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The topic of the research that is presented in this thesis is the de-
velopment of a laser-based method for the crystallization of amorphous silicon
(a-Si) films, deposited on various planar substrates for the fabrication of pho-
tonic structures. The emphasis is on lithium niobate which has many useful
properties for photonic applications. This research stems from experimental
evidence suggesting that it is possible to produce large Si crystallites by ir-
radiating a-Si with continuous wave laser beams at visible wavelengths. This
method has been particularly successful in semiconductor core optical fibres.
Here this laser-crystallization method is being extended to planar geometries
staring with glass substrates and extending to crystalline lithium niobate. The
aim is to produce hybrid optoelectronic devices that will benefit from the prop-
erties of the constituents (Si and lithium niobate). These devices will target

photonic applications in the area of optical telecommunications and sensing.
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Chapter 1

Introduction and Background

1.1 Introduction

Today the combination of electronics and photonics is very impor-
tant for the development of new technologies. Optoelectronic devices are now
used regularly in everyday life as biological sensors, chemical sensors, barcodes
readers, and telecommunication circuits to name a few. The constant demand
for higher performance optoelectronic makes necessary the development of new
ways to produce more complex optoelectronic circuits and to fabricate them

faster and with a lower cost.

Silicon (Si) is an extremely versatile material with applications rang-
ing from microelectronic devices, solar cells etc [1, 2]. It is also commonly
used as the semiconductor platform in electronics for the fabrication of devices
such as transistors, printed circuit boards and integrated circuits [3] . In the
recent past there has been some interest in using Si for photonics applications.
Recently optical fibres with cores made of amorphous Silicon (a-Si) have been
developed as a means for low cost substitute to crystalline Si. However the poor
optical transmission of a-Si lied to the development of methods for crystalliza-
tion of the amorphous core, one of this methods is laser induced crystallization
[4]. Due to the simplicity of achieving the conditions for efficient crystallization
using a continuous wave lasers at visible wavelength, the process was applied

here to planar structures.

During this work, the attention will focus on extending and improving

the method used by Peacock et all, into making planar Si ridge waveguides

1



2 Chapter 1 Introduction and Background

on different substrates such as SiO, and Lithium Niobate (LN), in order to
develop a new platform for the large scale production of hybrid devices in the
case of LN substrates, taking the advantage of the combined properties of the

constituent materials.

On the other hand LN is an artificial crystal with many useful physical
properties, it has a large pyroelectric, piezoelectric, acusto-optic, nonlinear and
electro-optic coefficient and is one of the key materials for the fabrication of
photonic circuits. LN has a broad range of applications ranging from acoustic-
wave transducers and filters in mobile telephones, to optical modulators and
wavelength converters in fibre telecommunication systems, to name just a few.

All that make LN an important material in the area of integrated optics.

The objective in this thesis is the research and develop of a new
method for the fabrication of hybrid integrated optical circuits using continu-
ous wave (CW) visible laser writing on amorphous silicon deposited on silica
(a-Si/G) at low temperature (lower than 500 °C) and on lithium niobate (a-
Si/LN). These devices will target photonic applications in the area of optical
telecommunications, sensing and will include resonant photonic structures such
as whispering gallery mode and ring or disc waveguide resonators, as well as
a supporting network of optical waveguide circuitry including signal process-
ing and nonlinear components such as Mach-Zehnder interferometers, couplers,
wavelength converters and acousto-optic transducers, all combined on a single
substrate. This new method promises to reduce the actual cost and the compli-
cated methods of production of optical circuits by using more affordable initial

materials and less production steps compared with the existent processes.

In the next sections of this chapter. I will introduce the key points to
follow this research. In the second, third, and forth chapters the experiment
methodology and the results of the crystallization process and the waveguide
development for a-Si/G as well as a-Si/LN are shown, as well the analytical
methods: Raman spectra and X Ray Diffraction (XRD) that provide a qualita-
tive analysis of the crystallization achieved by this process. In the fifth chapter
a collection of intermediate experiments and results related with laser crystal-
lization will be presented. Finally in the last chapter the conclusions and the

future work on this research will be discussed.
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1.2 Key Points

To understand the experiments shown in the next chapters of this

thesis, a brief review on the next points will be useful:

Physical properties of Silicon.

Physical properties of Lithium Niobate.

General description of the composite material used in this research (a-
Si/Silica, a-Si/LN).

General description of Analytical Methods (Raman Spectroscopy and
X-Ray Diffraction).

General description of optical waveguides.

1.3 Silicon

Si is a solid at room temperature and with atomic number of 14. It
has a greater density in a liquid state than in solid state, similar to how water is
more dense than ice. Siis a semiconductor widely used in electronics: devices
such as transistors, printed circuit boards and integrated circuits make use of
silicon’s properties, that is why a great part of modern technology depends on
it.

Two of the most common allotropic forms of Silicon are crystal Silicon
and amorphous Silicon, a sketch of the structure that they form is shown in
Figure 1.1. Polycrystalline silicon (poly-Si) is another common and very used
form of Si especially in the photovoltaic and electronics industry. The mainly
difference between crystalline silicon and poly-Si is that crystalline silicon is
form of one single, continuous and unbroken crystal without grain boundaries,
and poly-Si is formed by a number of smaller silicon crystals named crystallites
with different sizes varying from a few nanometres to several millimetres and

with random orientation.

Crystal Silicon (c-Si) consists of arranged silicon atoms in which the
crystal lattice of the entire solid is regularly and continuous. It is the base

material for electronic chips used in virtually every electronic device. c¢-Si
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)

a-S

Figure 1.1: Sketch of allotropic forms of Silicon, (a) crystalline Silicon,
(b) amorhpous Silicon.

also serves as photovoltaic, light-absorbing material for manufacturing solar
cells. More recently it has received interest by several research groups for its
potential role in the area of photonics principally for its transparency window
ranging from 1100nm to 7000nm [5], which agreed perfectly with the optical
communications band (1460nm to 1675nm) [6, 7, 8]. Although c-Si has a
great potential in photonics, it has some disadvantages. It is expensive to
grow, requiring lengthy processes and expensive equipment, as in the case of
the Czochralski process. c¢-Si has high melting and boiling points of 1687 K
and 3538 K, respectively [9]. These disadvantages make c-Si a difficult and

costly material for integration with other materials and mass production.

Czochralski process

The Czochralski method is a process for growing single crystal silicon
ingots for use manly in manufacturing semiconductor devices [10]. The finished
crystals are called boules. The boules are later sliced into thin circular wafers,
and then diced into silicon pieces from which silicon semiconductor chips are

made out of.

The Czochralski method begins with highly pure silicon powder. This
pure silicon powder is placed in a large container made of fused quartz to
resist high temperatures. The container is placed inside a vacuum chamber
and then filled with inert gas, usually argon. This chamber is then heated
up to 1500 °C, to melt the silicon. When the silicon is melted, a small seed
crystal mounted on the end of a rotating shaft is slowly lowered until it just

dips below the surface of the red hot silicon melt. The shaft and the container
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with the melted silicon rotates in opposite directions. Now, the rotating rod is
drawn upwards very slowly, allowing a roughly cylindrical boule to form.In this
process boules of to two metres long and 300mm wide can be produced. The
electrical characteristics of the silicon are controlled by adding different dopant

materials like phosphorus or boron to the silicon while the boule is grown.

As was mentioned the Czochralski process is a costly and difficult
method, it has the advantage to produce high quality crystals but makes a
bad choice to combine it with other substrates or to deposit thin layers for the

manufacturing of photonic devices.

Starting from a less pure material and with a variety of non aggressive
process to merge with others could be a more viable option. Amorphous silicon
has these properties and make a good precursor material for the developing of

optical waveguides.

Amorphous silicon

Amorphous silicon (a-Si) is a non-crystalline structural form of sili-
con. In crystalline silicon (c-Si) the tetrahedral structure continues over a long
range, thus forming a well-ordered crystal lattice, in a-Si this long range order
is not present. Rather, the atoms form a continuous random network. That
is why a-Si presents poor electronic performance compared to c¢-Si, although
it is much more flexible in its applications. For example, a-Si layers can be
made thinner than c-Si, which may produce savings on silicon material cost
[11]. Thin films of a-Si can be deposited at low temperatures, about 450°C’
[12] into a variety of substrates [9]. This allows for deposition on temperature
sensitive materials such as plastic [13]. Once deposited, a-Si can be doped in
a fashion similar to c¢-Si, to form p-type or n-type layers, and ultimately use it

in electronic devices [14].

Another advantage is that a-Si can be deposited over large areas by
methods such as sputtering, hot wire chemical vapour deposition (HWCVD)
and plasma enhanced chemical vapour deposition (PECVD). PECVD is a pro-
cess used to deposit thin films from a gas state (vapour) to a solid state on
a substrate by electrical discharging. Also, HWCVD was used to deposit a-Si
on the substrates. More details of these processes used to deposit a-Si in this

research will be covered in the next sections.
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The a-Si can be crystallized by different processes after been deposited
on to a substrate gaining the excellent electrical properties of ¢-Si. Crystalliza-
tion of a-Si has been achieved by femtosecond laser annealing at a wavelength
of 800nm [15], also using CW argon laser with (A = 514.5nm) [16] and by UV

pulsed excimer laser [17].

Since laser crystallization depends of the optical absorption of the
material, it is important to know the range of wavelengths where a-Si absorbs.
In Figure 1.2 different wavelengths are plotted versus optical absorption, which
corresponds to the imaginary part of the refractive index (k). In the graphic
on Figure 1.2 is shown that as the wavelength approaches to the ultra violet
region the absorption in a-Si increases. In this same plot we could notice the
absorption at 488nm where a-Si is capable to absorb the radiation. An other
useful parameter of a-Si is its refractive index n = 3.48 for a wavelength of

1550nm, which is in the center of the telecommunications band [18].

Refractivelndex;INFO
a-5i (Amorphous silicon)
SOPRAY Amorphous silicon

0.2 0.3 0.4 0.5 0.& 0.7 0.8 0.9
Wavelength, um

Figure 1.2: absoprtion of a-Si in the visible to UV region.

One of the goals in this research is to investigate a new technique
to crystallise a-Si by CW laser writing. As a result, different methods to rec-
ognize c-Si from a-Si are needed. The two methods used in this work are
Raman spectroscopy and X-Ray diffraction (XRD). Raman Spectroscopy is
a spectroscopic technique used to observe vibrational, rotational, and other
low-frequency modes in a system. In solid-state physics, spontaneous Raman
spectroscopy is used, among other things, to identify materials, measure tem-
perature, and find the degree of crystallization of the sample. XRD is a tool
used to identify the atomic and molecular structure of a crystal, in which

the atoms cause a beam of incident X-rays to diffract into specific directions.
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By measuring the angles and intensities of these diffracted beams the mean
positions of the atoms in the crystal can be determined. A more detailed de-
scription, along with the results and discussion of these two methods will be

show later.

1.4 Lithium Niobate (LN)

Lithium Niobate (LN) is a solid. It has a trigonal crystal system,
a representation of this crystal is shown in Figure 1.3. It was first grown
artificially in 1928 [19] and its chemical formula is LiNbO3. Its melting point
is about 1550K [20], which is higher but close to the melting temperature of
amorphous silicon. LN is a dielectric material widely used in photonics with
numerous properties such as electro optic, piezoelectric, acousto-optic, photo-

refractive, pyroelectric, photovoltaic, ferroelectric, optical nonlinear [21].

O Li
© nNo
® o

Figure 1.3: Schematic representation of LN crystall unit cell.

LN is a ferroelectric material which has a spontaneous electric polar-
ization along the z-axis. The direction of the polarization can be inverted, for
example by the application of an external electric field. Due to this electro-
optic effect, a refractive index difference between anti parallel domains can be

induced and controlled by the application of an external voltage.

LN is pyroelectric at room temperature. In pyroelectric crystals the
change in temperature modifies the positions of the atoms slightly within the
crystal structure, such that the electric polarization of the material changes

and provokes a change in the index of refraction, this phenomena has been
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studied and described in detail within [22]. In Figure 1.4 the temperature de-
pendence of the refractive indices ordinary n, and extraordinary n. of LN for a
wavelength of A = 546nm is shown. Here it is observed that as the temperature

increases, both indices increase and also the birefringence decreases.
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Figure 1.4: Temperature dependence of the ordinary and extraordinary
refractive indices of pure LN crystals for a wavelength of 546nm.

LN has a wide transparency window over the visible part of the spec-
trum, which makes it a very useful optical material. The transparency region
starts in the ultraviolet at 320nm and reaches the infra-red (IR) at 6um. The
absorption curve (Figure 1.5) is relatively flat over this wavelength range [23].
For the propose of this research, it should be noted that the absorption of LN
at blue-green wavelengths (used here for laser crystallization of a-Si) is low

compared to the absorption for the same wavelengths in silicon.

Absorption (a. u.)

_

L 1
200 400 600 800
Wavelength (nm)

Figure 1.5: Absorption curve of LN taken from [23].



Chapter 1 Introduction and Background 9

It has been shown that illumination of LN with CW UV lasers at
244nm can direct write waveguide structures that can be adjusted by varying
parameters such as incident laser power and spot size [24]. In 2002 it was ob-
served that irradiation of LINbO3 with a UV laser (A = 244nm, 248nm, 308nm)
had the effect of creating a differential etch rate between illuminated and unil-
luminated regions when etched in hydroflouric acid [24]. This effect is due to
a lasting reversal of the polarization of the crystal induced by the UV irradia-
tion. Local heating caused by UV irradiation also produces optical waveguides
in LN [25].

This research would potentially contribute in the branch of silicon
photonics by developing a new technique to fabricate silicon waveguides which
has the possibility to merge with different substrates that could increase their
functions. Then a brief review in silicon photonics will be presented in the

next section.

1.5 Introduction to Silicon photonics

Silicon photonics emerged as a viable option to the limitations of ac-
tual electronics and as a solution to the needing of faster, better and cheaper
global communication systems, detectors, sensors, etc [26]. In a simple expla-
nation silicon photonics is the combination of silicon integrated circuits and
semiconductor lasers in which data is transferred among computer chips by
optical rays at the IR spectral range [27]. It enables faster data transfer over
longer distances with less energy consumption compared to traditional elec-

tronics [8].

Consequently, silicon photonics is being actively researched by many
electronics manufacturers like IBM and Intel, as well as by academic research
groups including the Optoelectronics Research Centre at the University of
Southampton [28].

State of the art

Silicon photonic devices can be produced using existing fabrication
techniques used in CMOS manufacturing. These well developed techniques

could be used to create hybrid devices by merging silicon with other materials
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in which their optical and electronic properties are integrated onto a single
microchip. For example, combining Si with other materials as LN could add

functionality for many different devices [29].

A large library of components for silicon photonics have been man-
ufactured with excellent results: the range of devices fabricated cover from
waveguides, couplers, filters, modulators, detectors etc. Recent advances for
these structures have been compiled here [5]; a short summary with the must

important results will be covered next.

Si waveguides are the most basic devices in photonics, through which
optical signals can be transferred from one point to another: the latest re-
ported results have achieve losses in the range of 0.1 using the Cr hardmask
process with the smoothest side wall [30] to 0.3d B /cm using the low loss etchles
technique suggested in [31] both at wavelength of 1550nm.

Coupling light from optical fibres to silicon waveguides has been solve
in different manners, finding the best results using surface grating couplers
where the coupling efficiency has been demonstrated to be around 65.6% at
1550nm [32, 33].

Optical filters used for wavelength multiplexing and demultiplexing
have found the best results in the shape of optical microrings and microdisks
cavities due to their potential for high-density integration[34, 35|, in these
devices light travels through a waveguide in close proximity to a ring, so that
the evanescent fields of the optical modes overlap, and the optical energy can
transfer to the ring, filtering the desired wavelength by modifying the ring

diameter.

Modulators are devices which can vary fundamental characteristics
of the input light beam using an external source carrying the information
signal that modifies the output propagating either in free space or in an opti-
cal waveguide. They can be categorized as amplitude, phase, or polarisation
modulators. Modulators can be also classified into two operational categories:

electrorefractive and electroabsorptive [36] .

The primary electric field effects that are traditionally useful in semi-
conductor materials, to cause either electroabsorption or electrorefraction are
the Pockels effect, the Kerr effect, and the Franz-Keldysh effect. However, it
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has been shown that these effects are weak in pure silicon at the communica-
tions wavelengths of 1.3 m and 1.55 m [37]. The most common modulation
method used in silicon devices to date is the plasma dispersion effect, in which
the concentration of free charges in silicon changes the real and imaginary part
of the refractive index [28]. Electrical manipulation of the charge density in-
teracting with the propagating light is achievable through mechanisms such as
carrier injection, accumulation or depletion . From these schemes carrier de-
pletion is the fastest silicon modulator reported to date. Demonstrating data
transmission at 40Gb/s with an extinction ratio of 3 dB [38, 39]. Such devices
operate by interaction of the propagating light with the junction region of a

pn diode which is operated with a reverse bias.

Combining Si with LN that possess strong second-order nonlinear
electro-optical effects, such as Pokels effect, and has a low transmision loss in
the telecom band, makes it an excellent candidate to form hybrid devices for
modulation applications. Experimentally have been demonstrated that these
modulators can operate at 40Gb/s and a wide bandwidth of 30GHz [40]

Photodetectors are components that convert the received optical sig-
nal into electrical signal for further processing. Since Si has a transparency
window operating in the IR range, it is not a suitable option for this applica-
tion, then again hybrid devices have been produced to enlarge the capabilities
of Si devices, in this case Germanium (Ge) has been merged into silicon since it
exhibits strong absorption at communication wavelenths. Ge also exhibits ex-
cellent optoelectronic properties, including high responsivity in near-IR wave-
length, high bandwidth, and compatibility with CMOS technology. Ge/Si
photodetectors have been produced with good results with bandwidth as high
as 42G H z and responsivity at 1A/W operating at 1550nm [41] .

All these results inspire to find better fabrication methods which al-
low the merging of different materials with silicon, multiplying its capabilities
and uses to produce more variety of photonic devices in a faster and afford-
able manner. The combination of Si with different substrates will benefit from
the properties of the constituents (Si and lithium niobate in the case of this
research). Different substrates were combined with silicon using various depo-
sition methods; we will review the preparation of these composite systems in

the next section.
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1.6 Composite system (a-Si on Silica and a-Si
on LN)

One of the key attractions of Si is that it benefits from the mature
processing technology that has been developed for the microelectronics indus-
try. However, in terms of its optical properties it has several deficiencies mainly
associated with the lack of electro-optic and second order nonlinear optical ca-
pability. LN on the other hand, complements the deficiencies of silicon since
it is a material with excellent electro-optic and non linear properties [42], that
has made it widely used in the photonics industry for optical switching and
nonlinear wave mixing applications. Combining these very important techno-
logical materials could produce composite systems that will benefit from the
complimentary properties of the constituents. In this research these two ma-
terials were combined by depositing a thin layer of a-Si on silica and LN by
PECVD and HWCVD. This methods were chosen because both have a mature
to deposited a-Si in different substrates. In both methods the temperature
needed is lower than 400°C, making them suitable to deposited a-Si in dif-
ferent substrates.Also both methods yield some of the fastest deposition rates
while maintaining good film quality, such as low roughness and defects, as com-
pared with other deposition methods. These two techniques can be collected
under the chemical vapour depositions (CVD), in which the film is produced
via thermal-chemical reactions. In the case of amorphous silicon, silane is used
as the chemical precursor. The deposition process are named by the different
kinds of energy used to dissociate silane. For example if the silane is dissoci-
ated by plasma we have PECVD, on the other hand, if the thermal activation
is produced by a hot filament, then is named HWCVD.

Plasma enhanced chemical vapour deposition (PECVD)

Plasma deposition is often used in semiconductor manufacturing to
deposit films conformally (covering sidewalls), and onto wafers containing metal
layers or other temperature-sensitive structures [43]. In the PECVD technique,
energy is directly imparted to the chemical system by the collision of energetic
electrons with the heavy particles of the precursor. In particular, in a plasma

produced at low pressures, the free electrons can gain sufficient kinetic energy
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to activate processes of excitation, ionization, and dissociation, while maintain-
ing low gas temperature [44]. Since in this process there is need of precursors

with hydrogen, the final a-Si deposited often contains some hydrogen [45].

Hot wire chemical vapour deposition (HWCVD)

Another method for the deposition of a-Si treated during this research
was HWCVD. This method of deposition is different from PECVD. In this de-
position method precursor gases, silane or silane/hydrogen in the case of thin
film silicon deposition, are catalytically dissociated at resistively heated tung-
sten filaments [46]. This deposition method has been used many times for the
deposition of a-Si on many different substrates [47] and for many different stud-
ies from solar films [48] to optical waveguides [49]. For this deposition method
the hydrogen content could be controlled in a better manner than for PECVD.
The samples used during this research had the lowest possible hydrogen content

in order to not produce other effects during the laser annealing.

Here will be presented a composite system of a-Si thin film deposited
on to silica and ferroelectric LN single crystal substrate. The LN crystal sub-
strates used in these experiments were diced out of a congruently melted z-cut
wafer with a thickness of 500um. The composite samples were first produced
by deposition of a-Si using PECVD and later by HWCVD deposition as in the
case of silica, onto the polar (z) faces of the substrates. Two different thick-
nesses of the deposited a-Si films were investigated: in both cases (a-Si/G and
a-Si/LN) were of order of 200 — 250nm and 400 — 450nm uniform across the

surface of the sample, see Figure 1.6.

PCVD

HWCVD

Glass or LN Glass or LN

Figure 1.6: PECVD deposition of a-Si on silica and LN

Thin films were laser irradiated to crystallize the irradiated surface
of a-Si. Different analytical methods were used to confirm the quality of the

crystallization; in the following section the methods will be briefly described.
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1.7 Analytical Methods

Raman Spectroscopy Analysis

Raman Spectroscopy is a powerful tool for the investigation of molec-
ular vibrations that can be used for sample identification, as each substance
has a unique Raman spectral structure [50]. It relies on inelastic scattering, or
Raman scattering from a monochromatic source of light (laser). The samples
are illuminated with a laser beam in this case at 532nm. The electromagnetic
radiation from the illuminated spot is collected with a lens and sent through
a monochromator. The Rayleigh (elastic) scattering is filtered out while the
rest of the collected light is dispersed onto a detector by a grating. We can
plot the intensity of this filtered light as a function of its energy difference or
wavenumber: this plot is called a Raman Spectrum, and is unique for each
individual material. In the graph at Figure 1.7, we present different Raman

spectra corresponding to different materials used in this work.

39 Silicon

a—Si
LN

200 100 600 800 1000
Wavenumber (cm™)

Figure 1.7: Graph of different Raman Spectra (The spectra have been
shifted with a baseline for the different materials.), Blue: Cristalline
Silicon Reference; Red: Amorphous Silicon (a-Si); Green: Z+ cut of
Lithium Niobate Reference.

We can observe that ¢-Si and LN have well defined peaks at certain
positions due to their crystal nature. We can notice c-Si having only one peak
meanwhile LN has many. This is because the laser light interacts with more
molecular vibrations, resulting in the energy of the laser photons being shifted
up or down. The shift in energy gives information about the vibrational modes
in the system. Then LN has more vibrational modes in its molecules due to

its structure.
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In the case of LN different crystal cuts produce a different Raman
spectra, for this case as it was mention a Z cut was used , the peaks positions

corresponded to those for this cut according to the literature [51].

Besides a-Si has a wider distribution along all the wavenumbers. We
would expect a change in this Raman spectra after laser annealing where the

broad a-Si will become more like the narrow c-Si peak.

XRD Analysis

X-ray Diffraction (XRD) is used to identify the atomic and molec-
ular structure of a crystal, in which the crystal planes of the material under
investigation act as a grating causing a beam of incident X-rays to diffract into
specific directions. In Figure 1.8 the schematic of the X-Ray diffraction set
up that was used in this research is shown. The X-Ray beam used had spot
diameter of 3um. The beam gets diffracted by passing through the sample and
projecting concentric rings into a CCD, these rings are called Debye rings and
are associated to the different crystal planes. The diffraction patterns for all
the samples will be collected within viewing quadrant using a special camera,

as indicated in Figure 1.8.

Sample

3pm

7 =
7

J Viewing CCD

quadrant

Figure 1.8: X-Ray Diffraction arrangement at 118 beamline (Diamond
light source).

By measuring the angles and spacing on the diffracted patterns pro-
duced by the samples, the distance between crystal planes can be determined,

as well as their chemical bonds and their disorder [52].
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A reference sample of silicon powder was introduced to the XRD
setup. The diffraction pattern generated from this test sample shows all the
possibles crystal planes for silicon [53]. Depending on the Debye ring radius
and their different position on the ring, each point along the concentric rings
corresponds to an individual crystal. In Figure 1.9 the diffraction pattern of
this silicon powder is shown with the crystal planes using the Miller’s notation
( (hkl)), associated with each one. In the case of lithium niobate powder the

number of rings examined corresponding to crystal planes was 61, as found in
[54].

<1i1> <220><311> <400><331> <422>

Figure 1.9: Diffraction pattern from silicon powder (reference sample)
with crystal planes as (hkl) in yellow.

In the case of an individual crystal, just one bright spot in one of
the concentric Debye rings will show up, the position of which will depend on
the orientation of the crystal and the crystal plane. In the case when there
is a shift between the position from any of the reference ring to a particular
diffracted spot, this will provide information about deformation by an applied
force in the crystal plane. For example; In the case when the spot is at a closer
but smaller radius ring compared to one of the reference rings we identify this
as tensile strain. On the other hand when the spot is in a ring with a slightly
larger radius than the reference we found compressive strain. This difference
will be called distance shift. Also, if it is possible to scan the x-ray beam
along the sample and observe for how long the spot in the different diffraction
patterns keeps in the same position, in this way the size of an individual crystal

can be determined.



Chapter 1 Introduction and Background 17

1.8 Optical Waveguides

Optical waveguides are photonic structures where light is confined and
can propagate exclusively on a plane or along a channel. Optical waveguides
confine light by total internal reflection, due to the difference in the index of
refraction between the two media. A medium of refractive index n,, embedded
in a medium of lower refractive index ny, < nq, acts as a light trap within
which optical rays remain confined by multiple total internal reflections at
the boundaries. The change of refractive index is obtained by modifying the
crystal in a sub-surface layer using different methods such as poling diffusion ,
ion implantation, doping, laser writing, etc [55]. The common types of optical
waveguides are optical fibres and planar or channel waveguides. With the aim
to make integrated photonic circuits, we are more interested in the research of

planar and channel waveguides.

1.8.1 Planar waveguides

Planar waveguides are optical waveguides where light is confined in
just one dimension and can propagate freely on a plane. They have planar
geometry (see Figure 1.10) and are fabricated in the form of a thin transpar-
ent film with increased refractive index on a substrate, or possibly embedded
between two substrate layers. When a thin layer with a slightly increased
refractive index is fabricated or deposited on top of some crystal or silica, it

functions as a planar waveguide.

substrate

Figure 1.10: Schematic of a planar waveguide.

1.8.2 Channel waveguides

In photonics, a channel waveguide has a structure in the form of a

stripe of material, with higher refractive index with respect to the surrounding
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medium; confining light in 2 directions. In such a waveguides light propagates
only along a specific track. This may be a ridge on top of the cladding structure
or an embedded channel inside a substrate. There exist useful geometries for
channel waveguides including the strip, the embedded-strip, the rib or ridge,
and the strip-loaded (see Figure 1.11). Each one of these geometries has some

pros and cons [56], that will be briefly reviewed.

Embedded strip Strip Rib or ridge Strip loaded

Figure 1.11: Different types of channel waveguides.

Strip waveguide

A strip waveguide is a step-index structure. In the strip waveguide a
ridge with higher index of refraction with respect to the substrate is deposited
on the top of a planar substrate. This structure produces strong optical con-
finement within the strip because it is surrounded on three sides by air (n ~ 1).
This is an important advantage; for example, bend tracks can be much tighter

in stripe guide systems than in the other types of waveguides [56].

Ridge waveguide

The ridge or rib and the strip loaded waveguides follow almost the
same configuration. There are waveguides in which the guiding layer basically
consists of the slab with a strip (or several strips) superimposed onto it. In
Figure 1.11 , a three-layer structure has been used, which has a substrate,
a planar layer, and then a ridge. The planar layer is arranged as a guide.
However, the addition of a further high-index overlay is sufficient to induce
guiding in a localised region near the ridge. Confinement of the optical field
in the y-direction is obtained because the refractive index, when averaged in
the x-direction, is higher in the region of the ridge [56]. The additional ridge
overlay may have the same refractive index to that of the planar guide, then we

called this kind rib or ridge waveguide, or a different refractive index, in which
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case we call it a strip loaded waveguide. The optical losses are lower for rib
waveguides than for strip ones. The mode intensity of the rib waveguides are
lower in the vicinity of the surface compared to that for the strip waveguides

as was demonstrated in [57].

Embedded-strip waveguide

The embedded-strip or buried channel waveguide (see Figure 1.11) is
made by modifying the properties of the substrate material so that a higher
refractive index is obtained locally. Most fabrication processes result in a weak,
graded-index guide buried just below the surface. Although waveguides of this
type normally have one axis of symmetry, they usually lack a well defined cross
sectional shape. However this structure is often used when its important to

keep the properties of the surrounding material.

1.8.3 Fabrication strip for channel waveguides

There exist different methods for the fabrication of channel waveg-
uides. Since this research is focused on the exploration of a novel method to
fabricate optical waveguides, a brief review of the most common fabrication
methods of channel optical waveguides (strip, ridge and buried) in Si, as well

as in LN, will be covered.

Fabrication methods for channel waveguides in Si

The most popular method to make strip optical waveguides in Si
[58, 59, 60], consists of three steps. First the substrate materials have to be
deposited with a film of Si. CVD processes, Molecular Beam Epitaxy MBE
and sputtering are the common deposition techniques. The second step is the
patterning process, where the Si surface is covered with a photo-resist polymer
layer. The pattern defining process usually includes photolithography, deep-
UV lithography, E-beam lithography, or Nano Imprint Lithography (NIL), the
patterns are created in this polymer layer on top the sample with the use of a
mask, each device requires a specific and unique mask to be imprinted in the

sample. Then a developing method is needed where just the selected pattern
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remains. The last step is the etching process. This also can be conducted
via different methods such as wet etching using etchant liquids as HF, or dry
etching like reactive ion etching (RIE), or inductive coupled plasma etching
(ICP). These three steps might also be repeated for more complicated struc-
tures. Alignment marks need to be created during the first iteration and the
subsequent patterns will refer to them. Sample surfaces may need to be pol-
ished. Thermal oxidation and annealing might be required in some cases, and
so on [60].

Fabrication methods of channel waveguides in LN

There exist different methods to fabricate channel waveguides in LN,
in this section we will present the most popular ones. Diffusion is often used
to fabricate embedded waveguides in LN [61]. For example, titanium metal
can be diffused into lithium niobate or lithium tantalate substrates, by first
depositing the metal in patterned strips and then carrying out an in-diffusion
at a high temperature about 1000K for several hours (3 to 9). This is known
as the TiLiNbOg process [62]. The additional impurities cause a change in re-
fractive index that is approximately proportional to their concentration, with
a typical maximum value of An ~ 0.01. Alternatively, material can be ex-
changed with the substrate. For example, protons (Hydrogen positive ions)
can be exchanged with Lithium positive ions in LiNbOj. This is done by first
covering the substrate with a masking layer. The crystal is then placed in
a suitable hot melt (in this case, benzoic acid, heated to approx 200C), and
exchange of material takes place through the crystal surface in regions exposed
by the mask openings. Proton exchange yields an index change of An ~ +40.12
for one polarization mode (the TM mode), but the index change is actually

negative for the other one [63].

An other way to produce embedded strip waveguides in LN has a 3
steps fabrication [24]. The first step utilizes a CW UV laser direct writing pro-
cedure that provides the definition of the strip pattern. Direct writing (DW) of
waveguides in congruent LN has been demonstrated using CW UV laser light
with writing wavelengths within the range of 244nm —305nm , which are below
the UV absorption edge of the material. The second step incorporates electric
field polling (EFP) to transform the UV written pattern into the correspond-

ing domain pattern via polling inhibition. The stripe structures are finally
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produced in the last fabrication step which is wet etching in HF acid. The
formation of the stripe structures results from the differential etching between

the two opposite polar surfaces of LN in HF acid.

An other technique to produce embedded waveguides in LN [61] is
ion implantation, where ions can be implanted in the crystal using an accel-
erator. This is a large, expensive item of vacuum equipment, which can be
used to select a particular species of ions and then accelerate the desired ions
electrostatically, so that they strike the substrate surface at high speed and
penetrate some distance. Because this process is ballistic, it causes damage to
the lattice as well as a change in refractive index. Ion implantation is therefore
normally followed by an annealing step, which shakes out the lattice damage.
This allows properties that rely on a regular, undamaged crystal lattice (e.g.,
electro-optic behaviour) to be preserved, and greatly reduces waveguide prop-
agation losses. Following annealing, He+ implantation has been found to be

reasonably successful in LINbOg [64].

1.8.4 Photonic components

Planar photonic devices are fabricated in different configurations de-
pending on the application. Most of the photonic devices are embedded waveg-
uides with different geometries depending on its use (see Figure 1.12). The
most used configurations of embedded-strip photonic devices are: the S bends,
which are used to offset the propagation axis; the Y branch, which plays the
role of a beam splitter or combiner, the two Y branches, that are used to make
Mach Zehnder interferometers, and the two wave-guides in close proximity,

used as directional couplers [55].

W/ 44/ & 74

Straight S Bend Y branch Mach-Zehnder Directional coupler Intersection

Figure 1.12: Different photonic devices made by embedded waveguide
components.
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Waveguide propagation Loss

There exist many different methods for determining the propagation
loss in optical waveguides. In this research the cutback technique was used.
This technique consists of measuring the input and output power of the waveg-
uide for a certain length, then reducing the length of the sample measured cut-
ting few mm and repeating the process, gathering the out put power for each
one of those lengths. These results can be expressed in dB and then plotted
against the distance removed: a linear fitting is required to estimate the loss

per unit length through the waveguides.

In the following chapters, crystallization studies of a-Si by laser irra-
diation as well as a new method to fabricate silicon ridge waveguides that does
not need global heating or any patterning method or aggressive etching will be
presented. Also it will be shown another method to manufacture embedded
strip waveguides in LN making a permanent change in the index of refraction
without the use of poling , diffusion or ion implantation. These methods use
a-Si to absorb radiation at visible wavelengths; the absorbed radiation is trans-
formed into heat locally crystallizing a-Si in the case of ridge waveguides or
inducing thermal diffusion on the interface with lithium niobate for the case
of the LN embedded waveguides.

In summary in this chapter we reviewed briefly the background needed
to follow this thesis. All the experiments performed, the analysis and the
conclusions will be presented in the next chapters. The first experiment to be

covered is the laser crystallization of a-Si on a silica substrate.
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Chapter 2

Laser crystallization of a-Si on

Silica (Si09)

2.1 Introduction

Today silicon is on the edge of becoming the material of choice for the
photonics industry due to its compatibility with the telecommunications [1] and
the mature processing portfolio due to its use in the electronics fabrication for
decades. Recently many favourable researches have pushed and stimulated the
investments by private sectors, making silicon photonics one of the most active
branch in the field of integrated optics [2]. There still exist many challenges
that must be solved before its mass production and commercialization, such as
the integration with other materials to gain a wider range of applications, and
its cost of fabrication and manufacturing. If those obstacles could be solved the
impact of silicon will boost up photonics technology, by increasing transmission
speed for data and lowering its energy consumption [3, 4]. The motivation
of this research is to give practical solutions for those difficulties. Here a
suggestion to reduce the cost of manufacturing silicon devices is presented, by
starting with a low cost material such as a-Si and then transform it to poly-Si,
which is more suitable for photonics and electronics applications [5, 6]. The
transformation is accomplished by laser annealing. The full fabrication method
will be presented and analysed throughout this thesis. This chapter starts with
a short description of the prior art in laser crystallization of a-Si. Then there

is an introduction to the method and the experimental set up used to perform
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the laser annealing. Finally the results for the experiments on laser annealing

of a-Si on silica glass will be shown and discussed.

2.2 Crystallization of a-Si prior art

Optical waveguides made by crystal Si have been fabricated with low
optical losses to be used at the IR spectral region [7]. However the process of
manufacturing this waveguides have the limitation of a very high temperature
or the need for highly controlled environment [8, 9]. This makes c-Si a material
with good properties but with many difficulties for big scale fabrication. On
the other hand a-Si is a state of silicon which does not require high tempera-
tures to deposit, is more compatible with different substrates and it could be
manufactured with an easy process. This is why it has been of interest to use
a-Si as a precursor material and look for ways to crystallize it in the pursuit
of the useful properties of its crystalline form. Poly-Si has been manufactured
with large grain size and low surface roughness with many different process
using a-Si as initial material. Common techniques for crystallization of a-Si
are thermal and laser-based crystallization. Both have a number of capabilities

and limitations.

Films of a-Si can be crystallized by thermal annealing for electronic
applications. It has been demonstrated that a-Si deposited on silica substrates
were crystallized by rapid thermal annealing: this process consists in placing
the samples inside a furnace which reaches a temperature of > 500°C' for 4min
seeding crystallization in the surface with grain sizes of 500nm [10, 11]. This
crystallization method have been used in the electronics fabrication with good
results. In the case of photonics devices have been produced by crystallization
of a-Si using thermal annealing [6]: in this process amorphous silicon ridges
were patterned using photolitography, followed by a dry etching method and
then heated to 1100°C'. This temperature maximizes the crystallized fraction
and removes defects from the crystalline regions [12]: these ridge poly-Si waveg-
uides have achieved an optical loss of 9dB/cm [13]. The high temperature and
the thermal annealing inside a furnace however limits the compatibility with
other substrates. So another way to transform a-Si into polycrystalline silicon
keeping the optical losses at a low level would be of great interest for photon-
ics applications. This research is focused in the behaviour of a-Si after laser

irradiation.
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2.2.1 Laser crystallization of a-Si

A thin layer of a-Si can be crystallized by different processes after
deposition to recover the excellent electrical properties of c-Si. Crystallization
of a-Si has been achieved by femtosecond laser irradiation at a wavelength of
800nm [14] and by UV pulsed excimer laser [15]. However pulsed lasers produce
small crystals, compared to CW lasers, in the order of tens of nanometers [16]:
for this reason these techniques have been used for the fabrication of solar cells

[17] and electronics [18] but not for optical circuits.

Another method using CW argon laser with A\ = 514.5nm has been
proposed in [19], where amorphous silicon films were deposited by low pressure
chemical vapour deposition at 90Pa, 550°C onto a 300nm thick Si0O, coated
corning 1737 glass substrate [20]. In that same research the laser beam was
focussed to a diameter of «~ 170um, since their interest was to to produce
large area single polycrystalline regions getting single crystals up to a size of
25um [21, 22]. High performance transistors were fabricated following this

methodology [23], but it has never been used to produce photonic devices.

Some of the limitations presented through this section were spotted
and overcome in this project; as the use of a low temperature process to make
a compatible material with many substrates especially CMOS materials, also
the local annealing of a-Si using smaller beam spot sizes, and the production

of pohotonic circuits with large grain size.

From this point I present the experiments, results and analysis of
this research work which shows signs of success in the production of photonic

devices.

2.3 Experiment Description

A CW visible laser of wavelengths at 488nm and 514.5nm is focused
using an microscope objective, onto a thin layer of amorphous silicon deposited
on different substrates. These substrates were: silica glass of 600um thickness,
crystal silicon of 600um with a layer of silica of 4.6um ,to provide optical
isolation between the a-Si film and the silicon substrate, and z cut congruent
lithium niobate of 500um thick. For all these substrates a film of 250 or 400nm
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thick a-Si was deposited regularly on the surface using the HWCVD deposition
method at a temperature of 240°C, in the case of LN a-Si deposition with the
same thickness by PECVD at 350° was also used. Laser crystallization of a-Si
at these wavelengths has been proved to give excellent results in confined ge-
ometries as in optical fibres [24]. These samples were mounted upon a two axis
computer-controlled stage system to irradiate linear tracks. The power, the
speed and the focusing were varied during the experimental process in order to
identify the conditions for best crystallization of the a-Si film. Crystallization
of the tracks was then analysed using Raman spectroscopy and X-Ray diffrac-
tion. In the case of a-Si/SG a wet selective etching was needed to develop the

optical waveguides: this part will be cover in the next chapters.

2.3.1 Experimental Set up

The experimental set up used for this research consisted of a CW
visible multi-line Argon ion Laser with two main wavelengths at 488nm and
514.5nm with a Gaussian intensity distribution as the beam source. A refrac-
tive microscope objective (L) was used to focus the beam onto the surface of
the sample. This microscope objective was mounted onto a linear translation
stage in order to control the focusing of the beam. Different magnification ob-
jectives were tested (10x,20x,50x). The results presented during this thesis are
those obtained with the 20x magnification objective. Even when 50x produced
tighter waveguides, the conditions of writing were more difficult to achieve due
to the small field of view while laser writing. The samples were mounted upon
a two axis computer-controlled translation stage system (Aerotech ABL-1500),
were we could set the x and y distance and speeds parameters. The software
used to move the stage was g-code. Therefore there exists compatibility with
other existing software used already in industries. This makes all the process
very compatible with mature manufacturing techniques. The laser power was
controlled by an attenuation system. This system uses a combination of a
quarter waveplate and a polarizer, in this manner the polarization of the laser
was fixed, and the power could be adjusted by rotating the waveplate. A pel-
licle beam splitter (BS) was used to monitor a portion of the back reflected
light using a CCD camera. The CCD camera was used to assist the position of
the samples and to visualize the writing process. A schematic of this system

can be seen in Figure 2.1.
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Figure 2.1: System used for laser crystallisation. The sample is
mounted on a two axis computer-controlled stage. A beam splitter
(BS) was used for CCD visualization of the sample during writing.
A microscope objective lens (L) was used to focus the beam on the
samples surface.

2.4 Laser crystallization of a-Si on substrate

of Silica and on Silica on c-Si

Planar a-Si films were prepared by HWCVD, with two different thick-
ness (250nm and 400nm) on a SiOy substrate with a thickness of 600um. The
samples were scanned in front of the focussed laser beam, using the high preci-
sion stages to produce linear irradiated tracks of ~ 15mm length and separated
by 100um. For tracks made by different powers in the samples the speed was
fixed to 10mm/min and the power of irradiation was varied and measured at
the surface of the sample. The laser power to produce damage on the a-Si film
of 250nm and 400nm thick, was identified, corresponding to intensities greater
than 3 +.05MW/em? and 3.11 & .05MW/em? respectively. At these intensi-
ties the film was completely ablated. Then the laser intensity and the speed of
irradiation was varied to identify the best conditions for laser-crystallization.
Since the final objective of this experiment would be to produce optical waveg-
uides, obtained on the film of 400nm were more interesting. The results for

this thickness will be presented.

An overview of a set of irradiated tracks is shown in Figure 2.2. Here
a group of 15mm long tracks produced using different laser power at constant
speed is shown. The first track on the left corresponds to the highest power. For
the subsequent tracks the power was decreased by 10mW starting at 110mW



34 Chapter 2 Laser crystallization of a-Si on Silica (Si0O3)

and finishing at 60mW/, in the case of lower powers no significant change of the
surface was observed. Using the equation for Gaussian beams through a lens,
the beam spot size (wp) at the focus position was calculated to be ~ 1.5um .
However, measuring the width of the damage tracks in the microscope images
showed that the affected surface due to the heating propagation was about
6um.  As the focussing was the same for all the annealed tracks the laser
powers correspond to intensities of 3.11MW/cm? to 1.69M W /cm?. From now
on, the laser power will be mentioned instead of the intensity. A change in the
colour between each track and the non irradiated part of the sample is observed.
This change in colour is attributed to the change in index of refraction due to

the crystallization that is taking place in the irradiated part of the sample.

Figure 2.2: Laser irradiated tracks on a-Si/SG corresponding to differ-
ent laser intensities at a speed of 10mm/min.The track on the left was
irradiated using 110mW; The power was reduced by 10mW for each
subsequent track through to 60mWW.

In Figure 2.2 we notice that for the power 110mW and 100mW there
is a darker surface, this colour is associated with ablation of a-Si. In order to
make a good quality ridge waveguides this hot spots should be avoided. Then

we can conclude that powers lower than 100mW are better for this use.

In the case of the thinner (200nm) deposition of a-Si the behaviour
was very similar, with the only difference of a lower power needed to crystallize.
This was expected since a thinner layer of a-Si would need less laser power to
have the same conditions. In this case the power that corresponds to a similar
behaviour to the 100mW for the thinner sample, was 90mW .
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After a-Si/SG was characterized a sample of amorphous silicon of
400nm with a substrate of silica on c-Si (a-Si/Sc-Si) was produced. This sub-
strate was chosen because it is known to be compatible with CMOS technology
[25, 26, 27], so this compound of materials have captured the attention of many

research groups because it blends electronics with photonics [28].

The substrate on this sample has two layers due to the fabrication
process. The process begins with a 600um c-Si wafer, thermal oxidation pro-
duce a layer of 4.6um of SiO4 on the surface of the sample, over this layer the
a-Si was deposited by HWCVD. This sample was also characterized for laser
annealing. This to demonstrate the different substrates that could be used by
this same method. It was found that the intensity required to ablate the mate-
rial was different: this was expected because the c-Si substrate has a different
heat transfer than silica. In this case the range of intensities tried were from
4.24MW /cm? to 2.54MW /cm?, corresponding to the powers from 150mW to
90mW . A picture of this is shown in in Figure 2.3.

Figure 2.3: Laser annealed tracks on a-Si/Sc-Si corresponding to dif-
ferent laser intensities at a speed of 10mm/min.The first track was
written using 130mW; changing the power by 10mW for each subse-
quent track through to 90mIV.

For the different substrates we can notice a similar behaviour on the
a-Si surface after laser annealing. If the laser power is high the surface becomes
darker, this is associated with damage of the a-Si layer. As the power is reduced
there is a region where sections of the tracks are damaged. This is due to

particles in the surface that cause local absorption hot spots during the laser
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writing. Below this power range we found the best conditions where the tracks
are continuous without damage. As the power is reduced more the colour of
the surface becomes dim until the laser power is not enough to produce any

visible effect on the a-Si layer about 25mW.

2.4.1 Laser annealing of curved structures

Different shapes could be produced by this method, some photonic
devices were annealed to check the capability of the stages to produced curves
tracks and more complicated patterns. Here there are some pictures of devices
annealed that are easy to be implemented. In Figure 2.4 some photonic devices
produced by laser annealing in a-Si with a thickness of 400nm on glass are
shown. In all the curved structures we notice a continuous colour through all
the laser annealed surface, this is a good indication of crystallization on a-Si

and the smooth movement of the translation stages.

(a) (b) ()

Figure 2.4: Optical microscope pictures of different devices made by
laser annealing of 250nm layer of a-Si/Glass. (a)Delay line, (b) ring
resonator (c¢) Y junction.

The use of a popular programming language in industry (g-code)
makes easy to develop more complex different shapes and figures that could
be laser exposed using this transition stages. The logo of the Optoelectronics
Research Center(ORC) at Southampton, was imprinted in a-Si/LN of 400nm
thickness. An optical microscopy image of the laser crystallized Light logo is

shown in 2.5.

In the following part of this experiment the speed for the stage was
varied from 1mm/min to 20mm/min. And the Raman spectra for the combi-

nation of powers and speeds were acquired and processed.
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Figure 2.5: Light logo laser-crystallised on a layer of 400nm thick a-
Si/SG.

2.4.2 Raman Spectroscopy on a-Si/G and a-Si/Sc-Si

As discussed in Chapter 1 Raman Spectroscopy is a good analytical
tool to assess the quality of the crystallization process[29]. Raman spectra
were obtained from laser written tracks corresponding to different laser powers
and to a c-Si reference. In Figure 2.6, we observe that the spectra obtained
from the track that corresponds to power condition of 90mW in a-Si/SG has
the narrowest peak, resembling more the reference spectrum obtained on a c-Si
sample than the others powers. It is expected that this particular irradiation

condition achieves the best crystallization quality.

To have a quantitative comparison between the reference and the
samples it is needed to measure the Full Width at Half Maximum (FWHM)
of each spectra and compare them to the reference. All the Raman peaks
were fitted using a program coded in Matlab with a Voigt function , which
is a convolution of a Gaussian and a Lorentzian profile [30]. The Gaussian
contribution is caused by the Raman Spectrometer and the Lorentzian function

is attributed to the laser source.

As is shown in the graph at Figure 2.7 each Raman spectra was
fitted using a Voigt function, this function has contribution from a Lorentzian
and Gaussian distributions. The code used the reference file obtained from
a single ¢-Si wafer and force the Lorentzian FWHM part to be 2.7cm™! [31],
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Figure 2.6: Raman spectra corresponding to irradiated tracks obtained
with different writing powers and a fixed speed of 10mm/min

in this manner the Gaussian contribution is found, in this case the Gaussian
FWHM contribution was of 2.09¢cm~!. The error from the Raman spectrometer
was estimated taking the spectra of the c-Si reference 10 times, then fitting
using the Matlab code and calculating the average in this measurements. In
this way the Lorentzian FWHM of the single ¢-Si wafer was estimated to be
2.7+ .02cm™!. Another aspect found by this method was the peak position of
the Voigt function for this case was centred at 519.77cm ™! which also gives an

indication of the crystallization quality [31].

Finally the FWHM of the Lorentzian part associated with the Voigt
function, using the constant Gaussian contribution is calculated for each spec-
trum. An example of this could be seen in the graph at Figure 2.8. This
spectra corresponds to a laser annealed track made by the conditions of 90mW
and 10mm/min. In this image the Gaussian contribution was kept constant
with the same value as the one found for the reference . The FWHM of the

Lorentzian was estimated and found to be of 3.14em™!.

In the same Figure
we can notice the position of the c-Si reference in the black vertical line and
the new position of the Voigt fitted (red vertical line) for this particular case
was of 517.51em~!. A similar shift between the reference and all the mea-
surements was found; this displacement of the peak from that of single crystal
silicon implies the existence of defects and amorphous material, that surround

the crystal grains, which are associated with vibrations at frequencies in the
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Figure 2.7: Raman spectra from a c¢-Si wafer, in red the voigt fitted
curve, in Blue the Lorentzian contribution with a FWHM of 2.7cm ™!
caused by the laser source and in green the Gaussian contribution which
is caused by the instrument. Vertical line points the Voigt peak posi-

tion.

range 500 to 517cm ™" [32]. For this reason we can correlate a polycrystalline

structure in the irradiated areas of a-Si.

We could attribute a better crystallization of the tracks when their
value of the estimated Lorentzian FWHM is closer to 2.7cm ™! [33]. From here
on FWHM will refer to the Lorentzian FWHM to compare each one of the

laser crystallisation conditions and samples, used in the experiments, with the

c-Si reference. The collected Raman data for different conditions are presented

below.

Table 2.1: Table of the Raman peak FWHM for different speeds/Pow-
ers for laser-crystallised a-Si on silica substrate (*experimental error,

NR not recorded.)

FWHM in cm~! for different speeds

Power (mW) | bmm/min | 7mm/min | 10mm/min | 20mm/min | 60mm/min
110 20.13 13.31 12.30 12.42 25.12
100 4.57 4.53 4.18 4.39 15.23
90 3.08 3.02 3.14 3.21 14.24
30 3.17 3.26 8.84 12.18% NR
70 4.65 4.41 4.51 4.51 15.48
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Figure 2.8: Raman spectra from a laser-crystallized track produced by
90mW and 10mm/min. In red the voigt fitted curve is plotted, in
Blue the Lorentzian contribution with a FWHM of 3.14em™! and in

green the constant Gaussian contribution of 2.09cm~!. The vertical

black line points the Voigt peak position of the c-Si reference the red
one the Voigt peak for this fitting.

From table 2.1 we found that the best crystallization according to
the Raman spectra was obtained for power 90mw for speeds between 5 —
20mm/min. The lowest value for FWHM however corresponds to a speed of
7mm/min which implies the best crystallization achievable, after this speed in
all the samples the FWHM increases. Faster speeds where tried too, as an ex-
ample of those in the same table some Raman data for 60mm/min are shown.
During the experiments it was notice that speeds larger than 20mm/min pro-
duced lower crystallization values than lower speeds. Then for the next exper-
iments the maximun speed presented was this one, since we focus in the best

crystallization conditions.

For the case of a-Si/Sc-Si the results of the FWHM for the different

conditions are presented in the next table.

From table 2.2 we found that the best crystallization according to
the Raman spectra was obtained for power 120mw for all the speeds. For
7mm/min however again we obtained the narrowest FWHM. Both results show
that at speed of 7mm/min in both cases (a-Si/G and a-Si/Sc-Si) produces the

best crystallization results.
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Table 2.2: Table of the Power and the FWHM for different speeds on
Silica on c-Si substrate

FWHM in cm~! for different speeds

Power (mW) | bmm/min | 7mm/min | 10mm/min | 20mm/min
120 3.30 3.04 3.12 3.14
110 3.15 3.06 3.17 3.33
100 3.37 3.08 3.14 3.25

All the Raman results indicate that Si crystals are forming after the
laser irradiation. Polycrystalline material was found in the tracks after been
illuminated by the laser source getting the best results (closer to the c-Si refer-
ence 2.7cm™!) with the conditions for a-Si/G at 90mW or 2.54 MW /cm? with
7mm/min and for the sample of a-Si/Sc-Si at 120mW or 3.39MW/cm? with

Tmm/min.

The quality of the laser-processed material has also been investigated

using x-ray diffraction, the results of which are presented in the next section.

2.4.3 XRD Analysis Results on a-Si/G

Laser-crystallization results were also corroborated using X-ray diffrac-
tion. This investigation was performed at the Diamond Light Source syn-
chrotron located at the Harwell Science and Innovation Campus, Oxfordshire.
Using the same set up showed in Figure 1.8. The beam used in the experiment
had an energy of 16.8keV and a spot diameter of 3um. However, the beam

size could be modified to cover a larger area.

All the diffracted spectra were acquired and analyzed , each diffracted
spectra corresponds to the interaction of the track and the area covered by
the beam. The analysis as was explained in the previous chapter, consisted in
comparing the diffraction spots to the Debye rings associated with the different
crystal planes, then the distance shift was measured to find the deformation of
the crystal. Scanning along and across the tracks were performed to investigate

the length of the crystals on the tracks.
One example of the XRD diffraction spectrum is shown in Figure 2.9.

The position of the diffraction spots obtained from laser annealed

samples was compared to the reference pattern shown in Figure 1.9. The
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Figure 2.9: XRD pattern showing a single diffraction spot obtained
from a laser annealed track. The red circle corresponds to the closest
crystal plane obtained from the Si powder reference sample.

distance shift d in Figure 2.9, between the point from the diffraction patterns

to the closer circular crystal reference, was measured.

In Figure 2.10, each symbol represents a different crystal plane or one
of the three first Debye rings in the diffraction pattern reference: in the x axis
the power used to make different tracks is shown and the y axis represents the
distance shift from the closest crystal plane to the correspondent spot for the

diffraction pattern of each track.
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Figure 2.10: Graph of distance Shift from the closest crystal plane vs
Power. Data acquired from X-Ray diffraction patterns

From the results can be concluded that the a-Si becomes crystallized

and also that tensile strain exists in the crystal since the distance shift was



Chapter 2 Laser crystallization of a-Si on Silica (SiO3) 43

positive. This tensile strain was due to the fast cooling following the laser

irradiation.

Investigation of the crystallized surface along and across the sample
were performed to analyze the quality of crystallization and length of crystals
that were formed along the tracks. The scanning of the sample across the tracks
in a perpendicular manner will indicate any difference in crystal behavior of the
laser annealing across the tacks. The scanning along the tracks will indicate
the length of the crystals that was achieved. The experiments were performed
by scanning the x-ray beam along and across different annealed tracks and
acquiring the diffracted pattern for each position during the scanning. Then
by monitoring individual diffraction spots for each diffraction spectra the in-
tensity surface was integrated and plotted against the track position. In this
type of graphs a higher intensity corresponds to a better overlap between the
x-ray beam and the crystal analysed. The track corresponding to the best con-
ditions according to Raman spectroscopy (90mW at 7Tmm/min) was scanned
across for a distance larger than the cross section of the track, to cover parts

corresponding to a-Si.

In Figure 2.11 a graph of the integrated intensity on each diffracted
spot against a 12um scanning length with 1um step is shown. Here we observe
that the non-crystallized a-Si corresponds to an intensity of 3 or lower. We
also notice a top in this graph with a constant intensity through 4um, this part
belongs to the central ridge of the track, then the intensity drops corresponding
to a lower crystallization quality until the a-Si is reached from both sides. The
crystallization difference across the track width is due to the fact that the laser

beam has a Gaussian intensity profile.

The scanning along the same track was performed for a length of
50pm with a 4um step. The scanning were not possible to place them precisely
in the center of the track. Due to the wide of the track, then a small angle
between the scanning and the track was needed, so the presented scanning
was taken from one side of the track to the other, in a line almost parallel
to the track. In this manner we found crystals as large as 32um in the best
case. In graph 2.12 the position at Oum and the position 50um are extremes
of the same track. This scanning shows the largest crystal found. Here the
same spot for each diffraction pattern for each step position over the track was
monitored. Finding a higher intensity than the one corresponding for a-Si (3)

trough a distance of 32um.
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Figure 2.11: In this graph the crystal spot intensity through a scanning
length of 12um across the laser-crystallized track is presented. We
notice that the intensity is higher across a distance of 4um, also we
found out that the intesity corresponding to non irradiated a-Si is of
3.

2.5 Conclusions

During this chapter we have demonstrated laser crystallization of a-
Si in two different substrates: a similar behavior on both was spotted, for
high powers the surface becomes darker, this is identify as damage on the a-Si
layer. The capabilities to produce curved structures using this set up was tested
finding that complicated structures could be performed with nice results. The
characterization showed that the best power to form continuous crystallized
tracks was 90mW or 2.54W/cm ™2 and 120mW or 3.39W/cm ™2 respectively to
the a-Si/G and a-Si/Sc-Si. The power difference is related with the different
thermal conduction between the a-Si and the substrate. The change of the
writing speed showed a transition in the crystallization due to the cooling rate
of the molten silicon: in this experiment it was notice that the best speed
to achieved better crystallization in both substrates was 7mm/min. Raman
studies confirm the best crystallization is accomplished with the conditions
mentioned finding a close relation of FWHM to a crystal silicon reference. By
XRD measurements the formation of crystals along and across the tracks can
be totally confirmed finding crystals as large as 32um long and a crystallized

ridge in the center of the tracks. In the transverse scanning of the tracks a



REFERENCES 45

x 10* Crystals intensities along scanned portion
7 T T T T T T T

- i
n o 3

Crystal spot intensity [A. U.]

A

3.5

1 L 1 L 1
o 5 10 15 20 25 30 35 40 45 50
Length along the Si stripe [microns]

Figure 2.12: In this graph the crystal spot intensity through the scan-
ning of 50um along the laser cristallised track is presented. We notice
that the intensity is higher along a distance of 32um.

formation of polycrystalline silicon material in the external sides of the tracks
was formed: this is product of the Gaussian intensity distribution of the laser

beam.

In summary, all the encouraging results reviewed in the preceding sec-
tions prompted the investigation of the a-Si crystallization on active photonic
substrates such as LN for the fabrication of hybrid devices. In the following
chapters the research results on this subject will be shown. After this point
we will concentrate on the behavior of laser writing in amorphous silicon de-
posited on lithium niobate (a-Si/LN) and the capability of this method for the

fabrication of optical waveguides.
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Chapter 3

Laser crystallization of a-Si on
Lithium Niobate

3.1 Introduction

Hybrid integrated photonic devices consisting of silicon photonic cir-
cuits combined with materials such as LN have been consider since the incep-
tion of silicon photonics [1] to achieve a wider range of functionality. Improved
performance optical devices, and implemented multifunction photonic inte-
grated circuits to fullfill various communication applications have been demon-
strated [2]. Many different hybrid photonic devices have been fabricated as
Mach-Zehnder modulators, hybrid silicon/III-V lasers, silicon nitride-assisted
polarization rotators, ring modulators [3, 4, 5]. These multitude of applications
have motivated the investigation to merge other materials with Si. As it was
presented in the previous chapter CW laser annealing of a-Si could potentially
solve the difficulty of combining Si with substrates that possess important pho-
tonic properties. Through this chapter, the experiments and results of laser
crystallization of a-Si on lithium niobate substrate will be presented. The same
order to present the experiments and results followed for the a-Si/G samples
in the previous chapter will be extended for the case of a-Si/LN. A similar
behavior of the silicon layer is expected but with a difference in the power
conditions since, as has been proved, the substrate changes the conditions of
the intensity required to crystallize the a-Si layer. It should be mention that

in this case the substrate is a crystal structure (LN), compared to the last

o1
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chapter where the deposition was in Silica an amorphous material. This dif-
ference in the substrates has a crucial play in the adhesion of the materials,
making harder to keep in place the a-Si layer deposited in LN. Again a short
review of the prior art of combining crystallized silicon with LN substrates will
be presented. Then the results for the experimental characterization of laser
power and scanning speed will be reported. For these samples, two different
methods for the deposition of a-Si were utilized and compared: PECVD and
HWCVD. A different behavior associated with the hydrogen concentration in
the a-Si layer produced by the deposition method was observed. Finally, the
presentation and discussion of Raman spectroscopy and XRD results will be

shown.

Silicon devices on LN substrate prior art

Different attempts to combine this two materials to form a hybrid
multifunctional photonic devices have been presented in the literature. The
most significant of those works are reported in [5, 4, 6]. In these articles
a silicon photonic devices have been manufactured using normally complex
processes. It begins with a layer of crystallized silicon introduced by direct
wafer bonding. This is costly and labour intensive to produce since the initial
material is already crystal silicon and the wafers need to be prepared in a
highly controlled environment [7].This layer deposition disables the possibility
to have a local crystallized area. The next step is the device fabrication by
photolithography which need to use an already patterned mask for each optical
circuit, limiting the possibility to change the device fabrication during the
crystallization process. A final etching step is needed to reveal the devices often
perform by dry etching as reactive ion etching (RIE), here all the crystalline
surface around the device is removed. Even when this technique has been
proved to have very useful results for silicon on LN devices, it could be more

efficient and with a lower cost production.

As it was shown in the previous chapter local crystallization by laser
annealing of an underdeveloped layer of a-Si on different substrates is possible.
We propose to extend this methodology to produce silicon devices on a LN

substrate.
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3.2 Laser crystallization of a-Si/LN

Amorphous Silicon of two different thicknesses (200nm and 400nm)
was deposited using two different methods: PECVD and HWCVD on the
positive face of a z cut lithium niobate crystal with dimensions of 2¢m by 2em

and a thickness of 500um.

Using the same set up as for a-Si/G, the surface of the a-Si/LN was
irradiated with a CW laser with central wavelengths of 488nm and 514.5nm,
producing tracks of 15mm of length. The irradiation was always in the y
direction of the LN crystal to keep the same parameters during the process,
in future work other orientations would be tried. The tracks were separated
by 100um between them. A 20x objective was used with a calculated spot

diameter of ~ 3um .

As in the a-Si/SG case, first the damage threshold was identified,
where we found to be 1.69MW /cm? for 400nm thick and 1.56 MW /cm? for
the thinner film of 200nm. Further investigations demonstrated that the be-
havior of crystallization depends just on the thickness of the sample and not
in the a-Si deposition method. Since the thinner films exhibit a similar be-
haviour, with the only difference of a reduction in power of 10mW for each
condition, just the results for 400nm thick a-Si/LN will be presented. For all
the experiments the focusing conditions was kept the same so the analysis will
be in terms of laser power rather than in intensity. Linear tracks of 15mm
length were laser irradiated at different laser powers. The laser power was
measured after the focusing of the objective lens. The range of laser power
used in these experiments varied from 80mW to 20mW corresponding to in-
tensities on range of 2.26 MW /cm? to 0.56 MW /cm?. The power step between
subsequent exposures was 5mW. A reduction of power needed to ablate the
a-Si film was lower than in the other cases of a-Si/S and a-Si/Sc-Si, we think
this difference is caused by the thermal conductivity of the materials. LN has
better heat conduction then it needs a lower amount of energy to heat a larger

area compared to Silica.
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3.2.1 a-Si/LN deposited by PECVD

Using the same procedure as previously described in the case of a-
Si/SG, we investigated the behaviour on the a-Si/LN sample deposited by
PECVD for different powers keeping a constant speed of 10mm/min in Figure
3.1.

Figure 3.1: Laser irradiated tracks from left to right: with a speed of
10mm/min corresponding to different Powers 60mW , 56mW  50mW
45mW , 40mW , 35mW 30mW , 25mW .

An overview of laser irradiated tracks for a range of conditions de-
scribed before is shown in the optical microscopy image of Figure 3.1. In the
first two tracks from the left, which correspond to 60mW and 55mW respec-
tively, we observe damage on the surface along the irradiated track. The third
track, which was laser crystallized with a power of 50mW , corresponds to the
laser damage threshold. However, external elements like dust or other surface
defects induce extra absorption hence some parts of the track appear to be
damaged. In the fourth track written with power 45mW  we observe a contin-
uous dark region in the center of the line. For the line written at 40mW we
observe a continuous and clear line over the entire length. Here we found the
best crystallization according to Raman spectroscopy. In the next lines writ-
ten with powers of 35mW and 30mW, a periodic pearl chain structure appears
along the lines. Some research about the origin of the formation of the pearls
or blisters has been performed and will be discussed in the next sections. For

lower powers than 25mW we could not notice any change in the surface.
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As with the a-Si/SG samples, the speed was varied from 5mm/min,
Tmm/min, 10mm/min and 20mm/min. The power was also changed for each
irradiated track. Some pictures from an optical microscope for these conditions

are shown below with more detail, see Figure 3.2.

1Tmm/min Smm/min 10mm/min

60mwW
50mwW

40mw

30mw b b L,

® )

Figure 3.2: Optical Microscopy pictures corresponding to different laser
powers, and scanning speeds as indicated

All the tracks in the first row of Figure 3.2 show damage on the
surface of the a-Si. For powers below of 50mW the damage in the tracks does
not appear. At lower powers periodic blister-like structure appear along the

tracks. This behaviour was studied in more detail in section 3.2.4.
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3.2.2 a-Si/LN deposited by HWCVD

A similar experimental investigation was conducted for the case of
a-Si/LN deposited by HWVCD. In Figure 3.3 we observed irradiated lines
produced at 10mm/min using the same laser power range as in the case of the
PECVD samples. A general inspection of the behaviour of the surface after
laser annealing shows no blister-chain formation for the lower powers unlike
the PECVD case. This is attributed to a lower concentration of hydrogen
during HWCVD [8] . Other random bulging features as shown in the track
made at 35mW at Figure 3.3 appear along the tracks at this power: this could
be random concentration of hydrogen in the a-Si layer due to the deposition.
However the powers above the blister production have similar results in the

annealed surface.

Figure 3.3: All the tracks were laser irradiated with a speed of
10mm/min and different Powers from left to right: 55mW, 50mW,
45mW , 40mW, 35mW, 30mW .

Raman spectroscopy results confirmed the similarity in the crystal-
lization between this two deposition methods. These results will be presented

in the following section.
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3.2.3 Raman Spectroscopy of laser crystallised a-Si/LN

both deposition processes

Results of Raman Spectroscopy analysis of laser irradiated a-Si/LN
will be presented here. In Figure 3.4 four Raman spectra obtained from tracks
produced with different laser powers at a fixed speed of bmm/min are pre-
sented. We observe that the narrower Si line width is achieved for a laser

power of 40mW .

1.0

0.5

0.0
400 450 500 550 600 650

Wavenumber (cm’)

Figure 3.4: Raman spectra for different writing powers with a fixed
scanning speed of 5mm/min
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All the spectra were analysed in the same fashion as was explained in
Chapter 2, a Voigt function was fitted to the data by fixing the Gaussian width
extracted from a c-Si reference, then the FWHM of the Lorentzian contribution

from all the tracks was measured.

The FWHM of the Lorentzian fitted data for the irradiated tracks
produced using different speeds and laser powers for the a-Si/LN sample de-
posited by PECVD are presented in Table 3.1.

Table 3.1: Table of the laser Power and the corresponding FWHM for
different speeds (PECVD a-Si deposition)

FWHM in cm~! for different speeds

Power (mW) | bmm/min | 7mm/min | 10mm/min
45 4.52 3.48 3.48
40 3.78 3.28 3.38
35 3.874 4.36 3.586
30 20.55 15.86 9.11

We observed that the best crystallization for all the speeds used was
achieved for 40mW according to the measures with the Raman spectroscope,

this power corresponds to a intensity of 1.13MW /cm?.

The FWHM of the Lorentzian fitted data for tracks irradiated using
different speeds and laser powers, on the sample deposited by HWCVD are

presented in Table 3.2 in the same manner as for the case of a-Si/SG.

Table 3.2: Table of the laser Power and the corresponding FWHM for
different speeds (HWCVD a-Si deposition)

FWHM in cm~! for different speeds

Power (mW) | 5mm/min | 7mm/min | 10mm/min | 20mm/min
50 6.09 5.01 5.43 5.69
45 3.42 3.19 3.33 3.59
40 3.29 3.13 3.22 3.62
35 3.58 3.53 3.66 3.76

Also in this case we observe that the best crystallization is achieved
for 40mW according to Raman spectroscopy results. These results indicate
that the deposition method does not affect laser intensity which is required
to crystallize a-Si/LN. However in a closer inspection we see that the FWHM
achieved are closer to crystalline silicone for HWCVD than the contra part done
by PECVD deposition. This results confirms the crystallization of a-Si/LN
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and shows that the best deposition method is HWCVD. The laser irradiated
samples deposited by HWCVD were investigated by X-Ray diffraction.

3.2.4 Pearl Chain Structures

In this section the results of the investigation on the formation of the
periodic pearl chain structures or blisters in a-Si/LN deposited by PECVD will

be presented.

These pearl chain structures appear when the irradiating laser inten-
sity is between 0.99 to 0.70MW/cm?. They are only observed on PECVD
deposited samples where the hydrogen content due to the deposition technique
is grater as compared to HWCVD [9] . The formation of this structures could
be associated to the pyroelectric effect of LN. A possible explanation to this
phenomena could be explain as follow: due to a quick temperature change, an
electrical current is created producing an ignition augmented by the concen-
tration of hydrogen in the a-Si layer. This would be enough to lift the a-Si

layer and create small domes.

To investigate more about this phenomenon an a-Si/LN sample de-
posited by PECVD was thermally annealed at a temperature of 800K for 12
hours in order to remove any remaining hydrogen [10]. The laser irradiated
tracks were performed at different laser powers. No pearl formation was ob-
served in this sample, demonstrating that this effect must be related to the
hydrogen content. Another confirmation of this was recently found in a sam-
ple of a-Si/LN deposited by sputtering from a crystalline Si target where no
pearl formations were found during the writing, since there was no presence of

hydrogen in this deposition process.

To have a closer look at the pearls, the samples were imaged using a
Scanning Electron Microscope (SEM). The pictures taken are shown in Figure
3.5. From Figure 3.5 we can conclude that the pearls are formed by deformation
and detachment of the Si film from the LN substrate. They are hollow and

have a diameter of ~ 5um.

The topography of these pearl chain structures was studied using an

interferometric contact less surface 3D optical profilometer (ZeScope). We
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Figure 3.5: SEM images of the pearl structures found after laser writ-
ting on a-Si/LN deposited by PECVD (a) Closer look from the top,
(b) side look of a fractured peal showing the hollow nature, and lifting
of the film.

present images of them in Figure 3.6, where we observe that the pearls are

above the a-Si surface and they have a height of less than 100nm.

Figure 3.6: Images generated from ZeScope (a) Surface topography of
a pearl chain structure, (b) zooming view of seven pearls with. Note
that the hights are of the order of 100nm.
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In order to identify the range of conditions to obtain these periodic
structures we will start by studying different writing powers from 35mW to
20mW and then varying the speed. Optical microscope pictures of this exper-

iment are show in Figure 3.7.

In Figure 3.7 each row of images corresponds to a different power and
each track was scanned with different speed. During the next paragraphs a

description of all the images will be presented:

e In the first row (images from (a) to (c)) six tracks produced with 35mW
can be observed. The first three tracks which correspond to speeds
0.1mm/min, 0.5mm/min and 1mm/min respectively, do not present
pearls chain structures. In the same row the last three tracks which
corresponds to the speeds bmm/min, 10mm/min and 50mm/min re-
spectively present spallation, where the Si layer flies off the substrate in

solid chunks.

e In the second row (images from (d) to (f)) six lines made with 32mW
can be observed, the first two tracks which corresponds to the speeds
0.1mm/min and 0.5mm/min respectively, do not present pearls chain
structures. In the same row the next three lines which corresponds to
the speeds lmm/min, 5mm/min and 10mm/min respectively, the pearls
appear more frequently as the speed increases. In the last line with a
speed of 50mm/min a periodic mix of pearls and non periodic shapes

are found.

e In the third row (images from (g) to (i)) six lines made with 27mW are
presented. We can be observe that all the lines for all the speeds present
pearls chains. The pearls appear more frequently as the speed increases.

Also the radius of the pearls decreases as the speed increases.

e In the fourth row (images from (j) to (1)) six lines made with 25mW can
be observed: all the lines except for the last present pearls chains. The
speeds where these pearls appear corresponds to lmm/min, 5mm/min,
10mm/min, 5mm/min and 10mm/min respectively. In the same row
the last line which corresponds to the speed 50mm /min the pearls vanish
completely; perhaps the fluency here was not enough to make any change
in the a-Si.

o In the last row (images from (m) to (o)) six lines made with 20mW can

be observed, the first line which corresponds to the speed 0.1mm/min,
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(m)

Figure 3.7: Optical Microscopy images of laser irradiated tracks us-
ing the parameters for pearl chain structure formations, in this im-
age sequence each row corresponds to different power (35mW, 32mW
2TmW, 25mW and 20mW) and each column has a different speed
for each line in the first row 0.lmm/min and 0.5mm/min, sec-
ond 1mm/min, third 5mm/min, and the last one 10mm/min and
50mm/min
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is the only one with pearls chains. In the same row the next lines
which corresponds to the speeds 0.5mm/min, lmm/min, S5mm/min
and 10mm/min respectively, doesn’t present pearl chains and just blurry
lines, for those cases the power was not enough to make any change in

the surface of the a-Si.

After analysing the periodicity under different conditions a table with
different powers and different speeds was constructed see Table 3.3. Here period
0 means no pearl shapes appearing, i.e. in these cases the lines were solid and

continuous or vanished for the lack of power irradiation.

Table 3.3: Table of the speed and the period for different powers.

Period for different powers
Speed (mm/min) | 32mW | 30mW | 28mW | 25mW | 23mW

0.1 0 0 0 0 6.28
0.5 0 4.44 4.6 3.8 3.79
1 4.68 4.35 4.02 3.75 3.71
5 3.269 3.33 3.83 3.57 3.26
7 3.036 3.09 3.65 3.59 3.0
10 2.815 3.29 3.51 3.51 2.65
50 2.544 3.02 3.18 3.5 0
80 0 3.12 3.33 3.26 0

Using the data from table 3.3 a graphic was produced in Figure 3.8.
The graph shows that the speed is an important parameter for the periodicity of

these pearl chain: it was found that if the speed decreases the period increases.

3.3 Conclusions

In summary, through this chapter we have demonstrated laser crystal-
lization of a-Si deposited on LN by two different deposition methods PECVD
and HWCVD. We found a similar behaviour of the laser-crystallization between
them with the exception on the formation of periodic pearl like structures in the
case of lower powers for the PECVD deposited films. It was found that these
pearls have a shorter period for higher scanning speeds. The power for the
action of forming continuous crystallized tracks was 40mW or 1.13MW/cm?
in both depositions methods: this was expected since the substrate and the

deposited a-Si thickness were identical. Raman spectroscopy studies confirmed
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Figure 3.8: Graph of the period vs speed

the best crystallization is again at 7mm/min for 40mW as it was shown for a-
Si/G and a-Si/ScSi. Best result according to the FWHM of the Raman spectra
are found for HWCVD, proving that this deposition method is the best of the

two for the waveguide purpose. XRD measurements will be shown in the next

chapter since it was easier to spot crystallization after annealing once removing

the a-Si.

In the next chapter, we will present the fabrication of silicon ridge

waveguides by differential etching.
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Chapter 4

Ridge waveguides by differential
etching of laser-crystallized a-Si
films

4.1 Introduction

In this chapter we will present a differential etching process for the
fabrication of silicon ridge waveguides. Etching can be either dry (ion bom-
bardment) or wet (chemical). In dry etching, plasmas or etchant gasses remove
parts of the material[2, 3, 4]. This kind of etching is mainly used in conjunc-
tion with photolitography where a mask protects the surface that should not
be removed [2]. The reaction that takes place utilizes the high kinetic energy of
particle beams in the case of physical etching. In this method ion electron, or
photon beams are used to etch parts of the materials [3]. There is no chemical
reaction taking place and therefore all the materials on the surface will be re-
moved. The etching rate will depend on the material and the energy of the ion
beam. Therefore a mask made by a material with slower etching ratio could be
used to protect the surface removing faster the unmasked part [5, 2, 3]. The
need of a mask deposited to protect the surface adds an additional fabrication

step.

Material removal rate for wet etching is usually faster than the rates
for many dry etching processes and can easily be changed by varying temper-

ature or the concentration of the etchant mix [6].

67



Chapter 4 Ridge waveguides by differential etching of laser-crystallized a-Si
68 films

Wet etching is based on chemical reaction between the etchant and the
material to be etched. Usually the sample is exposed to a liquid or gas chemical
component that preferentially attacks exposed parts of the surface. Devices
could be developed using a protecting mask or by changing the properties of
the surface doping or implanting with different elements the selected surface,
then removing with a selective etchant solution the exposed or non treated

material [7, 8.

Optical circuits on Si and Silicon on Insulator (SOI) substrates have
been produced by wet etching produced [9, 10, 4, 11]. Those production meth-
ods have the disadvantage to either using a mask [4, 11], which reduces the ver-
satility of devices and shapes that could be produced since each circuit requires
a different mask, or the needing of high temperature treatment to incorporate
a dopant [10], limiting the variety of substrates that could be compatible for
hybrid integrated optical devices.

A more suitable etching process for the development of ridge waveg-
uides by laser annealing would be one to selectively etch amorphous silicon
leaving the crystallized poly-Si on the surface of the substrate. The etching
method selected for this research is a wet etching process named Secco-etch
(HF+K, Cry O7+Hs O) that selectively removes a-Si and does not affect poly
crystalline silicon nor the substrate materials [12]. The laser irradiated film
was subsequently subjected to this chemical processing using a combinatorial
etchant that preferentially removes a-Si, thus revealing ridge structures that
correspond to the the laser crystallized ridges. In the following sections the
characterization of the etchant and the surface quality after etching of the

different samples will be expose and discus.

4.2 Ridge Waveguide formation

In this section we will review the final step of the process to produce
poly-Si ridge waveguides. As was explained in previous sections this method
begins by laser-irradiate tracks in the surface of an a-Si film which was de-
posited on a substrate. These tracks showed crystallization after the laser
treatment. A final step is needed to develop the poly-crystalline ridges, a wet
etching procedure was chosen to selectively remove a-Si from the crystallized

silicon content in the tracks and reveal the poly-Si ridges.
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Etching is the final process on this fabrication of ridge waveguides
method. A sketch of the general procedure is shown in Figure 4.1.The first
and second parts which correspond to deposition and laser annealing have
been already cover in the previous chapters. In the following sections the last

part, relative to Secco etching will be reviewed.

Laser irradiation Wet etching

Figure 4.1: Schematic of the two steps of the process followed in this
research. First a-Si deposition, Next laser annealing, finally Secco etch-
ing revealing the waveguide ridges.

All the samples were wet etched by Secco Etching: this process has
been studied to remove crystalline defects on silicon during its fabrication
[13]. Different concentrations of Secco mixture where tried to find a reliable
etching rate at room temperature. The best concentration was found with 3ml
of potassium dichromate, 6ml of hydrofluoric acid and 90ml of water. This
etching rate was measured by measuring the height of the ridges with a stylus
profilemeter for different etching times. One sample was first submerged in
the Secco mix for one minute. The profilemeter measure a 90nm high ridge as
seen in Figure 4.2 (a). The same sample was submerged for one more minute
and scanned across with the stylus profile meter then the ridge develop had
a height of 180nm as shown in Figure 4.2 (b). Finally this same sample was
submerged for 2 more minutes reaching a 4min total etching time: the final

height after this time was about 400nm as the stylus scanning shows in Figure
4.2 ¢).

The etching rate found was estimated to be 100nm per minute. After

3minutes and 45 seconds a layer of ~ 400nm of a-Si was removed leaving
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Figure 4.2: Surface profilometer scans on ridges after different Secco-
etching durations. (a)lmin (b)2min (c)4min.

silicon ridges where the irradiation was applied demonstrating a high content
of crystalline silicon in this region. This etch duration was kept for all the

samples (on different substrates) showing the same etching ratio.

4.2.1 Poly-Si ridges on Silica Glass

Poly-Si ridge waveguides were fabricated by this method on the 400nm
thick a-Si/SG samples deposited by HWCVD. In Figure 4.3 two images ac-
quired by scanning electronic microscope of different angles from the same
ridge are shown. In (a) we observe the polished edge of the ridge. In (b) a top
view of the ridge could be seen, here we notice a different texture between the
central ridge and the external parts, this was due to the intensity distribution
of the laser beam while annealing, since the distribution was Gaussian. The
consequence of the Gaussian intensity distribution is a non uniform tempera-
ture profile across the irradiated area which affects the quality of crystallisation

across the ridge.

More complex structures could be produced using differential etching,
as shown in Figure 4.4. In the SEM pictures we could see that they form in
the same fashion as the straight ridges after the etching: in all of them we

found continuous and solid central ridges and a more porous material at the
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Figure 4.3: SEM images of a selectively etched ridge structure.
(a)Polished edge. (b)top view.

sides of the devices. This results encouraged the continuation of this research

to fabricate and test other photonic devices by this same method.

EHT =20.00 kV
Mag= 689X WD= 8mm

() (b)

EHT =20.00 kv
Mag= 957

Figure 4.4: SEM pictures of different devices made by laser annealing
of 250nm layer of a-Si/Glass after Secco etching. (a)Delay line, (b)
ring resonator (c¢) Y junction.

Raman and XRD spectroscopic data where collected from the laser
irradiated areas before and after Secco etching. An improvement in the crys-
tallization data was found since Secco etching removed smaller crystals, leaving
bigger crystals behind, making the contribution of bigger crystals higher after
the etching [14]. In table 4.1 FWHM of waveguides made at different condi-
tions are shown after Secco etching. An improvement of the crystallization is

spotted since the FWHM are narrower after Secco etching than before etching
[15].

XRD data also shows an improvement after etching, revealing larger
crystals than before the etching process. A scanning of 50um with a step
of 4um along a ridge waveguide was performed in the same manner as in

Chapter 2. Here we found crystals as large as 48um.Figure 4.5 shows a graph
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Table 4.1: Table of the Power and the FWHM for different speeds on
Glass substrate after Secco etching

FWHM in cm™! for different speeds
Power (mW) | bmm/min | 7mm/min | 10mm/min | 20mm/min
110 19.78 12.8 11.96 12.25
100 4.27 4.13 3.88 4.12
90 3.08 2.90 3.04 3.09
30 3.10 2.99 3.54 11.96
70 4.42 4.21 4.35 4.32

of XRD over the length of a ridge, revealing the largest crystal found after laser
SECCO etching, this crystal has a length about 48um, in the graph we can just
measure a length 38um above 3 (which is the lowest value of crystallization)
, but the first point was already on the track, then we can assume that the
crystal is at least 10um larger. This same graph was obtained by monitoring
the same crystal spot in sequential XRD spectra obtained at different position
along the etched ridge generated along the scanning. In this experiment it was
noticed a reduction in the number of crystal spots per diffraction pattern: this
confirms a selective etching where just the bigger crystals remain attached to
the substrate.
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Figure 4.5: In this graph the crystal spot intensity through the scanning
of 50um is presented.We can notice the intensity higher than 3 (the
lowest crystallization) for a length of 40um

In the next section the transmission loss measurements for the poly-Si
ridge waveguides on Silica substrate are reviewed. Cut back method procedure

was perform to analyse the loss transmission in the telecommunication spectra.
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4.2.1.1 Differentially etched ridge waveguide transmission measure-

ments

Interest in silicon as a material for optoelectronics has increased re-
cently, amorphous silicon waveguide ridges have been developed [16, 17]. In the
interest of increasing complexity, density of photonic integrated circuits, and
multiple functionality such as the combinations with electronics. Crystalline
silicon is of course a suitable material to cover many of these needs [18]. Crys-
talline silicon on insulator (SOI) substrates are now widely used for making
highly efficient photonic integrated circuits [19, 20, 21, 22]. Crystal silicon has
been considered for the realization of integrated waveguides reporting losses
from 0.1 to 3dB/cm [23]. Unfortunately, the high temperature required for
the growth of the silica layer, usually in excess of 600°C' [24] makes c-Si not
compatible with temperature sensitive components. To be CMOS compatible,
the maximum temperature during all the process should be lower than 400°C'.
Another disadvantage of c-Si ridge waveguide, is the complex and costly manu-
facture methods. Such as epitaxial growth [25, 26]. Addressing these problems
provides motivation for this work focusing on a low temperature deposited a-Si
followed by local laser annealing to achieve crystallization and finally using a

differential etching process to produce poly-Si ridge waveguides.

In this section we will investigate the optical propagation character-
istics of ridges that were obtained using this method. Using a laser beam of
A = 1523nm , light was injected from a polished edge of the ridge using a
microscope objective lens. The output was collected by another microscope
objective and sent through a relay imaging system, to perform some spatial
filtering of the mode. The final ouput was visualised using an IR camera and

the transmitted power was measured with an appropriate power meter.

Transmission Loss measurements of poly-Si ridges on Silica

The edges of the samples carrying poly-Si waveguide ridges on silica
substrate were polished to facilitate coupling of optical radiation for the pur-
pose of measuring the transmission loss. A He-Ne IR Laser at 1523nm with
< ImWof power, was coupled in and out of the ridge structures by end-fire

coupling using a set up similar to the one sketched in Figure 4.6.
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Figure 4.6: Schematic of the loss measurement set up where a 20x
microscope objective was used to couple light to each waveguide and a
16x microscope objective as was used to image the mode on a camera.

The near field intensity distribution of the waveguide modes at the
output of the ridges were imaged on an IR camera. An iris diaphragm was used
for spatial filtering the modes to isolate them and then the power was measured
using a powermeter. The polarization was fixed to TM, (No transmission at TE
polarization was observed). A 20x microscope objective was used to inject the
laser into the waveguides and a 16x objective was used for imaging. The optical
loss was investigated using the cut-back method [27] where 1mm sections of

the sample were polished off to shorten the waveguide.

Only waveguides produced with 2 different powers were possible to
measure through all the process. In Figure 4.7 images of the waveguide modes
at the output of ridge waveguides are shown. They correspond to a power of
90mW . The modes are well defined and have a size of ~ 6um corresponding to
the width of the ridges. In (a) a speed of 5mm/min was used to produce the
waveguide transmitting this mode. In (b)the speed used was 7mm/min: this
mode corresponds to the best conditions for crystallization and corresponds to
the best transmission than all the others,as shown in the loss data that will be

presented below. Finally on (c) the annealing speed was 10mm/min.

In graph 4.8 we show the loss measurements for waveguides produced
using powers 95mW and 90mW at different speeds for different lengths. These
graphs were obtained using the cut back technique. All the samples where
carefully aligned in the set up trying to achieve the same injection conditions:
this was confirmed by reviewing the second term in the straight line equation

of the fitted lines finding an agreement for all of them.

After fitting a straight line for each set of data as shown in the graphs,

the results of the losses are shown in table 4.2. In this table the calculated loss
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(a) (b) ()

Figure 4.7: Near field of intensity distributions of waveguide modes
through ridge waveguides produced with 90mW and speed of. (a)
5mm/min, (b)7mm/min, (¢)10mm/min
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Figure 4.8: Graph of losses from waveguides with different conditions
of speeds and power (a)95mW (b)90mW
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for each set of conditions ,power and speeds, is presented: here the losses have
units of dB/cm finding the best conditions with the lowest loss with 90mW

and 7Tmm/min with a value of 9.3dB/cm

Table 4.2: Table of the fitted slope in the transmission loss data

Optical Loss in dB/cm

Power (mW) | bmm/min | 7mm/min | 10mm/min | 20mm/min
95 11.09 9.4 9.6 10.36
90 9.8 9.3 9.6 No data

4.2.2 Double annealing of poly-Si ridge waveguides on

Silica substrate

Double annealing could potentially reduce the losses in the waveguides
resulting in a smoother surface and recrystallizing the ridges. We repeated the
laser irradiation of the ridges using a microscope objective that produces a
bigger spot than that used in the original crystallization process. That was
necessary in order to irradiate the full width of the ridge, that was revealed
by Secco etching, with a near-uniform intensity distribution. In this case a
10x objective was used producing a spot size of ~ 4.5um of diameter. Using
this objective the laser power to re-crystallise the samples was identified to be
between 150mW to 120mW . The intensity range calculated for this second
crystallization is from 1.88 MW /cm? to 1.50MW/cm?. In Figure 4.9 we com-
pare the same ridge before and after the second laser irradiation: we found a
less porous ridge sides in the double annealed line and a bigger central part.
The small particles surrounding the ridges could be explained as a compound
of remaining a-Si that was redeposited during the etching process, and dirt

during the gold covering needed to take the SEM images.

The speed to recrystallize was fixed to 7mm/min since this speed
was proved to have the best results during the previous experiments. Raman
spectroscopy after the second annealing was perform in a low quality polycrys-
talline ridge, with an initial FWHM of 4.15¢m ™!, to measure the change in
crystallization after the second laser writing: this process showed an increase

in the crystallization, according to Raman spectroscopy.

In Table 4.3 the FWHM of the Si Raman peak before and after second

crystallisation are compared: we notice an increment in the quality of the
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Figure 4.9: SEM pictures from the top of a-Si/G waveguides. (a)
waveguide after Secco etching where the sides are more porous, (b)
waveguide after second annealing, central part of the ridge wider and
less porous in the ridges.

Table 4.3: Table of the Power and the FWHM for the same waveguide
before and after second annealing

FWHM in cm ™!
Power (mW) | Before | After
120 4.15 2.8

crystallization for the same waveguide after the second annealing which is a

very encouraging result.

4.2.3 Poly-Si ridges on Silica on c-Si substrate

Samples of a-Si/Sc-Si were also Secco etched: 400nm were totally
removed in 4min leaving polycrystalline silicon ridges in the annealed tracks.
In Figure 4.10 a SEM picture of the silicon ridges in the substrate is presented.
As we can notice from the SEM picture there is a solid central ridge with a
noticeable different roughness than the external parts. We observe a better
reshaping in this substrate compared to a-Si/Glass, making this combination

of materials a good option to produce silicon photonic devices.

Raman results after Secco etching for the same conditions as pre-
sented in chapter 1 are shown in table 4.4. As was the case for a-Si/SG the
crystallization results where improved since the contribution of smaller crystals
in the FWHM now is diminished.
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2um* EHT = 20.00 kv Signal A = SE1
1 Mag= 5.00 KX WD= 8mm

Figure 4.10: SEM picture of one ridge waveguide on a-Si/Sc-Si after
Secco etching.

Table 4.4: Table of the Power and the FWHM for different speeds on
Silica on ¢-Si substrate

FWHM in cm™! for different speeds

Power (mW) | bmm/min | 7mm/min | 10mm/min | 20mm/min
120 3.16 2.99 3.10 3.05
110 3.05 2.98 3.08 3.17
100 3.16 3.02 3.02 3.13

4.2.4 Poly-Si ridges on LN

Silicon ridges on samples of a-Si/LN were produced using the differ-
ential etching method. In Figure 4.11 (a) a top view SEM picture from one
of the ridges is shown: we notice a regular ridge developed after the etching
with well defined edges. The adhesion between the a-Si film and LN is not
very good [28] resulting in section of the ridges being lifted from the substrate
during the etching process or during cleaning, polishing. Figure 4.11 (b)shows

a SEM image of a silicon ridge with a detached section inside the red rectangle.

In the same manner as for a-Si/SG and a-Si/Sc-Si Secco etching im-
proved the FWHM of the ridges in a-Si/LN. If we compare table 4.5 with the
correspondent table before etching present in chapter 3 , we can notice smaller
values of the peak widths. This is due to preferential removal of smaller crystals
by the etchant.
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Figure 4.11: SEM pictures of a-Si/LN waveguides. (a) Detached part
of one waveguide (b) Frontal part of detached waveguide inside a red
rectangle

Table 4.5: Table of the Power and the FWHM for different speeds

FWHM in cm~! for different speeds

Power (mW) | 5mm/min | 7mm/min | 10mm/min | 20mm/min
20 2.85 4.36 5.12 2.25
45 3.12 3.06 3.13 3.42
40 3.11 3.03 3.08 3.50
35 3.36 3.23 3.45 3.51

4.2.4.1 XRD Analysis on laser-processed a-Si/LN

A different set up was required to perform ray diffraction experi-
ments on crystallized a-Si on lithium niobate. This is due to the fact that the
substrate was single crystal LN producing strong diffraction during the X-ray
experiments making difficult to identify the c-Si diffracted spots. Diffraction
associated with LN is very close to the Si diffraction positions. This made it
difficult to distinguish diffraction from Si crystals with diffraction from LN.
Then a different set up was needed to investigate the crystallized a-Si on this
substrate. The samples were placed in a manner where the x-ray beam was
incident at an angle of 10° . A schematic of this set up is shown in Figure
4.12. Due to this positioning the beam distribution on the surface at the sam-
ple forms an oval with a major axis of 30um and a minor axis of 3um. The
major axis was placed along to the ridges to maximize the interaction between
the beam and the annealed surface. Again a Si powder sample was used as
a reference. Unfortunately this set up distribution has the disadvantage to
reduce the length of the scanning to just 10um. The scanning were performed

perpendicular to the ridges. Some qualitative results could be observed for
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different annealing conditions.

Poly-Si ridge

CCD

Figure 4.12: X-ray diffraction set up for grazing incidence

We will discuss the results from a sample of a-Si/LN deposited by
HWCVD for a fixed speed of 7Tmm/min after Secco etching, since has been
demonstrated to have the best crystallization according to Raman results; the

irradiation power was varied as already mentioned in the previous sections.

In Figure 4.13 three diffraction patterns of different ridges made by
laser annealing with different powers at similar speed 7mm/min are shown.
On each pattern, Debye rings corresponding to crystal planes of Si in yellow
and LN in dashed red are plotted [29, 30].

Figure 4.13 (a) shows a diffraction pattern from a ridge made by
50mW. In this diffraction pattern we observe many spots along the LN rings.
These spots show up because the surface could be damaged at this position
due to the high power and the LN crystal substrate appears. Nano-crystals
of silicon are spotted along the three first rings of silicon, this is assumed
because continuous bright rings are present. This explain a low crystallization
quality in the ridge which is in agreement with the Raman data presented in

the previous section.

In the case of the diffraction pattern for the ridges made at 40mW
shown at (b) in Figure 4.13), the diffracted pattern corresponds to the best
crystallization according to Raman results. Only few spots were formed along
the LN define circles but less than the ones found in (a). Nano-crystals of
silicon appear along the three first Si crystal planes and one bright spot in the

forth ring. This bright spot indicates one crystal plane with the orientation of
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Figure 4.13: XRD patterns with reference crystal Debye rings for ridges
made with 7mm/min at different powers. Rings in yellow corresponds
to c-SI planes, dashed red rings corresponding to must relevant c-LN.

(2)50mW (b)40mW (c)30mW
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< 400 >; this spot appear in all the patters through the 10um lateral scanning
of this ridge.

Figure 4.13 (c) shows a lower crystallization with no individual diffrac-
tion spots along the LN diffraction rings corresponding to power annealing of
30mW . Nanocrystals of silicon appear along the three first silicon rings: this
corresponds to a low quality crystallization of the ridge as was noted from

Raman data.

XRD confirms the existence of crystals on the ridges with the best
conditions achieved in the samples of a-Si/LN at 40mW and 7mm/min. These

studies corroborate the Raman investigation presented in the past section.

Some recommendations to improve the adhesion between this two
materials could be suggested. The first is depositing a thin layer of silica
before the a-Si layer; this will have a structure a like the a-Si/Sc-Si samples
and we expect a similar behaviour. Other options could include pre patterning
a-Si ridges by other method as photolitography and RIE [16].

4.2.4.2 Laser processing of a-Si/LN pre patterned ridges

Good quality crystallization of a-Si by laser writing in planar struc-
tures is possible. An adhesion problem between crystallized silicon and LN
has been found and reported in [28], making difficult to keep the ridges on the
substrate during the processing steps. A sketch of the technique proposed is
illustrated in Figure 4.14.

Using photolitography developed in [31] a set of ridges with different
widths from 10pm to 4um were fabricated over the surface of a-Si/LN. Later,
using ion reactive etching [3], the exposed a-Si was removed to obtain ridges
of 400nm high of a-Si/LN as seen in Figure 4.15 (a). These a-Si ridges were
laser annealed with a lower magnification microscope objective to irradiate
with the whole width of the ridge structure. The microscope objective used
was a 10x objective producing ~ 2.25um spot size. Raman studies were per-
formed on these ridges after laser annealing. The narrower FWHM observed
was of 3.1em™! using 125mW at Tmm/min: the intensity calculated for this
conditions was about 1.57MW /cm?, which is in the range of intensities used

to crystallized a-Si on LN. In Figure 4.15 we can observe the ridge before and
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Figure 4.14: Sketch of laser annealing of an a-Si pre patterned ridge
waveguide in LN.

after laser annealing. Here we see a reshaping of the surface of the ridge. How-
ever since the width of the ridge was about the same as the beam diameter,
the ridge was not heated uniformly as shown in Figure 4.15 (b). Smaller ridges

are required for uniform crystallisation using this method.

(a) (b)

Figure 4.15: SEM pictures of a-Si/LN patterning ridges. (a) Non an-
nealed ridge (b) Same ridge after laser irradiation.

E-beam patterning has the potential to produce smaller ridges which
could match in a better manner with the beam diameter. This has proven
success in a-Si/Sec-Si samples. Good results for laser crystallization on pre pat-
terned a-Si ridges on silica on c-Si were found in a different research inside our
group and we plan to extend this to a-Si/LN in the future. Even when better
crystallization and lower transmission losses has been achieved this technique
has the disadvantage to required a pre patterned structure, but it could be a

good solution for the integration with other materials.
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We have shown that this method is suitable for the fabrication of
crystallised poly-Si ridges in different substrates. The best results at a glance
are the ridges formed at a-Si/Sc-Si. These samples where the last material in
the research to be characterized so loss measurements where not performed,
however as this technique has been proved for a-Si/SG, similar results can be

expected.

4.3 Conclusions

To conclude, ridge silicon waveguides produced by laser annealing
have been demonstrated on a silica glass substrate, transmission measurements
were shown demonstrating a fast and cheap method to fabricate optical circuits
compared with the methods available until today. Local laser crystallization
on a-Si in different substrates with an a-Si layer were fabricated, making this
method a great way to produce optical waveguides by crystallizing a poor
quality a-Si layer. It should be noted that the deposition and etching methods
are useful and compatible with other substrates where optical circuits could
be implemented. Even when the loss transmission was of 9.3dB/cm and di-
verse manufacturing techniques claim lower losses, there exist potential for
this method to increase the transmission; since better crystallization corre-
sponded to better transmission and larger crystal sizes, and double annealing
had proven a rise in the crystallization of the already developed waveguides,
then re annealing the surface of the ridges could reduce the losses through all

of the optical circuits.

Some other experiments were performed during this research like op-
tical transmission losses for waveguides found underneath the silicon ridges
inside lithium niobate, a first attempt to recrystallizing patterned ridges, laser
annealing of a-Si for removable gratings on a-Si substrates, laser crystalliza-
tion of a thin layer of amorphous lithium niobate using the good absorption
of crystal silicon at A = 488nm. All these investigations will be presented and

analyzed in the next chapter.
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Chapter 5

Laser processing of a-Si in a
crystalline matrix and other

intermediate results

5.1 Introduction

This chapter will cover experiments related to laser processing per-
formed during the course of this research. This work consist of intermediate
results that are of relevance to the laser crystallisation process on different
substrates (as waveguides found underneath the silicon ridges inside lithium
niobate, a-Si gratings removed by laser irradiation, and, laser crystallization of

amorphous lithium niobate on c¢-Si substrates).

5.2 Laser annealing of a-Si gratings on Silica

substrate

Among the studies that have been presented in the previous chapters
some other experiments have been performed in a collaboration with the Si

photonics group at the ORC. The most relevant will be introduced here.

Grating couplers were first demonstrated by Dakss et al [1]. They

offer the ability to couple light in to or out from any location on the device

89
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without the need for polishing, thus making them a good candidate for an
optical test point. The possibility of fabricating grating structures which can
be individually erased opens new possibilities in the world of silicon photonics,
specifically in the area of optical testing, which requires a minimally intrusive

technology [2].

Implanted diffractive gratings of 15um length and 15um width were
made using the method followed in [3]. These gratings are formed by periodic
regions of amorphous and crystalline silicon deposited on a SiO, substrate (See
Figure 5.1). They were patterned to create a modulated effective index due to
differing refractive indices of each allotrope. This is because the a-Si regions

exhibit a lower index of refraction compared with c-Si regions.

Figure 5.1: Sketch of an implanted diffractive grating coupler.

To erase the implanted grating coupler laser exposure was performed,
working on the same set up for laser writing ( See Figure 2.1). Using a cw
488nm laser with a beam waist of 2.2um the gratings were totally scanned
across their width with a separation between adjacent scans set to 0.5um,
such that there was an overlap between successive scans. This overlap ensures
uniform melting of the surface by the Gaussian shaped beam. Different pow-
ers, from 300mW to 100mW, corresponding to intensities of 3.7MW/cm? to
1.25MW /em?, and different speeds from .01mm/min to 5mm/min were tested
pursuing the best conditions for erase the grating without damaging the surface
of the photonic device. By this method was possible to remove the implanted
gratings selectively using the best conditions of 180mW or 2.26 MW /cm? at

0.5mm/min.

In Figure 5.2 we observe in the same photonic device three different
conditions of the laser writing. At the right section the grating was not an-
nealed, in the middle section the laser writing conditions (speed and power)
were able to remove completely the grating without damaging the surface and
finally at the left section the surface was melted due to a higher power of the

laser annealing.
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Figure 5.2: Optical Microscope picture of a photonic device with a
grating. Here we can observe in the same device three different condi-
tions: (a) at the left the melted surface produced by laser writing due
a higher power irradiation, (b) in the middle the grating was erased by
laser annealing and (c) at the right a grating not irradiated.

The erasable gratings were tested by the Si photonics group using a
very particular manner. Using only a direct measurements would require mea-
suring an absence of light if the grating coupler was erased successfully. But
absence of light could be caused by operator errors such as reduced alignment
accuracy, a shift of the operational wavelength of the grating coupler or cou-
pling the power to other leaky modes due to a refractive index change. Thus
characterising the output of an erasable grating coupler to show the perfor-
mance of the device before and after annealing would be a very crude measure
of the erasability. For this reason the concept of a bow tie structure was intro-
duced as shown in Figure 5.3. This structure allows the erasable grating to be

considered as a three part device.

Etched Gratings

input
Implanted Grating

Figure 5.3: Bow tie silicon waveguide structure for characterising
erasable gratings. The end coupling regions represent surface relief
gratings, the middle grating region represents an erasable implanted
coupler.
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The optical characterisation of the bow tie structures can be per-
formed for the case of: (i) coupling into a conventional etched grating coupler
and out coupling through the implanted grating coupler and (ii) coupling from
one conventional etched grating (input) to the other (output). A successfully
erased device will show both a substantial decrease in the optical power in the
etched grating to implanted grating transmission (case i), and an increase in
optical power in the etched grating to etched grating transmission (case ii),

when compared with pre-annealed measurements.

Firstly the implanted grating performance before laser annealing was
measured, followed by measuring the performance after the grating anneal.
The results of these measurements are shown in a graph at Figure 5.4. Here

we can observe that the transmission loss decrease after the annealing.

——— Implanted output pre annealing
-------------- Implanted output post annealing
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Figure 5.4: Coupling in the grating before and after laser annealing.

Then it is important to demonstrate that transmission through the
annealed region has increased, by measuring the throughput of the device
before and after annealing. These results are shown in Figure 5.5, where the
transmission loss increase after the annealing as was expected. The results
have been normalised to a standard transmission measurement of the optical

setup, which excludes the device under test.
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Figure 5.5: Performace of end to end cuopling before and after laser
annealing.

This testing method results in a waveguide with an unperturbed sur-
face, and an optical circuit that is not impeded by the erased test point. After
laser annealing the performance of the implanted grating decreases by 21dB,
while the transmission through the annealed regions increases by 5.7dB when
compared with the grating transmission performance before annealing. These
results suggest that this is a very powerful wafer scale testing method that will
directly enable an increased yield of optical integrated circuits when fabricating

complex photonic designs.

5.3 Laser-induced waveguide formation in LN

LN crystals play an important role as a source material for opti-
cal devices due to their mechanical robustness, good availability, optical ho-
mogeneity, and advantageous ferroelectric, electro-optic, and photorefractive
properties [4, 5]. Integrated optics with lasers, modulators,and filters on a sin-
gle LiNbO3 wafer have been fabricated with excellent results [6, 7, 8, 9, 10].
This is why is imperative to find new methods to integrated LN as optical
waveguides with other optical materials as Si to be able to guide, control, and
modify the light in one optical circuit. High quality LN embedded waveguides
have been fabricated by proton exchange [11] , also by Lithium Diffusion as
a result of the laser heating absorved from a UV source [12, 13] and diffusion
of titanium [14, 15]. These techniques enhance the refractive index in the sur-
face of LN and thus enable the guiding of light between the surface and the
substrate.
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Proton exchange in Lithium Niobate involves a replacement of Lithium
ions (Li+) by hydrogen ions, or protons (H+). This replacement causes a
change in the refractive index of the treated area. This method for fabricating
LN waveguides is a low-temperature process (120°C250°C') whereby Li ions
from the LN substrate are exchanged with protons from an acid bath usually
benzonic acid [16, 17, 11].

Laser Lithium diffusion it is a method where an continuous UV laser is
focused on LN, through direct writing, creating LN waveguides in the irradiated
area. It is proposed that the UV illumination induces heating of the surface

and subsequent thermal diffusion of lithium alters the refractive index|[13].

During the research presented in this thesis a method to produce
embedded LN waveguides was found. These waveguides were found underneath
the laser annealed a-Si deposited on the LN substrate. This technique not just
makes optical waveguides, it also provides a poly silicon ridge over the circuit

increasing the properties of the devices that could be produced.

Laser irradiated tracks were written on the a-Si/LN samples using the
optimum Si crystallization conditions, as well for those with pearl chain lines.
After polishing the edges, polarized (TE and TM) light of a He-Ne laser with
wavelengths of 633nm and at 1523nm was injected through the sample and the
output signal intensity from each written line was collected. Light guiding was
found inside LN, as optical waveguides were formed below the laser irradiated

tracks. Figure 5.6 shows an sketch of the embedded waveguides under the laser
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Figure 5.6: Optical waveguides in LN formed below laser irradiated
tracks.

The formation of this waveguides inside lithium niobate is attributed

to proton exchange or lithium diffusion by temperature change.

In this case protons from the a-Si layer could be interchange for
lithium ions due to the laser irradiation, producing this change in the index of

refraction.
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However since the source is a continuous laser and the heat is enough
to melt the a-Si deposited in LN, this heat could be enough to produce diffu-
sion of lithium atoms as in the case of [12, 13]. In Figure 5.7 a sketch of process
formation of LN waveguides. First the heat is absorbed by the a-Si layer and
transmitted to the LN substrate: this makes lithium diffusion locally under-
neath the laser crystallized a-Si, producing a change in the refractive index of
LN and forms a waveguide.

Temperature o .
I Lithium refractive index

L .

Figure 5.7: Representation of the formation of LN waveguides under-
neath a-Si irradiated tracks.

The results of TM polarization testing in the LN waveguides written
with different speeds, 5mm/min, Tmm/min and 10mm/min are shown in
Figure 5.8. For all the profiles, the surface of amorphous silicon is oriented to
the top of the picture. Also to make a connection to the degree of crystallization
of the amorphous silicon at the surface, the Lorentzian fitted widths from
Raman spectrometer analysis are shown for each profile. We recall from the
precedent section that the pearl chain lines appear in the power range between

25mW and 30mW, so the last profiles correspond to these pearl chains.

In Figure 5.8 the intensity profiles of LN waveguides, underneath the
crystallized a-Si layer, written with a speed of bmm/min for different powers
are shown. We observe that all the profiles have a size of the order of 10um,
also as the power is getting lower the number of propagating modes inside the
waveguides decreases. Finally we can notice that the best crystallization is

achieved in (c).

In Figure 5.9 the intensity profiles of waveguides written with a speed
of Tmm/min for different powers are shown. Here again the size of tens of um is
conserved and also as the power is getting lower the mode inside the waveguides

become single mode. The best crystallization for the a-Si is in (c).

In Figure 5.10 the intensity profiles of waveguides written with a speed
of 10mm/min for different powers are shown. For the last two pictures (e) and

(f) we observe that the modes become diffuse, probably because of the fact
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w = 20.55cm™? w = 63.98cm™

Figure 5.8: Profiles of LN waveguides for A = 633nm , due to crystal-
lization of the a-Si film, with corresponding widths from Raman spec-
troscpy analysis. Different Powers on writing with A = 488nm and
same speed of bmm/min (a)55mW, (b)45mW, (¢)40mW, (d)35mW,
(€)30mW, (f)25mW

that these two waveguides were written with the lowest powers and the fastest

speed, so that the energy absorbed was lower as compared to other waveguides.

It was not possible to couple IR light to all the different waveguides.
The best intensity profiles acquired for Infra Red (IR) Laser at A = 1523nm
for the same waveguides used before are presented in Figure 5.11: (a) and (b)
show the intensity profiles of a waveguides written at 5mm/min using 55mW
and 45mW, (c), (d) and (e) show profiles for waveguides written at 7mm/min
using 556mW, 50/ and 50mW, (f) shows a profile for a waveguide written at
10mm/min using 45mW  all of them are single mode and well defined. From
all the presented modes we can notice that the most defined is the figure (e)
which corresponds to the conditions of 40mWW at 7mm/min: these conditions
are also associated to the best crystallisation of the tracks according to Raman

studies.

The waveguide intensity profiles for visible have a size of micrometers
and the infra-red have a size of tens of micrometers, both of them are well
defined propagation modes. We observed that for all the waveguides, as the
intensity used in the writing was lowered the number of modes was decreased.

This process has proved to be a new method in the fabrication of embedded
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w = 15.86cm™

Figure 5.9: Profiles of LN waveguides on a-Si/LN; Different Powers on
writing with 488nm and same speed of 7Tmm/min (a)55mW, (b)45mW,
(¢)40mW, (d)35mW, (e)30mW, (f)25mW

optical waveguides for visible and IR in lithium niobate.

Transmission loss measurements

Transmission loss studies for these waveguides have been performed
using the cutback technique. The intensity was measured for each individual
waveguide, then the whole sample was polished again removing 1mm from one
of the edges and the intensity for each waveguide was remeasured. This method
was follow another 4 times in order to determine the loss in the transmission
of the waveguide in the same manner as the silicon ridges. Finding the lowest
loss to be 4.54dB/cm for the case of 40mW at Tmm/min. This method makes

a great alternative to produce in an easy way embedded LN waveguides.
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w = 3.586cm™
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(d)

Figure 5.10: Profiles of LN waveguides on a-Si/LN; Different Pow-
ers on writing with 488nm and same speed of 10mm/min 9a)55mW,
(b)45mW, (¢)40mW, (d)35mW, (e)30mW, (f)25mW

5.4 Laser annealing of amorphous LN /c-Si

Silicon is a good absorber at visible wavelength (488nm,514.5nm).
This gave the idea to use the heat transfer with the purpose to recrystallize
other materials not absorbing at visible wavelengths deposited on top of Si.
A film of amorphous lithium niobate deposited by CVD with a thickness of
120nm on a substrate of crystalline silicon (a-LN/c-si) was fabricated by 3D-
oxides. The deposition was performed by placing the c¢-Si substrate into a
reactor, on a heated holder. The precursor gases used in the deposition were
lithium t-butoxide and niobium ethoxide. These gasses had to be kept at
190°C" and 150°C, respectively during all the deposition process. A carrier gas
of 23% oxygen and 77% nitrogen was bubbled through the precursors at a flow
rate of ~ 0.5slpm. Growth of amorphous films was typically carried out at a
substrate temperature of ~ 650°C. Films grown over the temperature range
of 500°C' to 700°C' [18].

Laser irradiated tracks, 2mm long, were laser inscribed with a CW
visible multi-line Argon ion Laser with two main wavelengths at 488nm and
514.5nm on the surface of a a-LN/c-Si sample using the same set up described
in the past chapters. Using a 20X magnification, focussing the laser beam to a

spot size of 1.5um different powers were ranging from 700mW (corresponding
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Figure 5.11: Near field mode profiles of embebded waveguides on
a-Si/LN for 1523nm; Different Powers and speeds (a)55 mW at 5
mm/min, (b)45 mW at 5 mm/min, (¢)55 mW at 7 mm/min, (d)50
mW at 7 mm/min, (¢)40 mW at 7 mm/min, (f)45 mW at 10 mm/min

to an intensity of 19.8MW/cm?), where the material was damaged at the
surface, to 250mW with an intensity of 7.07MW/em?, where no visible change
was observed on in the a-LN surface. The speed was also varied in the range of
Imm/min to 20mm/min. We noticed that these intensities are greater than
the ones used for a-Si/G and a-Si/LN because now the substrate is crystal
silicon which has a better heat conductivity compared to the a-Si films that

were used in previous experiments that were presented in this thesis.

In Figure 5.12 three tracks irradiated with different laser powers at a
speed of 1mm/min are shown. In Figure 5.12 (a) where a power of 700mW
was used, the surface becomes severely damaged after the laser exposure. In
(b) where a power of 500mW was used a smooth and continuous track is
observed and finally at (c) where a lower power of 300mW was used during
the process the surface is almost unchanged. We worked mostly at a laser
power around 500mW that was below the damage threshold and which was
expected to produce high temperatures that would facilitate crystallization of
a-LN.

Raman studies after laser irradiation were performed on these tracks
to investigate the impact of the laser process on the original a-LN film. The

Raman spectrometer used in this particular case was a Renishaw (comercial
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Figure 5.12: Optical microscope images of different tracks on a-LN/Si
that were produced using laser powers: 1mm/min on a sample of a-
LN/c-Si (a)700mW, (b)500mW, (c)300mW. The scanning speed was

kept at 1mm/min

Raman setup), using the smallest spot size available with an microscope objec-
tive of 100X and short wavelength of 473nm. Figure 5.13 shows a sequence on
Raman spectra, obtained from the original a-LN film, from crystalline lithium
niobate reference, and from a laser-irradiated track. Due to the fact there was
a c¢-Si substrate, a big contribution of this material was presented in all the
spectra, for this reason they had to be cut before 521em =" to remove the silicon
peak. We can notice there was a change in the spectra after the laser annealing
noticing a resemble to the LN reference. However not all the peaks match to

the reference but there was a change after annealing.

We will present Raman spectroscopy results obtained at a power of
550mW corresponding to and intensity of 15.56 MWW /cm?. These results cor-
respond to the best laser-crystallisation conditions found so far. In Figure 5.14
Raman spectra for different laser scanning speeds are presented (a)l mm/min
(b)5 mm/min (¢)10 mm/min (d)15 mm/min. For each spectrum the posi-
tion of the peaks corresponding to c-LN are indicated and the silicon peak
at 521lem! was removed because it dominated the spectrum. Since different
crystallography orientations of LN are possible after the laser treatment here

we show the most common ones, X, Y and Z orientations. The corresponding



Chapter 5 Laser processing of a-Si in a crystalline matrix and other
intermediate results 101

—— LN reference

Annealed

Non annealed

100 200 300 400 500
Wavenumber (cm2)

Figure 5.13: Comparative of Raman spectra, in blue a crystal LN
reference, in green the surface of the samples as fabricated, in red
surface of sample after laser annealing.

peaks are indicated in the spectra. The single crystal Raman peaks for LN are
indicated by blue, green and red short lines corresponding to the Z, X and Y

orientations respectively.

The spectrum that corresponds to the laser-crystallised track shows
some of the crystalline Raman peaks for LN, which is an indication that LN
crystals were formed as a result of the laser treatment. However there are
also peaks that are unaccounted for: those could be attributed to strained LN
crystals that produce spectrally shifted Raman lines, or other non-ferroelectric
phases of LN that coexist in the laser treated film. Further investigations of the
film was conducted using the micro-focus XRD at the Diamond light source. In
all we found some peaks matching with the different crystal position pointers,
demonstrating a change in the surface of the sample which resemble more to

crystalline LN with Z cut, specially on (a).

Micro focus XRD measurements on the laser irradiated tracks were
taken in similar manner as the ones of a-SI/LN, making use of the grazing
incidence set up. Figure 5.15 shows the diffraction spectra corresponding to
the non annealed part of the film. This pattern corresponds to a-LN as grown.
The bright spot that could be observed on this spectrum corresponds to the Si
crystal plane of < 311 > originating in the substrate. This spot is present in all

the diffraction patterns, taken from the same substrate. This bright diffraction
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Figure 5.14: Raman data from lines made at 550mW for different
speeds (a)lmm/min (b)5mm/min (¢)10mm/min (d)15mm/min, for all
of them small lines at top and bottom point the positions for ¢-LN
peaks of the different cuts, Z cut blue, X cut green and Y cut red.
Silicon peak was cut to highlight the contribution of LN
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spot, from the substrate has been digitally removed from subsequent spectra,
taken from the laser irradiated tracks to improve the visibility of the film’s

diffraction data.

Figure 5.15: XRD spectrum from the as-grown a-LN film. Rings in
yellow corresponds to c¢-SI planes, dashed red rings corresponding to
c-LN (from database) The bright spot corresponds to diffraction from
the c-Si substrate.

Diffraction patterns with the background reference removed from the
same tracks of the same Raman data showed are presented in Figure 5.16.
In all of them we can observe diffraction spots that match with the Debye
ring sections corresponding to LN (red dashed) or Si (yellow). In (a) a very
bright spot at the last LN ring is seen: this indicates the presence of a large
crystalline LN. The images (c¢) and (d) show denser continuous diffraction
signatures implying the formation of nano crystals over for the corresponding

laser irradiation conditions.

In all the diffraction patterns we observe many coincidences between
the LN Debye rings and the diffraction spots. We specially focus in the 8th
ring which corresponds to LN with at crystal plane of < 214 >. Over this ring
the azimuthal intensity profile was extracted for each image. The intensity
for each spot is placed on a graph along the circumference in Figure 5.17. In
(a) at Figure 5.17 we find a low level signature of LN crystals along the ring;

in the same figure at (b) a very intense peak is spotted indicating a strong
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(d)

Figure 5.16: X-Ray diffraction patterns for each line associated with
Figure 5.14

contribution of one LN crystal in this crystal plane. In the case of (c¢) and (d)

smaller peaks were found this is associated with LN nano-crystals.

All the the results presented above show structural change in the
film. Both Raman and XRD studies points at the presence of crystallized
material. Further work is needed to optimize the combination of growth and

laser crystallisation conditions. This work is beyond the scope of this thesis.
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Figure 5.17: Plots of intensity vs azimuthal angle for Debye ring sec-
tions corresponding to a LN crystal plane < 214 >, for each XRD
pattern presented in Figure 5.16
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5.5 Conclusions

To conclude, we presented results that correspond to findings that

occurred during the core investigation of this thesis.

Results on the annealing of a-Si gratings proved to be an interesting
and useful option for uniformly erasing a-Si gratings in silicon photonic cir-
cuits. The experiment of transmission loss indicate that after laser annealing
the devices maintains its functionality as compared to the same device before
annealing. This technique could potentially be extended to remove other a-Si

components in reconfigurable optical circuits in Si.

It was demonstrated that optical waveguides are formed underneath
the laser annealed tracks in a-Si. The formation of these waveguides could
be explained by the change of refractive index in LN produced by lithium
diffusion caused by the heat produced by the light absorption of the a-Si layer.
The mode profiles of the LN waveguides were shown be multi mode or single
mode in the visible range A = 633nm and the IR A = 1523nm spectral region.
The transmission loss of these waveguides were measured using the technique

of cut back showing a loss as low as 4.54dB/cm.

Finally we presented preliminary results on the crystallization of a-
LN on a c¢-Si substrate indicating that laser processing produces crystals of LN.
Extending this work could be a suitable option to produce hybrid devices by
placing locally crystallised LN on Si photonic components already fabricated
instead of growing the LN crystal individually and then using complex methods

to bond it to the substrate of interest.

All of results presented in this chapter could potentially open future

research directions.
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Chapter 6

Conclusions and outlook

6.1 Conclusions

In this final chapter the conclusions from the work that was presented

in this thesis as well as possible future direction will be presented.

An introduction of materials and methods followed in the work that
is contained in this thesis was presented in the first introductory chapter. The
properties of the materials used as their relevance to the work was discussed.
A short introduction to Si as photonic material was given as motivation for the
development of novel production methods for the production of silicon devices
with different substrates, with less proceedings, in a faster fashion and cheaper

than the technology used until today.

The methods to incorporate a-Si in the different substrates were ex-
plained. PECVD and HWCVD were explained and the difference between
them was identified. The analytical methods used for this work, Raman spec-
troscopy and X-ray diffraction were reviewed and settle in this chapter. Finally
a review of the functionality fabrication methods for optical waveguides were

presented.

In the second chapter we have demonstrated laser crystallization of
a-Si in two different substrates Silica Glass and Silica on Silicon using visible
wavelengths. The writing set up was used for the production of curved struc-
tures finding a smooth displacement and a fast implementation of any shape,

as ring resonators, y junctions or delay lines. A range of irradiation conditions
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for laser powers and scanning speeds were investigated. The results of laser
irradiation were analysed to identify the presence of crystalline Si using Raman

spectroscopy and X-Ray diffraction.

Raman studies confirmed laser induced crystallization. The analytical
method to address the best crystallization conditions used was explained in the
chapter. By comparing the Lorentzian FWHM of the fitted Voigt function from
a Si crystal wafer with the value of 2.7+ 2cm ™ [1] to each one of the different
irradiation conditions. It was found, for the case of a-Si/G that the closer
value of the FWHM to the c-Si is of 3.02cm ™! with a peak shift of 2.26ecm ™!
to the right due its polycrystalline composition[2]. The conditions of power
and intensity for this case were 90mW or 2.54W/cm ™2,
configuration, a-Si/Sc-Si, the best FWHM was of 3.04cm ™! for the conditions
of 120mW or 3.39M W /cm? with 7mm/min. These samples where investigated

using X-ray diffraction. The X-ray diffraction patterns were obtained using the

In the other sample

micro-focus XRD beam line at the Diamond Light Source synchrotron located

at the Harwell Science and Innovation Campus, Oxfordshire.

XRD measurements revealed the formation of crystals along and
across the tracks confirmed the crystallisation finding crystals as large as 36um
long. From the XRD results it can also be concluded that the crystallized a-Si
is strained as indicated by a shift between the reference diffraction positon and

the actual diffraction position.

In chapter 3 we have demonstrated laser crystallization of a-Si films
on LN substrates comparing two different deposition methods, PECVD and
HWCVD. We found a similar behaviour between the two substrates with the
exception on formation of periodically pearl structures (in the case of lower
powers) for the PECVD sample. It was found that these pearls have a decreas-
ing periodicity as the speed increases. The characterization showed of lower
crystallisation that the best power to form continuous crystallized tracks was
40mW or 1.13MW /em? in both depositions methods. This was expected since
the substrate and the deposited a-Si thickness were identical. Raman studies
confirmed the best crystallization is again at 7mm/min as it was shown for
a-Si/SG and a-Si/Sc-Si. Best result according to the FWHM of the Raman
spectra are found for HWCVD, proving that this deposition method is the best

of the two for the waveguide purpose.
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In chapter 4, a differential etching method was used to remove the a-
Si from laser crystallized samples to form poly-Si ridges. Samples were treated
with Secco etching obtaining a etch rate of 100nm/min. Poly-Si ridges were
produced after Secco etching on a variety of substrates. Raman analysis in-
dicated that after Secco etching all the FWHM widths improved, since the
contribution of the peripheral nano crystals was removed. The best Raman
width was found 2.90cm! corresponding to the optimum conditions for crys-
tallization identified in chapter 3 (90mW / 2.54W/cm™2 at Tmm/min). XRD
measurements were performed again for a-Si/SG after Secco etching , reveal-
ing now larger crystals along the ridges with lengths as long as 35um. These
samples were used as ridge waveguides. The transmission loss of the ridges
was measured (for silicon ridges on silica glass). The results shown had an
attenuation around 9.3dB/cm which is a very encouraging first result for this

none optimized method.

We proved that this method is suitable for the fabrication of optical
circuits in different substrates, finding a similar etching results with all the
substrates tried. The best results at a glance are the ridges formed at a-Si/Sc-
Si. These samples where fabricated at the end of this work so there are no
available loss measurements, however as this technique has been proven for

a-Si/SG, similar results are expected for silica on silicon substrates too.

The fifth chapter contains intermediate results found in the course of
the main investigation and they result to the impact of laser irradiation to a-Si
on crystalline Si substrates, the formation of waveguide in LN is a by product

of a-Si crystallisation and finally crystallization of a-LN on c-Si substrates.

Results of the annealing of a-Si gratings prove to be a viable op-
tion to fabricate rewritable optical circuits, since the results found after the
experiments of loss transmission through a bow grating device, showed that
the transmission through the annealed region is restored after erasing the a-Si

grating.

Embedded LN waveguides were fabricated with the potential to trans-
mit multi mode and single mode light in the visible range A\ = 633nm as well
for the IR A = 1523nm. A possible explanation on the formation of this waveg-
uides is as follows: the a-Si film absorbs the radiation from the laser source
during the annealing transferring the heat to the LN substrate, this fast change

of temperature induces diffusion of lithium, changing the index of refraction
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underneath the irradiated track. These results confirm a new method for the

fabrication of embedded waveguides of LN.

The last experiment was the laser-crystallisation of a layer of amor-
phous LN deposited on ¢-Si, using the absorption of silicon during the laser
irradiation heat is transferred to the a-LN film forming LN crystals. XRD and
Raman studies were performed on the irradiated tracks confirming that crys-
tallisation has taken place. However more experiments are needed to optimize

the crystallisation process.

Laser processing of amorphous silicon is a processing method for the
fabrication of photonic poly-Si structure. Secco etching process used to prefer-
entially etch was a-Si for the production of poly-Si ridges. A table summarizing
all the best conditions for the best crystallization in the different substrates is
presented in Table 6.1. This table could be used as starting point to charac-

terize new composite materials with films of a-Si.

Table 6.1: Table of best crystallization conditions for all the substrates
with 400nm a-Si

20x objective with wy ~ 1.5um

Sample Deposition | Speed(mm/min) | Power (mW) | Intensity (MW/cm?)
«—S5i/G | HWCVD 7 90 2.54
a—Si/SOI | HWCVD 7 110 3.11
«—Si/LN | PCVD 7 10 1.13
a— Si/LN HWCVD 7 40 1.13
a— LN/c— Si CVD 1 550 15.56

6.2 Outlook and Future work

Many results achieved during this thesis are still open to improvement
and development. Some ideas for future research directions are presented be-

low.

Future work could include continuous development of Si waveguides
by laser processing of amorphous silicon on multiple different substrates. Since
the deposition methods of a-Si can be achieved at low temperature other sub-
strates could be used to fabricate silicon photonic devices as Lithium Tanta-
late, Periodically Poled Lithium Niobate (PPLN),Germanium, CMOS circuits,
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polymers etc. Other structures as Y junctions, Mach-Zehnder interferometers,
intersections, resonators, gratings, cavities, etc., could be fabricated with sim-
plicity and implemented in more complicated optical circuits in the same planar
substrate. During this work some of them have been fabricated unfortunately
these devices were over etched due to their small size. This made difficult to
have an uniform etching of the a-Si around them. This issue could be solved
using a two etching process: first Secco etching removing most of the amor-
phous silicon in the surface and then a second wet etching less aggressive as
TAMH to remove the leftovers of a-Si trapped between the small corners of

the devices.

An observation system could be implemented in the set up to observe
the process live, during the laser irradiation, then the temperature change in

the a-Si surface could be calculated and studied.

More conditions like incrementing the speed and the laser intensity

could be tried, this to find a faster crystallization process.

Using a different microscope objective with a tighter focusing could
be implemented to fabricate smaller Si structures. Also other laser intensity
distributions as top hat or doughnut shapes could be implemented since this
distributions have show good results in other works [3, 4] or even interferometric

exposures to form crystallized patterns in just one exposure.

Computer simulations of the heat transfer, during the laser writing ,
could be of help to calculate the required intensity to crystallize a-Si in different
substrates. Different substrates could be deposited with a-Si and using this

method transform it poly-cSi.

An implementation simultaneous heating during the laser irradiation
could be use to increase the grain size of the polycrystalline waveguides as it
was demonstrated in [5], where the substrate was heated to 500°C. It was
found too that heating the substrate during the annealing reduces stress on

the irradiated layer.

In the case of a-Si/LN, different laser writing directions could be tried,
since in this research just the y direction of the +7Z LN crystal cut was tried,
it had been proved that different directions could behave in different manner

especially in the case of proton exchange [6]. The optical losses measurements
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were not performed on the samples of a-Si/LN due to adhesion problems be-
tween a-Si and LN. Two possible solutions to this issue are: 1) placing a thin
layer of silicon dioxide before depositing a-Si, in this manner we will have
a sample with a similar compound as the samples of a-Si/Sc-Si; 2) avoiding
the Secco etching by patterning the devices before laser annealing. A short
review of this method was presented in chapter 4: it was found by Raman
spectroscopy that pre patterned ridges, made by photolitography techniques,
wer laser-crystallized. The combination of LN and Si has great interest since it
could be used to have cross coupling light in both the underneath LN waveg-
uide and the polycrystalline Si waveguide on the surface at the same time

improving the functionality of this hybrid devices.

Finally the crystallization of a-LN indicates a promising method for
the hybridization of LN and Si. More experiments could be required to identify
the conditions for the production of oriented ferroelectric LN crystals with

minimum damage of the substrate.
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