resonant cavity formed by two parallel reflecting mirrors separated
by a medium.

When the mirrors are aligned perfectly parallel to each other, the reflections of the light waves
between the two mirrors interfere constructively and destructively, giving rise to a standing wave
pattern between the mirror surfaces, just like standing waves on a string, see Figure 1.4. For standing
waves, any wavelengths that are not an integer multiple of half a wavelength will interfere

destructively.

The ratio of the mode separation to the spectral width is called the finesse (F) of the cavity and is
given by: [16]
F = FSR/ Af (3.6)

Where FSR is the free spectral range which is the difference in frequency between consecutive
interference fringes and Af is the minimum resolvable bandwidth or resolution which is the width (full
width at half maximum peak intensity) of an interference fringe generated when a perfectly

monochromatic light source is transmitted by a Fabry-Perot. [17]
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Figure 3.2 The Output Spectrum of the Fabry-Perot Resonator.

The optical intensity transmitted through such a cavity, it is related to the incident light intensity, Iy, by
the well-known equation: [9]
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Where R is the facet reflectivity, L is the waveguide length, a is the loss coefficient, and ¢ is the phase
difference between successive waves in the cavity.

For any given wavelength, the length L can be calculated by:

AZ
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Where L is the length of the waveguide, ne; is the effective refractive index of the waveguide, A is the

free space wavelength and AA is the distance between two successive peaks.

The equation used in the thesis work to find the loss coefficient is as follow:



(3.9)

If the reflectivity is known, R and if { can be measured, the loss coefficient can be evaluated.

The Reflectivity can be calculated using Fresnel Equation as the relative intensity has been chosen as
the indicator: [18]

_ Tout(4) _ [(ncore— ns) ]2 _ [ (n0—neff) ]2

Iin(4) (ncore+ ns) (n0 + neff) (3.10)

And by knowing that the ratio of the maximum intensity to minimum intensity, C, is: [9]
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When calculating the Reflectivity of the waveguide facets R supposing it's a Silicon/Air wave-guide
interface where ng is 1 for the air and nqpeer Which depends on the width and the high of the waveguide
(waveguide properties) can be evaluated as 2.9 [19] Which makes the Reflectivity equals to 0.237.

As an example, Figure 3.3 represent a Fabry-Perot sweep measured for an approximated of 5 mm
long waveguide with a 450 nm width ,noting that the sweeping has been performed over one nm with
a resolution of 10 pm.
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Figure 3.3 Example on Fabry-Perot scanning.

As the figure above shows the distance between a random two successive peaks and the maximum
and minimum intensity which will be helpful to determine the loss.

So for instance in the previous Figure (3.3) on a specific fringe when getting In.x = 64.52 and Iy, =
38.44, finding an amount of the loss coefficient a using equation 1.20 equals to -1.22 and a Loss
(dB/cm) (regarding to the upcoming formula 3.13) equals to 5.29 dB/cm at that wavelength.

Though, here a nearly same but high precision simple expression to fabry-perot method to get more

accurate loss measurements will be employed given by: [20]

-aL = log, {1 - [(17; ‘72)]1/2}

(3.12)

Where y = [(Imax — Imin)/(Imax + Imin)] the visibility of the fringes, R is is the end-face (power)
reflectivity, and L is the waveguide length.
For even more fair and precise calculations the average of the fringes intensity will be used, meaning

that Inax Will be referring to the average value of all the maximum fringes (Imaxavg) and same as for the

Imin .



Noting that the loss coefficient a will be represented by (cm™), and the loss is usually represented by

(dB/cm) and to get that the formula below is used:

L(dB/cm) = 12—0 log[1(0)/1(2)] = 434 a (cm™) (3.13)

3.4 Experimental Set-Up

In the first three sections of this chapter quick review was presented to the concept of waveguides
losses, though here in this section a closer look on the set up that has been used to measure the loss
in the waveguide using the simple extension of the Fabry-Perot technique will be illustrated and a
better look and understanding on the polarization effect on measuring the loss shall be shown.

First, to have a better look on what it's been dealt with on the Laboratory the concept of End-Fire
Coupling to Waveguides has to be mentioned which is one of the simplest, and also most accurate,
methods of measuring waveguide loss is to focus light of the desired wavelength directly onto a
polished or cleaved input face of a waveguide as shown in Figure 3.4

Optical

Laser ( W i
aveguide Detector

Lens Substrate Lens

z

Figure 3.4 Experimental set-up for measurement of waveguide attenuation employing end-fire

coupling.

This method will be a general concept will be put in mind because it's going to be helpful to use it on a
several amount of waveguides that varies whether by length or width.

Often this series of measurements is performed by beginning with a relatively long waveguide sample,
then repetitively shortening. [21]

Care must be taken before each measurement to align the laser beam and the sample for optimum
coupling, by maximizing the observed output power. The extent of the scatter of the data points is a
measure of the consistency of sample input/output coupling loss, which depends on face preparation,

and on sample alignment.



This method of coupling is used here in the thesis because a free space distance was needed
between the fiber and the sample to have a possible working area where polarizers can be put in
between.

Figure 3.5 will show the set up used to accomplish the measurements and it'll be followed by quick

definitions for each device, noting that the red line represent the transmitted light.

Screen

Wavelength Tunable
Laser Diode Source

Lock-in Amplifier

Computer

Polarizer Rotator
Sample

Fiber

Iris i \
Camars Chopper Polarizing Cubes Lens Lens r Lons

Figure 3.5 Diagram of the Set up used in the experiments.

Wavelength Tunable Laser Diode source: which is an external cavity wavelength tunable laser source
that couples light into an optical fiber and capable of emitting the a wavelength range of 1460-1580
um [22] with a safely maximum input power of 5 uWatts and an output < 10 uWatts when using a class

1 laser which is the same one used here.

Laser: it's a Class 1 laser which is safe under reasonably foreseeable conditions of operations; it has

inherently low emission of the laser itself. [23]

Lenses, X20, X40 Microscope Objective lenses: which helps focusing and collimating the guided light

in and out of the waveguides.

Polarizer Rotator: which is placed before the light gets coupled into the waveguide and it's used to

filter out any unwanted polarization (filtering out the TM from the input here).



The Sample: it's worth to mention that the Sample shall be placed on the Micro Positioner which is

used to set a precise alignment.

Polarizing Cube: placed after the lese on the output and it again filter out the unwanted polarization
but from the output this time, noting that in this part of the thesis both cases of the output TE and TM

will be experimented.

Chopper: which used to modulate the output light and it's been set to a frequency using its controller.

Iris: which controls the amount of light that passes through to the Photo Diode ,trying to make sure

that only the light coming out of the waveguide is the one has been detect.

Photo Diode: Detecting the output light, it's connected to lock-in Amplifier.

Lock-in Amplifier: it's an instrument with dual capability that can recover signals in the presence of
overwhelming noise background or alternatively it can provide high resolution measurements of

relatively clean signals over several orders of magnitude and frequency. [24]

Computer: which connected to the Wavelength Tunable Laser Diode source and the Lock-in Amplifier
using a GPIB (general purpose interface bus) , and simply using a Lab View software
(TUNICS_TODDV2.3) The wavelength Span set, launch the Laser and get the results of the sweeping
graphically on the screen and saved as a text file.

3.4.1 Used Device Characterization

The Sample was fabricated using negative tone HSQ e-beam resist and e-beam lithography and the

Developed mask is etched in SF¢/C4Hg chemistry using an ICP etch tool.

The sample used in this thesis is designed as followed (shown previously in Figure 2.1):
- 220 nm thick core layer

- 2 um SiO, under-cladding layer

- The waveguides have variable widths.

- 5 mm length to have three sets of devices interspersed by slabs.



Set 1 is Pi-shifted Bragg gratings and which will be discussed in chapter 4, Set 2 which is the set that
would be the center of concerns in this chapter and there are a simple waveguides 5 replicas of each
device.

Top to bottom the widths laterally varies as 1000,900,800,700,600,550,500,450,400 nm and last set is

a rings and it won’t be mentioned in this thesis.

3.4.2 Results and Discussion

By applying the procedure explained in figure 3.5 on all the waveguides with different widths and first
with a TE polarized cube the fringes that exploited by the waveguide will be seen and as mentioned
before by taking the average of the maximum and the minimum intensities and applying it on the

simplified Fabry-Perot expression (3.12) the loss represented in the Figure 3.6 will be resulted.
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Figure 3.6 Propagation losses for different widths of waveguides.

Its noticeable that the loss amount is decreasing with an increasing waveguides width and which

brings the conclusion of narrow waveguides tends to give a high propagation loss because it has the



behavior of confining the light in the center of the waveguide and that all happen as a result of the

strong interaction of the mode with the sidewalls which lead to a large scattering inside the waveguide.

Also its shown that for the waveguides with the largest width the nature of the fringes of Fabry-Perot
changes to have a larger modulation peaks which could be caused by somehow more than one mode
travelling inside and that could happened on the basis of poor alignment between the fiber and the
waveguide or sometimes the damaged walls of the waveguide could cause scattered light in it which
makes the fringes appear in that shape Figure 3.7 even with a good alignment.
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Figure 3.7 Laser sweeping on an 800nm waveguide’s width.

Now even when a polarizer exists in the input to filter out the TM modes that passing through the
waveguide yet that wouldn’t totally prevent to sense an amount of TM on the output which would be
aroused by the light scattered inside the waveguide.

Also its noticeable that the amount of TM mode signal will vary depending on the width of the
waveguide noting that the TE and TM modes will gradually become close to an intensity profiles

matching as the width of the waveguide gets smaller.



So after measuring the waveguides starting from 1 um to 0.4 um width and by using the two cases a
polarizing cube (TE / TM) on the output, and by measuring the TM mode percentage to the total
amount of TE and TM signal and as presented in Figure 3.8 the percentage will increase till it reach a

noteworthy percentage.
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Figure 3.8 TM Percentage to the total output signal (TE+TM).

The output polarization states from an optical fiber are generally unpredictable and changes with time
when temperature and stress variations are introduced into the fiber and that's why the polarization
rotator has been presented.

From the figure above (3.8) it is understandable that photonic components which are polarization
independent over a wide wavelength range are highly desirable.

It's of worthy to mention that the difference in loss between the orthogonal polarization components of

the signal is usually termed by Polarization Dependent Loss (PDL).

As an experimental effect of the small TM amount for the large waveguide, the intensity amount of the
mode will hardly appear on the screen even with increasing the video sensitivity so as simple
technique to handle that to couple it properly, increasing the power of the laser for the coupling

process then run the laser sweeping back on the last settings might be a good way to do it.



3.5 Conclusion

Using Fabry-Perot method to calculate the loss coefficient is effective because the chip facet is
reflective which make a cavity, and it depends on the reflectivity, waveguide length and the intensities
(output, input).

Care must be taken before each measurement to align the laser beam and the sample for optimum
coupling, by maximizing the observed output power.

The propagation loss amount decreases as the wavelength width increase and that’'s because of the
behavior of confining the light in the center of the waveguide and that all happen as a result of the
strong interaction of the mode with the sidewalls.

The TM mode gradually increases as the waveguides widths get smaller which also refers to the

amount of scattered light in that waveguide.



Chapter 4

Bragg Grating

In this last chapter which would be the backbone of the thesis title and the core of what have been
presented in the previous chapters. Introduction to the Bragg Grating and how it works. Then some of
the Integrated Bragg Grating fabrication techniques will be presented and accordingly a description of
the fabrication method used on the sample used in this thesis work will be mentioned and explained
extensively as an extension of the fabrication process that has been shown in chapter 2 and the final
section a better understanding on the characterization of the Bragg Grating in a general way and on

more specified one considering the polarization effect is expected.

4.1  What's Bragg Grating

A Bragg grating is a periodic perturbation of the refractive index along a specific length which is
formed by exposure of the core to an intense optical interference pattern. [41]
The formation of permanent gratings was first introduced in the optical fiber and was first

demonstrated by Hill et al. in 1978 at the Canadian Communications Research Centre (CRC), Ottawa,



Ont., Canada, [42], and it was basically consists of a longitudinal, periodic variation of the refractive

index of the core of an optical fiber waveguide, which is shown in figure 4.1. [1]

Bragg grating structures are widely used in optical communication and sensing systems, such as in
semiconductor lasers and fibers. Recently, the integration of Bragg gratings on the silicon-on-insulator
(SOI) platform has been attracting much interest [43], as it's been concluded from the features of the
SOl in chapter two makes it a good choice for passive optical components “filters” designing was the
thesis concern.

Bragg grating based devices have increasingly been employed in various optical components such as
tunable filters [85], optical modulators [86] and narrow-band reflection filters [87][88].

The realization of Bragg gratings in Silicon-On-Insulator (SOI) waveguides offers the possibility to
extend the functionality of integrated optics towards much more compact miniaturized devices.

Bragg grating in SOI has unique properties of high optical confinement and low losses as it's been
shown in the last chapter for a Single mode waveguides in SOI for TE polarization with a 900 nm width

has a value less than 1 dB/cm, which make SOI an attractive option for a wave guiding material. [53]
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Figure 4.1 first model introduced for Bragg Grating technique on Fiber.

And a several approaches have been reported to achieve periodic modulation of the effective index of
refraction in SOI waveguides:

1- Using photorefractive effects via selective ion implantation [44].
2- Physically corrugating the waveguide, either on the top surface [45] or on the sidewalls
[46],[47].

3- Placing periodic corrugations next to the waveguide [48], [49].

Bragg gratings are formed by introducing periodic surface corrugation or periodic refractive index
changes; It will exhibits the characteristic of wavelength selectivity filter, reflecting a narrowband of

wavelengths when the Bragg condition is satisfied.
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Where Az is the Bragg wavelength, A is the period of the grating, ne; is the effective index of the
structure and m is the grating order.

Based on equation (4.1) the spectral responses of the Bragg gratings can be customized with
refractive index modulation via precise etch depth, the period and the order of grating.

Various Bragg gratings on SOI waveguide have been reported though the majority of the grating is
utilizing 1st order gratings in large cross sectional area waveguides.

Which gives when m = 1:

= 2Nt
AB = 2neg A 4.2)

Knowing that Bragg gratings are formed by introducing periodic surface corrugation or periodic
refractive index changes it will exhibits the characteristic of wavelength selectivity filter, reflecting a

narrowband of wavelengths when the Bragg condition is satisfied.
Generally the loss introduced by the gratings is negligible, as the corrugation width is increased, the
average effective index of refraction ne; decreases [53]. Hence, shifting the reflectivity peak to shorter

wavelength by the Bragg condition Equation (4.1).

Figure 3.2 shows a typical SOl waveguide with its silicon substrate and the Bragg grating.
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Figure 4.2 shows the proposed SOI waveguide with Bragg grating



4.2 Integrated Bragg Grating Fabrication Techniques

The fabrication method, First the grating pattern was exposed using E-beam lithography and
subsequently transferred into the semiconductor material via RIE processes.

4.2.1 Lithography

In the manufacture of integrated optoelectronic devices there are two main lithography techniques
that are widely employed; namely photolithography and Electron Beam lithography.

The decision on which method to use is based on a number of considerations such as the feature
size to be defined, the number of samples to be produced, the required flexibility in the design
stage, the size of the area to be written, the exposure time and the cost of production. Both
methods, if the process requires pattern transfer into a hard mask, will use similar Reactive lon
Etching steps after the transfer of the mask pattern into the resist or soft

mask. The main distinction then is the method of transferring the mask into the resist.[108]

4.2.1.1 Photolithography

Photolithography uses a pre-patterned mask plate that carries the desired features to be
transferred onto the semiconductor. The sample is spun with photosensitive resist and baked to
evaporate the solvents.

There are a number of different methods of transferring the mask details into the resist depending
on the specific application; however, the main mechanism is the same. A light source is shone
through the mask, and any other processing optics required, and exposes areas of resist.

The resist exposed to the light is molecularly altered so that on development the developer
solution will only react with either the exposed or unexposed areas. The developer solution clears
the unwanted resist leaving only the information from the mask plate transferred into the
photoresist. Subsequently the sample can be processed using reactive ion etching depending on
the application. [108]

Photolithography is the technology of choice for large scale production as many features or
devices may be written simultaneously using a single mask. An entire wafer can be manufactured
in a single run with the exposure time limited only by the reaction of the photoresist.

However, the resolution of the photolithography is limited by the diffraction limit of the illumination.
Currently UV and deep UV sources are common in photolithography processes and can achieve
feature sizes of under a micron [107][109].

There are a number of limiting factors to the photolithographic techniques however. The speed of

the system is partially due to the single mask that is used in the processing cycle. The drawback of



using a mask is that if any modification is required in the pattern an entirely new mask must be
fabricated, meaning that while ideally suited to large scale, consistent

fabrication, photolithography is less appropriate for research work involving many different mask
designs. Also, as stated, the feature size of the pattern is limited to close to a micron whereas
many optical structures require features with dimensions significantly smaller than this limit. [108]

4.2.1.2 Electron-beam lithography

An alternative to photolithography is Electron Beam lithography. Rather than using a mask to
define the exposed areas of resist the E-beam writes onto the surface directly exposing the
required areas. Clearly this is a much slower process than the photolithography since the pattern is
serially written.

There are some significant benefits to be garnered from this technique however. Firstly, the pattern
is easily created and modified using CAD packages which quickly produce new designs that can
be implemented in short time scales allowing feedback of results into fabrication processes.
Current E-beam technology provides the opportunity to create feature sizes into the nanometre
range [110]. With this ease of modification and flexible nanometre scale device definition E-beam
lithography is an attractive option for the production of sub-micron scale optical structures in both

commercial and research environments and the choice in this thesis work.

4.2.2 E-beam resists and reactive ion etching

The final objective of creating three dimensional structures in semiconductor materials can be
viewed from two different perspectives. Firstly, the two dimensional pattern to be created must be
applied to the surface of the material; this is dealt with by the lithographic techniques discussed
previously.

Secondly, a method must be sought by which selective removal of the semiconductor material will
create a depth profile in the material. Clearly it is necessary to use the lithography to create a two
dimensional pattern that is then etched into the semiconductor

material. From the different perspectives described it is clear that the constraints on the method
require a layer that is receptive to lithography and a subsequent process that will selectively etch
the material under the pattern. [108]

There are a number of common resists used in conjunction with E-beam lithography, but it is
poly(methyl methacrylate), PMMA, that will be considered as an example here. The PMMA resist
is spun onto the sample, exposed with the E-beam system and subsequently developed with

MIBK:IPA solution to produce the pattern.



The issue now is to transfer this pattern into the semiconductor. The selective etching of GaAs and
AlGaAs is well covered in the literature [111][112][113], with a consensus that dry etching with
SiCl, produces good sidewall verticality with a fast etch rate (typically a few hundred nanometres
per minute).

However, there is a conflict arising through the use of dry etching in conjunction with PMMA

resist patterns in that the PMMA is quickly eroded by the SiCl,. Therefore it is necessary to have
an intermediate step so that the pattern is faithfully reproduced in the semiconductor material. One
method of pattern transfer is to use a layer of PECVD silica as an intermediary hard mask for the
etching of the semiconductor.

A thin layer of silica (around 200-220 nm) is deposited onto the semiconductor and the PMMA
spun on top. The pattern is written into the PMMA as normal and then transferred into the silica by
dry etching with CHF.

The silica is used as a hard mask to etch the semiconductor as it is not greatly affected by the
SiCl, etching process. The final process is shown in Figure 4.3. The double etching process
required when using a silica hard-mask does produce sidewall roughness transferred from both
the PMMA and silica masks into the semiconductor material.

Another option for fabrication which may reduce the associated sidewall roughness and hence
scattering losses is the use of a spin on glass, Hydrogen Silsesquioxane (HSQ), resist in place of
the PMMA. The benefit of using this system is that upon development it produces a hard-mask for
the etching of the semiconductor without the necessity for an intermediary silica layer, and so
reduces the roughness associated both with the PMMA and the CHF; etching of the silica. [108]
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Figure 4.3: Fabrication procedure for pattern writing in AlGaAs/GaAs using PMMA based E-beam
lithography.



PMMA is a positive photoresist - meaning that exposed areas will be removed from the mask on
development. This being the case it is useful for opening contact windows, contact pad areas or
marker patterns, as in these cases it is only small portions of the sample that need to be opened to the
RIE or metal deposition processes.

However, if it is used to define waveguides a narrow unexposed area must be left between adjacent
exposed areas so that trenches are opened on either side of the waveguide on etching.

Though, since PMMA is a positive resist, writing these two large exposed areas so close to one
another causes problems with exposure of the waveguide pattern itself. When exposing resist with E-
beam lithography the substrate backscatters electrons into the resist, the radius of which exposure is
related to the exciting beam voltage and substrate material.

One effect of this process is the exposure of areas surrounding the focused spot due to the
backscattering. If a large area is exposed then this background dose can cause warping of the pattern.
In the case of a narrow strip surrounded by two large areas of exposure the causeway of resist may

be bowed or even breached by the proximity effect.

The proximity effect problem may be remedied somewhat by applying a correction factor to the E-
beam dose distribution in the pattern, with areas exposed to a high fraction of proximity dose given a
reduced relative exposure. The proximity correction may be carried out using software associated with
the E-beam lithography tool, but sensitive structures such as fine gratings are more difficult to produce
in the light of this effect. [108]

HSQ is a negative tone resist - the exposed areas are left after development - therefore writing small
features such as waveguides and gratings is far more attractive in this system as compared to PMMA.
A further benefit of using HSQ over PMMA for waveguide and grating fabrication is that it cuts out the
requirement for an intermediate hardmask for etching the semiconductor material.

The fabrication of waveguide devices using HSQ as the ebeam resist is shown in Figure 4.4. Aside
from the simplified fabrication procedure of using HSQ there is also the issue of sidewall roughness
losses associated with the deeply etched waveguides.

Clearly the HSQ resist offers a substantial benefit in terms of sidewall roughness loss reduction

over the PMMA. So in conclusion, for waveguide and grating fabrication, HSQ resist is the obvious
choice of fabrication route, where for fabrication of contact pad, current injection windows and marker
lithography PMMA continues to be the more appealing option. An additional note may be made with
regards to marker lithography in the light of fabrication using the Vistec VB6 electron beam tool. [108]
One good advantage in using etched markers is that again the number of processing steps may be

reduced as now the marker and first device lithography layers may be fabricated concurrently.
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Figure 4.4: Fabrication of Grating /waveguide devices using an HSQ E-beam resist.

Now after understanding the fabrication techniques features that has been mentioned above, it would
be a good time to reference the sample used in this thesis was fabricated using a negative tone HSQ
ebeam resist and E-beam lithography and the developed mask is etched in SFs/C4Hg chemistry
instead of SiCl,/CHF; using an ICP etch tool.

4.3 Experimental Set-up :

The coupling method that’ll be used in here is also the end-fire coupling and pretty much the same
settings that appears on Figure (3.5) but with extra measurements take out on using extra polarizers

on the input and the output seeking to figure out an improving effect of this on the stop band level.

4.3.1 Used Device Characterization

The sample as mentioned before in section 3.4.1 with the characterization and the fabrication, and it
has Pi-shifted Bragg gratings devices in which there are three replicas of each device.

Grating perturbation from the top 45nm to bottom 5nm in sub groups of six iterations on a 10nm steps
and within the subgroups the length varies as 500,250,200,150,100,50, um top to bottom.

The Waveguides are 500nm wide; the gratings are sinusoidal perturbations around this average.

A phase-shifted Bragg grating has a narrow resonant transmission window within the stop-band;

therefore it can be used as a band-pass transmission filter whose line width can be very small. [72]



4.3.2 Results and Discussion

As a start in the next three pages table a general graphs that summarize the behavior of the used
device sweeping over the variation of the perturbations and the lengths will be shown, considering that
all of the measurements have taken a place on using polarizer rotator which been set to filter out the
TM mode on the input and same in the output.

The laser sweeping process took a place over the grating on a wavelength span from 1500 nm to
1560 nm, and it shall be noticeable that the scale on the wavelength is changing considering the
behavior of the stop-band itself.

The resolution of the sweeping was 0.1 nm, and it should be mentioned in here that this resolution is
not the best resolution to show the exact behavior of the grating but to perform this process over

nearly a 90 device and as time consuming it would’ve been this resolution was the most appropriate.

In all cases it's supposed to be resulted as a stop-band filter over the variable lengths and
perturbations but they'll differ by the amount of stop-band level and the amount of noise fluctuations
on the stop-band floor.

The cardinal concept here is to find a stop band that will be low and smooth as much as possible
because the stop-band floor level and the noise fluctuations on the band will explain the occurred loss
would be caused whether by the modal interact before the grating device or by the scattering on the
device itself.
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Table

4.1 SOI Bragg Grating characterization of variable recesses with different lengths.

Noticeable points on the used SOI Bragg Grating devices behavior are summarized below:

1

The stop-band widths increasing when the recess is big and that’s logical because with a
strong A factor it means a strong perform on the reflection.

As a practical example for the point above, for the 500 um grating length the behavior goes as
follow when the recesses goes down: 45 nm gives a band width of 19 nm , for 25 nm length it
gives an 11.8 nm width and finally for the 5 nm recess it gives 6.4 nm.

As a follow up on the point before the stop-band width is nearly the same for all the lengths on
a specific grating perturbation, which means that when the grating recess is 45 nm no matter
what the length is, the bandwidth is nearly around the 19 nm, for the 25 nm is around 11 nm
and for the 5 nm recess is around 6 nm band width and so on.

The notch (gap-mode) that identifies the phase shifting in the grating in the large lengths *
500,250,200 “ will be hard to naotice for the reason of that the notch width might get so narrow
and it would be hard for it to appear on a sweeping of 0.1 nm or even for the .01 nm resolution.
Also for the reason that the recess was so strong that might reflect the notch on that
wavelength and appears as part of the loss.

The stop-band floor which was the focus of interest is noticeably lower in the smaller
perturbation and that happens for the reasons of: the amount of reflection occurs on the grating
is low in the grating when the perturbation is small which makes the scattered light in the
grating is and that lowers the possibility of getting an extra TM polarization on the output, and
sure when that happen it makes the stop-band smoother and easier to be observed.

In the so small grating more specifically the 50 nm with a smaller recess that the floor of the
stop-band becomes more fluctuated and again as shown in section three of the third chapter
that it would be the effect of the scattering light inside the waveguide.

intensity rep. in dB
intensity rep. in dB

-10 .I

-12
wavelength (nm) wavelength (nm)




Figure 4.5 performed sweeping over the 50 um grating length with recess of 15 nm(left) and same
grating length with 5 nm recess(right) and it's noticeable that the amount of noise fluctuations exist in
the stop-band is unsatisfying.

The second experimentation of this part would be the comparison of the stop-band floor and the effect
of the polarization on it.

To figure this out, the measurements of the gratings on a different lengths and recesses using one
polarizer in the input at first will be taken then trying to notice the effect on the stop-band after adding
a polarizer on the output from the concept of there might be scattered light in the device which again
create modes other than the TE, then proceeding by adding other polarizer on the input and same in
the output to see if one polarizer is actually doing the job properly or there’'s need to use more
polarizers knowing that the one polarizer used in here cut down the mode whether it was TE or TM by
30 dB.

Also it must be mentioned that the graphs here was a result of sweeping on a resolution of 0.01 nm
which considerably satisfying resolution to have a look on the stop-bad features of the Bragg Grating.
So now again some summarized points that’ll be noticed on the characterization of the grating and the

polarization effect shall be considered.

1- The lowest level for a stop band (-16 dB), that happen for the small perturbations more

specifically 5 nm shown in Figure 3.7 and that’s when using a polarizer in the output.
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Figure 4.6 5 nm perturbations, 250 um long grating with one polarizer input and two on the output.



2- Filtering the TM modes just from the input signal still keeps the stop band floor fluctuated and
interfered and by using an extra polarizer on the input the floor doesn’t seems to be effected

that much (1-2 dB), which states that a scattering occurs in the grating.
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Figure 4.7 45 nm perturbations, 100 um long grating using just one polarizer in the input (left), and
using two polarizers in the input (right) noting that jump up in the stop-band is the notch that refers to
the pi shift.

Also it shall be notified that the extra polarizer was place in the input and they were placed
parallel on the track as the light gets out of the 1% polarizer it gets in the other one, so

alignment must be taking care of here.

3- The stop band width from the 5 nm perturbation moving up to the 45 nm gets larger and that

reflects the formula 4.2 and that effect has been also noticed on the three pages table 4.1.
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Figure 4.8 5 nm perturbations, 250 um long with one polarizers on the input and other on the output

(left) and same case but for the 45 nm perturbations (right) with larger width.

4- The effect of the polarization filtering on the output is much more effective for the long grating

with small perturbations than it is for the short one with large perturbations.
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Figure 4.9 sweeping over the 500 um grating length with 5 nm recess which shows the noticeable

improvement that happen when change from just one polarizer on the input (left) to the case where

there’s one polarizer in the input and other in the output.

Where the improvement that occurs on the short grating with 45 nm recess again doesn’t exceed the 2

dB boundary.

5- The polarization filtering on the output was so effective to smooth out the noise fluctuations on

the stop band floor and shape out the stop band filter.
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Figure 4.10 250 um grating length with 45 nm recess when there’s no polarizer on the output (left) and

after using a polarizer in the output (right).

6- As it is been shown in the input, an extra polarizer on the output also doesn’t really affect that
much on the result (1-2 dB) which means that the polarization coupling effect can reasonably
dealt with using just one 30 dB polarizer.

4.4 Conclusion

A Bragg grating is a periodic perturbation of the refractive index along a specific length which is
formed by exposure of the core to an intense optical interference pattern, and when it's deployed
in SOI it has unigue properties of high optical confinement and low losses.

The fabrication method of the Bragg Grating starts with a pattern is exposed using E-beam
lithography and subsequently transferred into the semiconductor material via RIE processes.

The lowest level for a stop band was (-16 dB), that happen for the small perturbations more
specifically 5 nm and, Filtering the TM modes just from the input signal still keeps the stop band
floor fluctuated and interfered and by using an extra polarizer on the input the floor doesn’'t seems
to be effected that much.

The stop band width from the 5 nm perturbation moving to up to the 45 nm gets larger and that
does reflect the formula.

The effect of the polarization filtering on the output is much more effective for the long grating with
small perturbations than it is for the small one with large perturbations, while the polarization
filtering on the output was helpful to smooth out the noise fluctuations on the stop band floor and

shape out the stop band filter.
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