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by Rebecca Tarn Neal

This thesis concerns the melding of two research areas: that of light emitting silicon
devices based upon silicon nanocrystals, and that of photonic crystals (PCs). The
focus has primarily been working towards using photonic crystals as a method of
controlling the photoluminescence emission spectrum from the silicon nanocrystals.

A method was developed for the fabrication of waveguides with a core layer of
silicon-rich silicon dioxide (SRSO) which exhibited photoluminescence in the
wavelength range from 600-1100nm when annealed. Ultrabroadband transmission
measurements showed that while unannealed and optically quiescent SRSO
waveguides had good optical transmission in the visible region, annealed waveguides
were strongly absorbent below a wavelength of 700nm. Other studies also showed
that the SRSO photoluminescence intensity was increased by increasing the duration
of the thermal anneal stage, and that the wavelength of peak intensity could be shifted
by modifying the incorporation of silicon into the SRSO layer. To explain the results
obtained, several theories were advanced on the material properties of SRSO.

Once the SRSO waveguides were well characterised, they were patterned with 2D
triangular lattice PCs. A laser was used to excite photoluminescence from the core
region, and was measured having passed through the photonic crystal. When viewed
through the photonic crystal, a strong modification of the transmitted
photoluminescence spectrum was recorded. Plane wave and Finite Difference Time
Domain simulations were used to identify individual higher order photonic bands in
the observed spectra.

This work paves the way for the use of 2D photonic crystals as an integrated way of
tailoring the propagation and group velocity dispersion of SRSO core
photoluminescence through a waveguide structure, with potential applications in
future integrated PC-based optical circuitry.
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increments from the ['J direction (a, red) to the I'X direction (g, violet) for
samples 12198#5 14 and 86.

Figure 4.2.15 - extracted TM bandgap widths for (2) propagation directions 0-30°
from the I'J direction, plotted against the filling fraction, (b) varying filling
fractions plotted against the propagation direction, (c) for 20 and 40 row devices,
identical pitch and hole diameter, and (d) for varying pitch dimensions, with
250nm hole diameters.

Figure 4.2.16 - TM (horizontal) transmission measurements on samples which should
have a first order photonic bandgap in the measured region. Solid curves were
measured from position (b) while dashed curves were measured from position
(c), from the inset.

Figure 4.2.17 - the simulated band structure for samples k2351#40 215 and
k2351#40 179, TM polarisation. The measured propagation directions for each
sample are highlighted in yellow.

Figure 4.3.1 - Band structure diagrams for photonic crystal sample k2351#40 215,
both TE and TM polarisations

Figure 4.3.2 - TE and TM calculated photonic bandgaps for a photonic crystal such as
sample k2351#40 215

Figure 4.3.3 - TE and TM calculated photonic bandgaps for a photonic crystal such as
12198#5 13, both conventional and unfolded

Figure 4.3.4 - Calculated TE bandgaps for photonic crystal sample 12198#5 13 with
permitted (shaded) and bandgap (white) regions highlighted. The inset shows
the location of the primary bandgap.

Figure 4.3.5 - Experimental results (black curves) showing photonic bandgaps in
waveguides of SRSO. The grey regions behind the curves illustrate the
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theoretically expected location of bandgaps at the corresponding directions of
propagation, found using a 2D plane wave expansion technique. The inset
clarifies the meaning of propagation directions I'X and I'J.

Figure 4.3.6 - Finite Difference Time Domain (FDTD) TE-polarisation simulations
for a photonic crystal with a lattice pitch of 610nm and a hole diameter of
250nm.

Figure 4.3.7 - TE and TM polarisation FDTD simulations for photonic crystal
samples with a lattice pitch of 610nm and a hole diameter of 240nm.

Figure 4.3.8 - Experimental results (solid lines) and FDTD simulation results (dashed
lines) showing photonic bandgaps in waveguides of SRSO as the direction of
propagation is rotated between the I'J and I'X directions. The curves are on a
log scale, and have been offset for clarity

Figure 4.3.9 - Simulated TE-polarisation transmission for a photonic crystal with
lattice pitch of 610nm and a hole diameter of 240nm, but with a refractive index
ranging from n=1.6-1.75
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Symbols

,d2,43

,b2,b3

TEeTEaRE YT QLR L

High refractive index, waveguide/optical fibre core
Lower refractive index, waveguide/optical fibre cladding
Incident angle from the normal

Critical angle

Transmitted angle from the normal

Parallel reflection coefficient

Perpendicular reflection coefficient

Parallel transmission coefficient

Perpendicular transmission coefficient

Crystal momentum

Central wavelength in a PAWG

Change in length for waveguides in a PAWG
Electronic bandgap

Planck's constant = 6.626 x 10°*Js

Speed of light in vacuum = 3 x 10% ms™

Unit of electronic charge = 1.6 x 107'°J

Electron Volts

Lattice pitch for a photonic crystal

Angular frequency

Wave vector

Dielectric constant

Lattice vectors

Primitive lattice vectors

Reciprocal lattice vectors

Primitive reciprocal lattice vectors

The delta function

The dimensionless waveguide parameter

Core refractive index

Cladding refractive index

Waveguide core thickness

Wavelength of operation of AWG

Propagation constant

The angular frequency of the mode

dimensionless propagation constant

effective refractive index of the guided mode

Radius of curvature of the innermost waveguide of an AWG
Separation between the slab waveguides of an AWG
Radius of curvature of the slab waveguide section of an AWG
Total number of waveguides in the array of an AWG
Outermost waveguide of an AWG

Straight length of the innermost waveguide of an AWG
Path length difference between each waveguide of the array of an AWG
Central wavelength of operation for an AWG



Bend loss coefficient

Closs

o Offset angle of the slab waveguides in an AWG
0; Angle of waveguidej of the AWG from the O-Q' line
Y Ratio of N,O:SiH4

Acronyms

SMF Single Mode Fibre

TIR Total Internal Reflection

NA Numerical aperture

EDFA Erbium-doped Fibre Amplifier

10C Integrated optical circuit

TE Transverse Electric

™ Transverse Magnetic

VLSI Very Large Scale Integration

IC Integrated circuit (electrical)

SOI Silicon on insulator

MOS Metal Oxide Semiconductor

PECVD Plasma Enhanced Chemical Vapour Deposition
LTO Low Temperature Oxidation

LPCVD Low Pressure Chemical Vapour Deposition
TEOS Tetraethylorthosilicate

PAWG  Phased Array Waveguide Grating

WDM Wavelength Division Multiplexed

FBG Fibre Bragg Grating

LED Light Emitting Diode

PL Photoluminescence

EL Electroluminescence

HF Hydrofluoric acid (silicon etchant)

PS Porous silicon

Si-nc Silicon Nanocrystals

ASE Amplified Spontaneous Emission

fec Face-centred cubic

PC Photonic Crystal

PBG Photonic Band Gap

BZ Brillouin zone

FNA Fuming Nitric Acid

Si-nc Silicon nanocrystals

SRSO Silicon-Rich Silicon Dioxide

SUMC  Southampton University Microelectronics Centre
CMOS  Complementary Metal Oxide Silicon
e-beam  electron beam

RIE Reactive Ion Etch

IBM Ion Beam Milling

SEM Scanning Electron Microscope

FDTD

Finite Difference Time Domain

14



Symbolic Representation of Elements and Material
Composites

CdSe/ZnO Cadmium Selenide/Zinc Oxide
TiO; Titania

Si Silicon
SiO; Silicon Dioxide
SiGe Silicon Germanium

SizNy Silicon Nitride

SiON Silicon Oxynitride

O-H Oxygen-Hydrogen bond

GaAs Gallium Arsenide

InGaAsP Indium Gallium Arsenide Phosphorus

Er Erbium

ITO Indium-Tin-Oxide
SiH, Silane

N,O Nitrous Oxide

Si:Si10, Silicon-Rich Silicon Dioxide
SiHy4 Silane

N; Nitrogen
N,O Nitrous Oxide
NH; Ammonia

Cr Chrome

15
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1 Introduction and Literature Review

1.1 Integrated Optical Devices (passive)

It was in 1960 that Dr. Kao proposed using optical fibres for telecommunications
purposes. By 1970 a practical, low-loss, optical fibre was developed at Corning Inc.
[1] and the field of optical communications was born. Optical fibres are cylinders of
glass, usually with a core 8um in diameter for single mode fibres (SMF). An SMF is
an optical fibre which guides only one optical mode at the specified wavelength. The
glass cylinder, known as the core, is surrounded by a glass cladding which is of a

lower refractive index.

Light is guided along an SMF by total internal reflection. A ray of light travelling in
a theoretically lossless material of refractive index n,, when incident upon another
lossless material with refractive index n., will behave in one of two ways. The ray of
light may be partially transmitted and partially reflected, or it may be reflected wholly
back into the material of higher refractive index. Which of these actions occurs
depends upon the angle at which the light ray approaches the boundary between the
two materials, known as the angle of incidence (#;). If angle of incidence is less than
the critical angle 6., measured from the normal, then the light will be partially
transmitted. If the angle of incidence is greater than 6., the light ray will be reflected
back into the material of higher refractive index. This is known as total internal

reflection (TIR). €, is a function of the two refractive indices of the system, and is

R
. =S | — L > n)
nl

which is derived from Snell's law:

determined by the formula:

(1.1)
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n, _sin 0.

n

, sind,

(1.2)

where ny, ny, 6;, 0, 0. all correspond with their representations in Figure 1.1 (a),

which is located on the next page.

Incident
light

)

@

Figure 1.1 - Graphical illustrations of total internal reflection for (a) a 2D and (b) 3D
representation.

The percentages of light transmitted and reflected is governed by Fresnel's Equations,
which state that for light from a medium of index #, incident upon a medium of index
n, at an angle of 6; and transmitted at an angle of §,, the parallel (,;) and perpendicular

(1) reflection (r) and transmission (t) coefficients are as follows. The coefficients

correspond with those in Figure 1.1 (b).

tan(6, —6,) sin(6, —6,)
ry = 246, 25) | =2 =8
tan(6, +6,) sin(@, +0,)
(1.3)
3 2siné, cos b, _ 2sin@, cosd,
" sin(@, +6,)cos(d, —6,) t o sin(@, +6)

These coefficients are fractional amplitudes, and must be squared to get the fractional

intensities for reflection and transmission. The transmission coefficient gives the
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transmitted energy flux per unit area and, as the energy density changes for a different
refractive index, this coefficient must be adjusted using the relationship below, which

applies equally to either the parallel or perpendicular cases.

n, cos@
P2 =

1
n, cosd,

(1.4)
The numerical aperture (NA), which is the mathematical sine of the fibre acceptance

angle, is given by the following relation:

NA=qn’-n ,n>n

(1.5
Light launched into an optical fibre must therefore be traveling nearly exactly along
the central axis of the optical fibre, and the greater the difference between the
refractive indices n; and n;, the larger the acceptance angle becomes. As an SMF is
so narrow, and the refractive index contrast between »; and 7, is typically so small
(~.01%), light which is already traveling in the optical fibre will be incident upon the
boundary between the core layer (n,) and the cladding layer () at an angle
approaching 90° from the normal in order to be guided along the optical fibre by TIR,

as is shown in Figure 1.2 (a).

Light which has entered the fibre within the boundaries of the NA will remain
confined within the core of the optical fibre for long distances. Optical absorption
within the core region, combined with Rayleigh scattering from impurities and
defects in the material will each contribute towards loss in the optical fibre. A loss

spectrum for a typical low-loss optical fibre circa 1979 [1] is shown in Figure 1.2 (b).
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Figure 1.2 - (a) Schematic diagram of an optical fibre and (b) optical loss mechanisms

Optical transmission loss for modern telecommunications fibres is now quoted at
below 0.1dB/km for the low-loss wavelength region around 1550nm, at which the
Erbium-Doped Fibre Amplifier (EDFA) also operates. For telecommunications
purposes, signals in a network of optical fibres pass through a series of routers,
splitters, multiplexers and optical switches, all optimised for operation at a
wavelength of 1550nm. Each of these optical components will have an insertion loss
associated with it resulting from Fresnel reflection at the interface as described above,
in addition to coupling loss, mode mismatch, and other loss mechanisms. For
example the standard attenuation in a conventional low-loss optical connector is a

maximum of 0.30dB, with an average of 0.097dB.
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Over the past decade there has been interest in replacing discrete optical components
with their integrated planar equivalents. Integrated Optical Circuits (IOCs) composed
of planar optical components have the potential to be mass-produced in a similar way
to the electronic microchip. IOCs would also be smaller, more robust, and simpler to
manufacture than their discrete, bulk counterparts. A further incentive in the
development of the IOC is that of integrating the optical circuit with the integrated
electrical circuit, removing one barrier between the computer microchip and the
optical fibre-based telecommunications network. The greatest advantage of the IOC
however, is cost. A mass-produced IOC, developed and produced in a clean room
similar to those used in microelectronics, would be significantly cheaper than a

system formed from discrete optical parts which perform the same function.

The fundamental component of an IOC is the waveguide, the planar realisation of an
optical fiber on a flat surface. A waveguide which confines light in only one
dimension is called a slab waveguide (Figure 1.2(a)), and is formed from a layer of
high refractive index with lower refractive index above and below. In these
waveguides, light may travel in the entire plane of the high refractive index layer. A
waveguide which is more like an optical fibre, a rib waveguide (Figure 1.2(b)) is
formed of a strip of high refractive index material surrounded by lower refractive
index material or materials. This confines light in two dimensions, permitting
propagation along the third. As with optical fibers, the region of high refractive index
is called the core region, and the region of lower refractive index is the cladding

layer.
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(@) (b)

Figure 1.3 - A planar slab (a) and rib (b) waveguide

Working with waveguides, which are asymmetric components (unlike the optical
fibre), it is important to be aware of the polarisation. Light, composed of orthogonal
electric and magnetic fields, is defined as being in the Transverse Electric (TE)
polarisation if the electric field is confined within the plane of the waveguide.

Transverse Magnetic (TM) polarisation is when the magnetic field is confined within

that plane.

1.1.1 Planar optical devices not in silicon

The integrated optical circuits most easily compatible with the optical fibre
telecommunications industry are those fabricated upon glass substrates. Glass
substrates made from low-loss glasses, have a refractive index which is similar to that
of the silica glass used as the core material for an optical fibre. Glass waveguides

may also be formed from fused silica.

Waveguides on a glass substrate are formed by a variety of methods, including the
diffusion of a dopant into the proposed waveguide region, raising the local refractive
index (Figure 1.1.1(a)) [2]. Another related method is known as ion-exchange. In
this method a strip of material to be diffused into the waveguide is placed upon the
surface of the wafer where a waveguide is desired, and the whole arrangement is

heated, which prompts migration of that material into the substrate, replacing ions



25

which diffuse into the strip of meterial, which is later removed. Waveguides formed
by the diffusion method commonly have a refractive index profile which is highest at
the surface, and decreases with increasing depth. Modifying the diffusion
temperature, duration, and dopant size it is possible to tailor the refractive index

profile of the diffused waveguide.

/
@ ) ©

Figure 1.1.1 - Waveguide fabrication methods including (a) in-diffusion of a dopant, (b) ion
implantation and (c) deposition and etching of another layer.

Ion implantation (Figure 1.1.1(b)) through gaps in a mask is another method used for
producing waveguides. In this technique, ions of the dopant material are accelerated
by high electric fields onto the substrate. Waveguides formed by this method have
the region of highest refractive index buried slightly below the surface, at a depth
depending on the energy of the implanted ions. Beyond this depth the refractive
index profile tapers off in a manner similar to that of a diffused waveguide. Due to
the high energy impact of the ions, waveguides which have been ion-implanted have

damaged substrates. This may be cured by a thermal anneal [3].

Both diffusion and implantation cause only small changes to the refractive index of
the glass substrate. The smoothly tapering refractive index profile provides weak
confinement for optical modes, and the waveguides must therefore be large,
frequently several times the wavelength of the light which they are guiding. This is
similar to optical fibers, where a typical single mode optical fibre carrying a signal at

a wavelength 1.55pum would be between 8-10um.
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The third method for waveguide fabrication shown in Figure 1.1.1(c) is that of

deposition and subsequent etching of a higher refractive index layer. This method
permits great flexibility in choosing the refractive index of the core layer, and also
permits the use of waveguide core materials with properties not available through

standard glasses, such as optical activity and piezo-electric susceptibility.

A waveguide with a large refractive index contrast between the core and the cladding
region has both advantages and disadvantages. A high refractive index contrast
waveguide provides strong confinement for guided light, permitting small waveguide
size and decreasing the minimum radius of any waveguide bends without loss of
optical power [4]. The insertion loss from an optical fiber (n ~ 1.46) into the
waveguide due to Fresnel backreflection will however be high, reducing its
compatibility with optical fiber systems. Materials which have been deposited onto
the surface of glass substrates as waveguide cores include Cadmium Selenide/Zinc

Oxide (CdSe/ZnO) composite coatings [5], Titania (TiO;) [6], and organic materials
[7].

1.1.2 Planar optical devices in silicon

Silicon (Si) is the element at the foundation of the microelectronics industry. It has
been studied and worked with more extensively than any other material in modern
times. With high end silicon fabrication facilities now working on silicon wafers with
a diameter of 300mm (12 inches), silicon is without competition as the basic material
upon which Very Large Scale Integration (VLSI) integrated circuits (ICs) must be
based. Silicon, with a refractive index of 3.5040 at 1.319um [169] is transparent for
wavelengths longer than 1.1pm. Silicon was chosen over Germanium, the other type
IV semiconductor of interest to early semiconductor research in the early 1950s, as a
material on which to base the microelectronics industry. Germanium devices
exhibited high leakage currents at only slightly raised temperatures, and its natural

oxide, Germanium oxide, is water soluble. Silicon's natural oxide, SiO,, is an
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extremely efficient electronic insulator, is robust enough to survive most handling
damage and remains invariant over a large temperature range. SiO; also forms a

good masking layer, and can block most impurities from diffusing through it.

A recent development in the microelectronics industry is the implementation of
Silicon On Insulator technology (SOI) to achieve faster computer chips operating on
less power [8]. In silicon on insulator technology, a thin layer of silicon is formed on
top of a thick layer of silicon dioxide. The thick layer of silicon dioxide (Si0,) acts
as an insulating barrier between the electronic components and the silicon substrate,
reducing capacitance and therefore improving the switching speed of Metal Oxide
Semiconductor (MOS) devices. Various methods have been used to form SOI
wafers, including grind back (BESOI) and separation by implantation of oxygen
(SIMOX). Another widely used commercial technique is SmartCut, a patented
method owned by Soitec. In this method, illustrated in Figure 1.1.2, implanted

hydrogen ions are used to weaken a layer below the surface of a silicon wafer.

Initial silicon wafers A & B . WaferA Wafer B
p— o

create insulating layer

Smart Cut ion implantation w
induces Tormation of an in-depth
B
B

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

Smart Cut - cleavage at the mean
100 penetration depth splits of T waler A
-
Wafer B undergoes annealing, CMP (SR

and touch polish == SOI wafer complete SOI wafer
Split-ofT wafler A is recycled, becoming or
the new wafer A or B New B

Figure 1.1.2 - The use of Smartcut for the fabrication of an SOI wafer (courtesy of Soitec)
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An alternative method, used by IBM for the production of their commercial SOI-
based product line, is the implantation of a large amount of oxygen. With ion
implantation, the most highly doped region is buried several microns below the
surface of the wafer. A long thermal anneal changes the oxygen-implanted silicon
into SiO,, with an improved layer of reasonably crystalline silicon on top with a
thickness greater than 0.15um. Integrated circuits are then formed upon the surface

of the SOI wafer, as shown in Figure 1.1.3.
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Figure 1.1.3 - An electronic circuit formed on a SOI wafer (Courtesy of IBM)

While providing enhancements for ICs, SOI technology also gives the option for
optical waveguides to be formed in silicon itself. SOI wafers are often formed by
bonding two thermally oxidised wafers together and thinning the silicon on one side
by chemical etch, known as the bond and etch back technique. This method has been
demonstrated with wafers of up to 300mm [9]. Evans et al. took propagation loss
measurements for SOI waveguides formed by this method and found that even

without post-processing, transmission loss was as low as 2dB/cm for a wavelength of

1.319um [10].
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More complex waveguide circuits have also been demonstrated on SOI wafers with
silicon as the waveguide core material [11-12]. As stated above, silicon is only
transparent for wavelengths longer than 1.1pm. For wavelengths below that, silicon

is optically absorbing, and it is necessary to find another material for the waveguide

core layer.

1.1.3 Waveguides formed on silicon substrates

If a waveguide is to be designed, compatible with the silicon microelectronics
industry, and not made itself of silicon, it must be made or silicon. Similar rules to
those which govern which materials may be used as a waveguide core for the glass
substrate waveguides illustrated in Figure 1.1.1(c) also apply to waveguides built
upon a substrate of silicon. The waveguide core material must be reasonably low-loss

in the spectral region of interest, with a higher refractive index than that of the

surrounding layers.

As stated above, silicon has a very high refractive index (3.5040 at 1.319um), so
there are few optical materials available to a microelectronic cleanroom which may
be deposited onto silicon to form a waveguide core layer. A silicon-germanium
(SiGe) composite material layer may be used directly upon silicon [13-14], or on SOI
wafers [15] . It is necessary however for most applications to provide a buffer layer
between a waveguide core layer and the silicon itself. The obvious material to use for
this is SiO,, with a refractive index of 1.46 at 633nm. A SiO, layer may be measured

with a refractive index lower than this due to the layer being porous.

The highest quality SiO, is formed through thermal oxidation of silicon wafers [10],
but the thickness is limited by the patience of the technician in charge of the process.
At first the oxidation proceeds rapidly as the silicon and oxygen are in close

proximity to each other. As the thickness of the oxide increases, it forms an ever-
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thicker barrier through which the oxygen must migrate, and the oxidation slows

exponentially.

Other methods for laying down thick SiO, include electrochemical anodisation, flame
hydrolysis, plasma-enhanced chemical vapour deposition (PECVD), Low Pressure
Chemical Vapour Deposition (LPCVD), and by decomposing tetraethylorthosilicate
(commonly abbreviated to TEOS) in an LPCVD reactor. Each of these methods
deposits SiO, much faster than the thermal oxidation process, but the optical quality
of the SiO; is lower. There are more regions of strain and defects, many more

impurities incorporated into the layer, and the uniformity of thickness is lower.

Once a buffer layer of SiO; has been deposited upon the silicon substrate, the material
of the waveguide core layer must be chosen. Silicon Nitride (Si3N4) is an insulating
layer used in the microelectronics industry with a refractive index of 2.02 at 633nm.
This material may be formed by Low Pressure Chemical Vapour Deposition

(LPCVD)[16], or by PECVD[17-19 (RTA and thermal anneal effects), 20].

A refractive index lower than that of Si;N; may be formed by combining Si3N4 and
Si0,, permitting a refractive index range from 1.46 (that of SiO, at 633nm) to 2.02
(that of SizNy at the same wavelength). This material is known as Silicon Oxynitride,
or SiON [21-25]. Unlike silicon, SiON has good optical transmission at wavelengths
shorter than 1.1pm, but it does have loss due to an Oxygen-Hydrogen (O-H) peak
through both the 1.3pum and 1.5um wavelength regions of importance to optical fiber

communications. The loss spectrum is shown in Figure 1.1.4.
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Figure 1.1.4 - The loss spectrum of Silicon Oxynitride [24] for communications wavelengths
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The O-H loss peak may be significantly reduced by annealing the SiON waveguides

for an hour at temperatures above 1100°, as was demonstrated by Worhoff et al. [21].

Their results are shown below in Figure 1.1.5.
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Figure 1.1.5 - Improvement of optical loss in silicon oxynitride by thermal anneal[21]
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1.1.4 The Phased Array Waveguide Grating

A prime example of an integrated optical component, which is successfully replacing
the bulk optical components previously used, is the Phased Array Waveguide Grating
(PAWG), shown below in Figure 1.1.5. First developed in 1988 by M. Smit [26], the
PAWG, also known as a phasar, is a planar integrated optical component used for the

multiplexing and de-multiplexing of wavelength division multiplexed (WDM)

signals.

The bulk optical component, which is currently in use, corresponding to the PAWG is
the optical fibre-Bragg grating (FBG) system. This system is an optical fibre-based
multiplexer for WDM purposes based upon the fibre Bragg grating [27, 28]. In 2001,
Southampton Photonics developed BragNet 25, at that time the most precise FBG
currently available, which theoretically allowed up to 160 wavelengths to be

transmitted down a single fibre in the band from 1529 to 1562nm.
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Figure 1.1.6 - The Phased Array Waveguide Grating [29]

The PAWG is designed for a small band of wavelengths around a central wavelength
Ac. Light of the central wavelength entering the PAWG is dispersed in the first slab
waveguide and enters the array of waveguides on the other side. The waveguide
array consists of hundreds of waveguides differing in length by an integer multiple of

AL=2m\.. Light of wavelength A., with a small band of wavelengths determined by
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the design parameters, will recombine constructively only at the entrance of the

central waveguide in the output array of the exit slab waveguide.

By altering the wavelength of the light entering the waveguide, it is possibly to steer
this focus point to reach other output waveguides. The PAWG therefore separates
signals by their wavelength into different output waveguides, permitting
demultiplexing of wavelength division multiplexed (WDM) signals. This principle
also operates in reverse to multiplex signals carried at different wavelengths. For a

fuller analysis of the PAWG see Smit [30].

The disadvantage of the FBG based system for DWDM is that each Bragg grating,
and one is required for each of wavelength channel, is precision engineered. Each
optical fibre must be spliced into the next, a costly and delicate procedure, with
optical losses at each splice. The PAWG, as an integrated optical component, would
be much cheaper to mass produce, and compared with the optical fibre solution,

would be much smaller.

A problem with the PAWG is that it is difficult to manufacture. The length increment
between each waveguide in the array, AL, is a parameter which cannot be reduced for
a particular wavelength of operation. For a grating with hundreds of channels, there
is a minimum dimension, AL x the number of channels. Once the minimum bend
radius imposed by the refractive index contrast [4] has been taken into consideration,
as must be the loss of precision due to imperfections in the fabrication process, it 1s
very difficult to create a small, high quality grating. Gratings have been made with

128 channels, with AL = 63um [31-32]. The resulting device size is of the order of

centimetres.
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1.2 Integrated Optical Devices (active)

In addition to the waveguide another fundamental component for an IOC is a light
emitter, either a light emitting diode (LED) or a laser. The optical fibre boom in the
telecommunications market was enhanced by the introduction of the EDFA into the
system[33]. The EDFA permits the amplification of light signals, which have been
attenuated by passage through kilometers of optical fibre, without the need for costly

transfer to and from an electrical signal for conventional signal regeneration[1].

A photon of light is emitted from a semiconductor material when an electron in the
conduction band recombines with a hole from the valence band, as shown in Figure
2.1 for Si and GaAs. The wavelength of light emitted corresponds to the energy
separation of the electron and hole at the time of recombination, thus conserving the
energy in the system. The difference in energy between the lowest-energy electron in

the conduction band and the highest-energy hole in the valence band is known as the

bandgap, E,.
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Figure 1.2.1 - Energy band structures of (a) Si and (b) GaAs [3]

In Gallium Arsenide (GaAs), the radiative recombination of an electron from the
lowest energy point in the conduction band, and a hole from the highest energy point
in the valence band, with a E; = 1.42 eV at room temperature, yields a photon of
wavelength A = 875nm according to Equation 1.6 [3]. In addition to energy, an
electron-hole recombination must conserve the crystal momentum (k). In GaAs, the
lowest-energy electron has the same momentum as the highest-energy hole, and GaAs
is therefore known as a direct bandgap semiconductor. In silicon however, an
electron must lose momentum through lattice vibrations, or phonons, before it may
recombine, making it an indirect bandgap semiconductor. In silicon, the bandgap is

1.12eV at room temperature, corresponding to a photon of 1009nm.

¢ _he 124

v hv hv(eV)

pm

(1.6)
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In the above equation, % is Planck's constant, ¢ is the speed of light in vacuum, A is
the wavelength of the light in metres, and v is the frequency of the wave, hv = E, is

the bandgap energy in electron volts [3].

Silicon, as an indirect bandgap material, is a poor natural light emitter through
electron-hole recombination. This is in contrast with GaAs which, with a direct
bandgap, is an efficient light emitter. GaAs, as part of the InGaAsP system, has been
used extensively for solid state semiconductor lasers due to the wide range of lasing
wavelengths available [3]. For an IOC based upon silicon, it is desirable to have a
strong light emitter from a silicon-compatible material and process, which ideally
would form a laser which may be pumped electrically, for eventual integration with
electronic silicon ICs. This silicon light emitter would have to overcome the

difficulties of the material's poor natural light emission [34].

Light emission from an material where the electron has been excited from the valence
to the conduction band through optical means is known as photoluminescence (PL).
If the electron has been excited through an applied electric field the emitted light is
known as electroluminescence (EL). Every such energy transition has a certain
lifetime before recombination is expected to occur; it is however possible to cause an
electron and hole to recombine before this time if they are stimulated by a photon of
the same wavelength as would be released through recombination. When an electron
decays for this reason the photon emitted is in phase with the stimulating photon; this
form of emission is called stimulated emission. If the electron-hole recombination is

independent of other photons, it is known as spontaneous emission.

1.2.1 Light Emission from Bulk Silicon

Photoluminescence from the band edge of bulk Si was first measured by J.R. Haynes
and H.B. Briggs in 1952 at a meeting of the American Physical Society [35]. The
weakly emitted light was shown by J.R. Haynes and W.C. Westphal in 1956 to be

emission at the bandgap due to indirect transitions of electrons from the conduction
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band minimum to the valence band with phonon cooperation, as shown in Figure

1L.2.2.
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Figure 1.2.2 - Light emission from the silicon bandgap. The data points and dotted curve was
obtained for a sample at room temperature, with the solid curve measured at 77K [36].

Clever materials engineering is required to achieve good light emission from bulk
silicon. In March 2001 Ng et al. reported an LED fabricated from boron-doped silicon
[37]. The novel use of dislocation loops between the p+ silicon and the n-type silicon
regions was the basis for the new device (see Figure 1.2.3). The defects cause the
silicon itself to confine the electrons in three dimensions. External quantum
efficiency is quoted at up to 10~ for emission from both the face and the edges
included. External quantum efficiency is the measure of photons emitted from the

device per electron injected.
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Figure 1.2.3 - A silicon-based light emitting diode [37]

Another method for improving the light emission of bulk silicon grew from work
carried out on solar cells [3] in silicon by T. Trupke et al. [38]. An inverted pyramid
structure, shown in Figure 1.2.4, is used to achieve EL external efficiencies as high as
6.1% at room temperature.

In d pyramids Antireflection
Busbar verte : pyramid coating
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Figure 1.2.4 - An efficient Si photon emitter based upon a solar cell inverted pyramid
arrangement. [39]
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PL may be extracted from silicon by creating a layer of silicon so thin that the band
structure is altered such as is demonstrated in Figure 1.2.5. This is known as a
quantum well. In work carried out by Steigmeier et al. [40], a silicon layer of 3nm is
deposited between layers of SisN; by PECVD, which is then annealed. The
photoluminescence of the layers was weak, well below 1% spectral PL efficiency. In
this case the efficiency is given as the number of photons in a given spectral range

emitted into the hemisphere above the sample, per absorbed excitation photon.

sisaw ~ SiNg
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am
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Figure 1.2.5 - A silicon quantum well arrangement. The inset clearly shows the crystalline
nature of the silicon.

A further extension of this is the development of the Si/SiO, superlattice, consisting
of many quantum wells in close proximity. The superlattice exploits radiative
interface states between the silicon and the SiO,. These lattices are generally

prepared using CVD processes [41], or by magnetron sputtering [166, 167].



40

1.2.2 Light Emission from Doped Silicon and Silicon Dioxide

An alternate method used to extract light from silicon is to not use the silicon
radiative process itself, but instead to use radiative centers of other elements
introduced into the silicon as dopants. These materials have included large amounts
of carbon [42], erbium, and copper [43]. Of these materials, it is erbium which has

received the most attention.

Erbium (Er) 1s an element from the Lanthanide series in the periodic table of
elements, which has an incompletely filled inner electron shell. When Er is
incorporated into a host material, energy transitions forbidden to free Er ions are

sometimes weakly permitted. A schematic level diagram of the Er energy levels is

included in Figure 1.2.6.

For the majority of permitted radiative transitions in Er the lifetime for which an
electron may remain in an any particular band is extremely short. An electron which
has been excited to one of the higher energy levels from the ground state will relax
quickly and non-radiatively to the lower energy levels. The final transition from the
second lowest energy state to the ground state has a much longer lifetime, of up to
~20ms dependent upon the host material. From this transition light with a

wavelength of 1.54pum, corresponding to an energy of 0.8V, is efficiently emitted.
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Figure 1.2.6 -Erbium energy band transfers [44]

It was found that erbium, when implanted into crystalline Si wafers, emits light at
1.55pum, [45]. The mechanisms involved in this process have since been extensively
studied. [46] The photoluminescence of Erbium doped Silicon, or Er:Si however has
never been strong enough to form a potential laser material, hampered by a low
maximum concentration of luminescence centers, and especially by the large decrease
of the luminescence intensity when the measurement temperature is raised from 77K
to room temperature [47]. Because of this, research has focused in the most part on
other areas described below. Erbium may be implanted into other structures on the
silicon surface. In 1997, Huda et al. [48] incorporated high concentrations of erbium

into strained Si/SiGe/Si multiple quantum well structures.

Another approach using dopants in Si-based materials is the implantation of SiO,
with Ge (Ge:Si0,). Blue-violet electroluminescence was measured from a Ge:Si02
device with power efficiencies (defined as the ratio between the optical output and the
electrical input power) up to 0.5% [47]. This has been explored by several groups,
including by H. Yang only last year [49], and originally by Y. Maeda et al in 1991
[50]
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1.2.3 Photoluminescence from Porous Silicon

In 1990, L.T. Canham discovered that when silicon was exposed to a chemical etch in
hydrofluoric acid (HF), leaving a series of isolated nanometer silicon wires, that
strong red photoluminescence may be emitted at room temperature [51]. Samples
which had etched in this manner were known as porous silicon (PS).
Photoluminescence from porous silicon had previously been demonstrated at 4.2K by
R. Greef at Southampton in 1984, though the importance of this result was not
appreciated fully at the time of publication and no room-temperature PL

measurements were made [52].

Porus silicon may be modeled as silicon nanocrystals connected by thin wires [53,
54]. PS devices are flexible: the refractive index may be modified by changing only
the anodisation current density [55], and waveguide structures may be formed on a
silicon wafer without the use of thermal SiO; as a buffer layer. An example is the
edge-emitting device developed by M. Araki et al., shown in Figure 1.2.7. This
device emits strongly Transverse Electric (TE) polarised light. Some Transverse
Magnetic (TM) polarised light was also emitted over the same wavelength range, but

at a tenth the intensity.

Excitation Al
/ Active PS
A Cladding PS
¥ .' / ¢-5i
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Figure 1.2.7 - a Porous silicon edge-emitting device with a PS waveguide structure [S5]

High Resolution Transmission Electron Microscopy has shown that silicon

nanocrystallites in PS exhibit a semi-ordered structure unlike both crystalline and
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amorphous silicon [56]. This same structure was also exhibited by nanocrystals of

silicon formed in silicon dioxide by PECVD and as discussed in the next subsection

of this thesis.

Porous silicon emits light over the entire visible range and beyond [57,58]. However,
PS is however an unstable material, susceptible to damage and contamination by
handling [59]. Silicon, when exposed to air, forms a natural oxide, and PS is no

exception. All research has agreed that photoluminescence from PS changes over

time.

L.T. Canham studied this in his original paper [51, 60], and concluded that the PL
intensity of the PS increases, narrows, and blueshifts as the silicon nanocrystallites
became smaller through oxidation. This is in agreement with A. Loni et al, who
studied the relationship between the storage media of PS samples and their
luminescence [61]. This is, however, in contradiction with B. Zou et al.[62] who
reported that the emission wavelength redshifts as the sample ages. The two sets of

results are shown below.
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Figure 1.2.8 - Aging effects upon porous silicon showing (a) blueshift [S1] and (b) redshift [62].

Photoluminescence from PS is usually stimulated by a laser with an operating
wavelength below 400nm. It has also been demonstrated that PS may also emit
electroluminescence. To achieve this, a Ipum layer of PS was formed on a silicon
wafer, which was oxidised and then a layer of indium-tin-oxide (ITO) was deposited
onto the PS as a top electrode [63]. ITO is a transparent material frequently used for
the top contact of surface-emitting luminescent devices. The device, developed by B.

Gelloz and N. Koshida, had an external quantum efficiency of greater than 1% with

less than 5V.
1.2.4 Photoluminescence from Silicon Nanocrystals
Another type of light emitting silicon which has received much interest over the past

few years is nanocrystalline silicon. Small regions of silicon, not more than several

nanometers across, are surrounded by a supporting matrix of silicon dioxide. These
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silicon nanocrystals (Si-nc) emit light in a characteristic broad photoluminescence

from 600-1100nm.

Many methods have evolved for the formation of Si-nc. The most widely used are
implantation and PECVD. In the implantation method, Si ions are accelerated into a
glass substrate, or into a thick layer of SiO, upon a silicon substrate. This was the
first method employed to form Si-nc, and was carried out by T. Shimizu-Iwayama et
al. as early as 1993 [64]. In their work they found that an anneal at 1100°C radically
changed the shape of the weak photoluminescence, transferring the peak to around
1.7eV, corresponding to 730nm. Implantation and subsequent annealing has become

a standard fabrication technique for Si-nc fabrication.

The other main method consists of the deposition of a layer of silicon-rich silicon
dioxide (SRSO) by PECVD. The incorporation of silicon into the layer is controlled
by manipulation of the ratios of gasses in the chamber, universally silane (SiH4) and
nitrous oxide (N,O). Early research into this area yielded weak PL [65, 66, 67], and
even EL [59]. It was found, however, that a thermal anneal at over 1000° [69], and
particularly over 1100° [68, 70] were effective in increasing the intensity of the PL.
Luminescence measurements were carried out on samples of Si-nc deposited in this

manner, with efficiencies of around 0.04% reported [71].

Improvements to this method include deposition of the PECVD Si-rich SiO2 at a
lower temperature than the standard 300°C. In work by Wang et al. a marked
increase in the PL intensity was reported with decreasing deposition temperature [72].

Their results are summarized below in Figure 1.2.9.
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Figure 1.2.9 - Increased PL efficiency with decreasing PECVD deposition temperature [72]

Many other methods have been developed for increasing the luminescence intensity,
including irradiation of the as-deposited PECVD Si-rich SiO, before an anneal [73] to
break up any as-deposited Si clusters. Studies of the effect of the thermal anneal
upon the intensity of the luminescence concluded that the annealing temperature
providing the maximum PL intensity was 1100°C, and that the characteristic PL
spectrum only occurs in samples which have been annealed above 900°C. [74]. Some
studies showed the wavelength of peak intensity shifting with the temperature of the
anneal [75] with results shown below in Figure 1.2.10 (a). Itis also shown that the
wavelength of peak intensity shifts with the incorporation of silicon into the silicon-

rich silicon dioxide [76] (Figure 1.2.10 (b)).
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Figure 1.2.10 - Shift of the wavelength of peak intensity with (a) anneal temperature [75] and (b)
silicon incorporation [76].

Other methods for nanocrystal formation include gas-phase formation by laser
breakdown of silane [77-78], thermal vapourisation of Si in an Ar buffer gas [80],
through electronic irradiation of amorphous SiO; [81], and sputtered Si and SiO, [82-
83]. A more complex method for creating nanocrystalline silicon is the deposition
and annealing of Si/SiO2 superlattices [84-87, 75]. This highly controlled method
permitted very careful studies into Si-nc, with the conclusion that decreasing

nanocrystal size resulted in a blue shift of the peak intensity, shown below in Figure

1.2.11

Size measurement of nanocrystals with sub-micron diameters is not a trivial problem.
The photographs of nanoparticles which are most commonly presented in journal
articles have been taken using a Transmission Electron Microscope (TEM). Raman

scattering is another method used for the measurement of nanoparticle size

distributions [74].
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Figure 1.2.11 - Normalized photoluminescence spectra showing a blue shift correlated with
nanocrystal size [84]

Although Si10, is an extremely effective electrical insulator, it is possible to pass
current through Si-nc through a quantum tunneling current known as Fowler
Nordheim transport. Measurements of current flow through silicon-rich silicon
dioxide have been carried out by [59] and by K. Kim [79]. LEDs have been formed
in this material [88], with results shown below in Figure 1.2.12. Electroluminescence
has also been measured in PECVD-deposited Si-nc [89], in a MOS structure.

LPCVD Si-nc have also exhibited EL [90]. Si-nc formed by sputtering have

exhibited green EL [91, 83].
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Figure 1.2.12 - A Si-nc LED

The mechanism for the luminescence from Si-nc is not fully understood. It is firmly
believed that band-gap widening due to the quantum confinement effect plays a large
role in the photoabsorption of the nanocrystals [92]. There has been much discussion
on whether the luminescence from the Si-nc is as a result of quantum confinement
[65, 78, 79, 93-94], or whether it is due to defects at the interface between the Si and
Si02 regions [68, 76, 80, 86, 92, 95-98], a defect state [77, 99], or other processes

which have not received such widespread attention [64].

Several components of luminescence from Si-nc have been observed: a fast decay
emitting a blue-green light component with a decay time of approximately 0.4ns,
other short-wavelength components with decay times of approximately 2 and 10ns,
and a slow component with a peak wavelength of emission beyond 700nm, with a

decay time of the order of milliseconds [69]
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Figure 1.2.13 - (a) Applied spontaneous emission intensity plotted against excitation length, and
(b) Luminescence intensity plotted against wavelength with gain plotted against power density.

In November 2000, L. Pavesi et. al. reported gain in waveguides of Si-nc formed by
implantation into wafers of quartz glass and of silicon [76]. The gain reported was of
the same order as that achieved in the most widely used III-V compounds, results
shown in Figure 1.2.13. This provoked widespread interest in the area and provided
the basis of the work in this thesis. The method used by L. Pavesi was challenged by
J. Valenta in 2002, who questioned the validity of the results, suggesting that their
results may have been an artifact of the measurement geometry [100]. A recent paper
by L. Dal Negro, from the same group as L. Pavesi, insists that gain has been

measured [101].

1.2.5 Erbium-doped Silicon Nanocrystals

It was found in a study of Erbium doping in silicon films ranging from amorphous Si
to almost pure SiO,, that Si-rich SiO, films containing Si-nc were very good hosts for
erbium [102]. Layers of Er:SRSO were deposited by electron cyclotron resonance
PECVD with post-anneal temperatures ranging from 500-900°C. Another group
achieved stimulated emission at room temperature in Er:Si-nc formed by excimer

laser ablation [103].
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Figure 1.2.14 - (a)Luminescence from [105] and (b)Pumping power dependence of the 1550nm
emission of a Er:nc-Si waveguide [102].

An analysis of carrier-induced quenching mechanisms of the Erbium luminescence
found that, in SRSO, nearly all such mechanisms are suppressed. This facilitates the
Er luminescence and the population inversion which is necessary for stimulated
emission [104]. Another study found that the luminescence intensity was closely
related to anneal temperature, and that the optimum temperature of anneal was 950°C,

as shown in Figure 1.2.15.
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Figure 1.2.15 - The optimum anneal temperature for 1.5um luminescence. The inset shows PL
lifetime plotted against anneal temperature. [104]

In a thorough treatment by Priolo et al. [17], it was stated that Si-nc play a strong role
in the excitation of the Er ions. Kenyon et al. suggested a model in which the
excitation of the erbium was carried out via coupling from confined excitons

generated in the usual way within the silicon nanoclusters [106].

Er:Si-nc is considered an extremely promising avenue for future research, and
companies such as ST Technologies are actively pursuing a product range based upon

it. [107]
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1.3 Photonic Crystals

Although the first suggestion of photonics crystals was by Bykov in his 1972 paper
[108], photonic crystals were independently developed and widely publicised by E.
Yablonovitch [109] in 1987. The objective professed by Yablonovitch was to
decrease amplified spontaneous emission (ASE). ASE is a limiting and unwanted
factor in lasers, where it is desired that all emitted light be in phase. Photons resulting
from spontaneous emission, but not the laser line, are amplified in addition to the
laser line. Not only does this cause unwanted lines in the laser, but every unwanted

recombination is one fewer photon available for the laser line.

E. Yablonovitch proposed an extension of the fibre-Bragg grating (FBG) reflectors
already operating in one dimension as highly reflective mirrors for Fabry-Perot
cavities. FBGs consist of layered structures in which the refractive index alternates
from high to low at a period of half a wavelength. This periodic modulation creates a
forbidden gap in the spectrum of light which is allowed to propagate through the
mirror. E. Yablonovitch proposed creating three dimensional Bragg reflectors with
an forbidden energy gap which straddled the band gap, thus inhibiting the

spontaneous emission of any photons at the bandgap energy.

A gap created in the electromagnetic spectrum, to differentiate it from an electronic
bandgap, became known as a photonic bandgap (PBG), and the materials in which the
photonic bandgap was created became known as photonic crystals (PCs). One is able
to distinguish between a Bragg Grating and a PC by the size of the refractive index
contrast between the high and low index materials. In a Bragg grating, the contrast is
usually of the order of .01, whereas in a PC it is at least an order of magnitude larger.
As with the 1D FBG reflectors, the primary bandgap of a PC is located at a
wavelength of twice the length of the photonic crystal lattice pitch: for a photonic
crystal lattice pitch of 310nm, the photonic bandgap would be located around 620nm.
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1.3.1 - 1D Photonic Crystals and their applications

1D photonic crystals have been in use for years as the reflective elements in
distributed feedback lasers [168] as a Distributed Bragg Reflector. The primary use
of 1D PCs is as highly reflective mirrors for a specific range of frequencies. 1D
photonic crystals typically consist of a layered system of alternating high and low
refractive index, known as a multilayer stack or film, such as is shown below in

Figure 1.3.1. The structure shown below is periodic with lattice pitch a.
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Figure 1.3.1 - A multilayer film, (a) 1D Photonic crystal, and the photonic band diagrams for
refractive index ratios of (b) 1:1, (¢) 13:12, and (d) 13:1 [110]

The frequency spectrum for 1D PC structures is simply the light line given by

=

w(k) = '

(1.7)

What may be seen from Figure 3.1.0 (b) is that as the contrast between the high and
low refractive indices increases (n = V¢), the width of the bandgap also increases
[110]. Itis also apparent that the energy position of the photonic bandgap scales with
the period of the structure. A 1D PC with a lattice pitch of 2a will have a photonic
bandgap at the same wavelengths as a PC with a lattice pitch of @ which is formed of

the same materials. It was found however that it was possible to dynamically shift the
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location of the bandgap in the electromagnetic spectrum through the introduction of

nonlinear materials into the bandgap structure [111].

Femtosecond measurements carried out on 1D PCs indicated the phenomenon of
transmission of photons through the photonic bandgap in a manner very similar to
that of electron tunnelling through a potential barrier [112, 113, 114]. A striking
aspect of these results is that they appear to suggest superluminal tunnelling speeds
for a wave packet through the system. This was shown to be not as a result of faster-
than-light travel, but as a function of the material itself. The effect of the chromatic
dispersion of a photonic crystal is to deform an electromagnetic wave packet such
that a group which has been shaped symmetrically will appear with the amplitude
distribution skewed towards the leading edge (See Figure 1.3.2). Each individual
wavelength component of the wave packet has been transmitted at standard velocities,
but the group velocity of the entire packet has travelled faster than light [112, 115].
This was predicted in photonic crystal theory [116].
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Figure 1.3.2 - Transmission of a wave packet through a 1D coaxial photonic crystal. This is not
plotted to scale vertically [115].

Another group investigated the effect of the PC upon the spontaneous emission

intensity of a GaAs multilayer stack [117]. It was found that close proximity of the
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PBG to the electronic bandgap energy produced a 4x enhancement of the emission
intensity of the system. Other studies into light emitting PCs found that, for cavities
of Er doped porous silicon between Bragg mirrors, the wavelength of peak intensity
may be tuned by modifying the Erbium activation temperature [118]: increasing the
activation anneal temperature from 600 to 1000°C causes the microcavity emission
wavelength to blueshift by up to 200nm. Results are shown in Figure 1.3.3 (b).

Figure 1.3.3 (a) shows the 1D PCs forming the reflective regions above and below the

microcavity.
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Figure 1.3.3 - (a) Scanning Electron Microscope (SEM) cross section of a PS microcavity formed
with 1D PCs as reflective regions above and below. (b) Graph showing emission wavelengths for
a single layer (above) and microcavities annealed at different activation temperatures (below).

[118]

A similar structure to that shown in Figure 1.3.3 was fabricated by P. Ferrand [119],
where a porous silicon microstructure was formed on a silicon substrate, and a 1D PC
was exploited to provide single mode guidance of light, excited by a laser spot on the

surface of the sample, without the use of a buffer layer of SiO,. This is shown in

Figure 1.3.4.
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Figure 1.3.4 - (a) Scheme of a multilayered porous silicon microstructure and experimental setup
used for measurement of white light transmission (A-C) and PL (B-D) and (b) refractive index
profile of the sample [119].

The bandgap structure of a photonic crystal is different for the TE and TM
polarisations. This was exploited by Zhao et al. to form a waveguide polariser. The
experimentally measured TE/TM extinction ratio was found to be 20dB for a 3mm

long sample [120].

1.3.2 2D Photonic Crystals and their applications

The extension from 1D PCs to 2D usually involves the fabrication of a field of rods
either etched out of a dielectric layer, or extruded from it, the remains from an etch
which has removed the surrounding layer. Examples of these two geometries are

shown below.
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Figure 1.3.5 -SEMs showing (a) a glass cylinder in air square photonic lattice and (b) a square
lattice etched into a dielectric layer.

The effect of a periodic structure such as those shown in Figure 1.3.5 is to form an
arrangement of alternating high and low refractive indices which is periodic in two
dimensions. When studying photonic crystals it makes understanding easier to
operate in terms of the reciprocal lattice, and in terms of the Brillouin zone of the
material. When operating on a lattice, one normally uses lattice vectors (R), which
are the set of vectors which translate from one point on the lattice to another. For
every lattice, there are primitive lattice vectors (aj, a,, a3) which are the smallest

vectors pointing from one lattice point to the next, from which all vectors R are

composed.

A periodic function f(r) periodic on the lattice, will satisfy the criterion f(r) = f(r +

R). Taking the Fourier transform of these functions yields:

f(r + R) = Jdq g(q)e""e"™ = f(r) = dq g(gq)e"""
(1.8)

g(q) is the coefficient of the plane wave with wave vector q. This may only be
satisfied when g(q) = 0 or when exp(iq-R) = 1, equivalently q-R = n27 for an integer
n. The vectors G which are a solution to this are known as reciprocal lattice vectors.

The lattice which is formed from them is known as the reciprocal lattice.
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The primitive reciprocal lattice vectors (b, bz, bs) from the reciprocal lattice may be

found from the constraint a; - b; = 2n8;; applied to the equation directly below, where

I, ', m, m’, n, and n' are integers:

G-R = (Ib; + mb, + nbs) - (I'a, + m'a; + n'as) = N2

The solutions are given below.

(1.9)
b, a; X a3
on  a;-a;Xas
b, = a3Xa
on  ay-a;Xa
b;= a;Xa;
27 al . ag 7>V(ﬂa3
(1.10)

All Iattice structures have two lattice structures associated with them: the ordinary

lattice, and the reciprocal lattice. Vectors in the ordinary lattice have dimensions

measured in length. Vectors in the reciprocal lattice have dimensions measured in

1/length.
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Figure 1.3.6 - (a) Construction of a Brillouin zone and (b) The Brillouin zone for a square
reciprocal lattice. Reciprocal lattice vectors are shown as black arrows with their perpendicular

bisectors in white[169].

The Brillouin zone is defined as a Wigner-Seitz primitive cell in the reciprocal lattice.
The method for constructing a BZ is illustrated in Figure 1.3.6 (a). Choosing a
reciprocal lattice point as the origin, each reciprocal lattice vector G is bisected by a
plane at its midpoint. This set of planes forms the boundary for a region around the
original reciprocal lattice point, as is shown in Figure 1.3.6 (b) for a square lattice.
The central square is a primitive cell, known as the Wigner-Seitz primitive cell, of the
reciprocal lattice, and is the first Brillouin Zone. From a point within the BZ it is not

possible to translate within the boundary of the Brillouin zone by adding G.

For photonic crystals the Brillouin zone may be further reduced in size and
complexity by considering the symmetries in the photonic lattice. If a region in the
Brillouin zone may not be rotated, reflected, or inverted into itself, then that region is
known as the irreducible Brillouin zone [110], which for brevity shall be termed the
Brillouin Zone (BZ) for the rest of this thesis. No other Brillouin Zone shall be

mentioned.

For a square lattice such as that shown in Figure 1.3.6, the BZ is a right angled

isosceles triangle with the length of two sides equal to a. The inset in the band
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diagram in Figure 1.3.7 (b) shows the BZ for a square lattice, with the symmetry
directions between points I'M, I'X, and XM demonstrated.
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Figure 1.3.7 - Band diagrams for a square lattice for (a) pillar structures in both
polarisations[122], and (b) etched hole structures in the TM polarisation [121].

The band diagram shows the photonic band structure as the wave vector goes around
the edge of the BZ, from I to X, to M, and back to I'. It may be seen from Figure
1.3.7(a) that there is no wavelength at which there is a photonic band for the pillar
structures in air, and therefore there are no bandgaps in the system. This is also the
case with the etched hole system, with no TM photonic bandgap for the square lattice
(Figure 1.3.7 (b)). There is, however a photonic bandgap for the TE polarisation (not
shown here). As with the 1D PC, there is a difference in the band structure between

the TE and TM polarisations, as is shown in the differences between the upper and

lower band diagrams in Figure 1.3.7 (a).

Using a different lattice structure for the 2D photonic crystal it is possible to achieve

wider bandgaps. Figure 1.3.8 (a) shows the reciprocal lattice and the BZ for a
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triangular lattice structure. Figure 1.3.8 (b) is the band diagram for a triangular lattice
of glass pillars in air, while Figures 1.3.8 (c) and (d) are the TE and TM band

diagrams for etched hole structures also in a triangular lattice.

Figures 1.3.8 (e) and (f) show measured transmission properties of structures
corresponding with (c) and (d). A bandgap is shown in the TE polarisation which is
complete for all directions, and there appears to be one in the TM polarisation too,

though one can see from the band diagram that it is in fact pinched shut in one

direction.
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Figure 1.3.8 - (a) The reciprocal lattice [170] and BZ for a triangular lattice PC with the
bandgaps for pillar [170] (b) and etched (c) and (d) structures shown in both TE and TM
polarisations. Experimental transmission results are also shown (e) and (f) for the etched
structures with the grey region highlighting the bandgap in almost every transmission direction
at both polarisations [171].
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In a PC with more than one PBG feature, the one which occurs at the longest
wavelength, corresponding to the lowest-energy bandgap on the band diagrams, is
known as the primary bandgap. The location and size of the primary PBG appearing
in PCs is a function of the lattice pitch, the refractive index of the materials of which
the PC is made, and also a function of the filling fraction of the PC. The filling
fraction for a PC formed by etching circular holes into a dielectric layer is defined as
fraction of the PC unit cell area which is taken up by the air holes. A PC with holes
of a small diameter will have a bandgap located at a longer wavelengths than the
same material etched with larger holes. Similarly, a PC with small holes etched at a
large distance from each other will have a PBG located at longer wavelengths than

the same material with the same holes etched at a smaller lattice pitch.

The greater the difference between the refractive indices of the materials forming the
PC is, the deeper and wider the photonic bandgap will be. This is clearly shown in
work carried out by Lin et al., the results of which are shown below in Figure 1.3.9.
In this work glass pillars with a refractive index of 1.45 were immersed in liquids
with refractive indices ranging down to 1.4. The strongest band features seen in the
transmission spectrum was for the material which provided the strongest refractive

index contrast [123].

TRANSMISSION

840 TH0 70 5850

WAVELENGTH (om)
Figure 1.3.9 - Transmission of TM polarised light along the I'X direction of a triangular 2D
photonic crystal for immersion of the sample into liquids with varying refractive indices [123].
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It is possible with a triangular lattice to form a complete photonic bandgap which
forbids a range of frequencies in all directions of propagation and for all polarisations.
This does, however, require large air holes and a high contrast in the materials used to
construct the PC, for example GaAs with air-filled holes [124-127]. The PBG
breadth is, however, extremely uneven, with some crystal directions having a much
broader bandgap than others. It is possible to improve this by designing a PC 2D
lattice with a higher order of symmetry than the standard square and triangular
lattices which have no more than 6-fold symmetry.

M. Zoorob in 2000 designed a PC based upon a quasicrystalline structure composed
of squares and triangles with 12-fold symmetry [127]. For this PC, although the
width of the primary bandgap was reduced, it remained centered upon the same
wavelength, with a PBG structure which was much more even than the triangular

lattices [128].
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Figure 1.3.10 - (a) SEM image of the quasicrystal lattice with (b) a schematic of the
implementation and the supercell (dashed line). The reciprocal lattice and brillouin zone (white
dodecahedron) corresponding to the supercell shown in (b) are shown in (c) [127], while (d)
shows a simulated representation of the band structure [128]
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Photonic crystals, especially those which have been integrated into planar waveguide
structures, have many potential applications for IOCs. The simplest has been the
development of waveguides, for which a defect is formed in a 2D PC, forming a
channel surrounded by what may be considered perfectly reflecting dielectric mirrors.
Channel waveguides formed in this manner suffer from very high transmission loss,
but this is compensated for by high isolation, low cross-talk between closely adjacent
waveguides, and by the ability to make sharp bends with very small dimensions [11,

129]. An example of this is shown in Figure 1.3.11 (a) below.

........

420032 SEKY x%,48¢

Figure 1.3.11 - (a) Ultrashort, double 60° bends for 1.55um waveguides [129]. (b) and (c) show
coupled cavity waveguides [130].

An extension of the channel waveguide is the use of coupled cavity waveguides
formed by the removal of sets of holes in the PC structure (See Figure 1.3.11 (b) and
(c))to tune which exact wavelength of light is permitted to transmit through the

waveguide. Peaks occur in the transmission spectrum at wavelengths dictated by

resonator size [130].

PCs have potential for replacing bulk optical fibre communications components, or
even the larger planar waveguide IOCs. In 1999, Kosaka et al. demonstrated how a
2D PC with a triangular lattice structure had dispersive effects 500 times the strength
of Newton's prism [131]. Light which varied by 1% in wavelength was dispersed
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over 50° by the PC. PCs used for this application became known as superprisms, and
have potential for use in ultra-dense WDM and lightbeam steering applications [132-
5]. In 2000, Kosaka et al. demonstrated a spot size converter which may be used to
integrate optical fibers and waveguide components [136]. In 2003, D.R. Solli et al.
showed how the birefringence of 2D photonic crystals might be exploited to form

waveplates, a bulk optical component widely used in the communications industry

[137].

As mentioned in the 1D PC section, PCs have been used to enhance the extraction
efficiency of light at the electronic bandgap [117]. M. Boroditsky et al. demonstrated
six-fold enhancement in photoluminescence light extraction from an InGaAs/InP
LED when surrounded by a 2D PC, as shown in Figure 1.3.12. Several different
lattice constants were tried, from 600-900nm, with the 900nm lattice constant

yielding the greatest enhancement.
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Figure 1.3.12 - (a) Top view and (b) side view of the LED geometry with PC-enhanced light
extraction [139].

Other groups have worked with PC cavities in luminescent materials [140], and
universally have concluded that photonic crystals have great application for the
enhancement of light emission from such cavities. This work has been done

universally in the III-V GaAsInP system [138, 139, 141]. Another area which has
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received intense interest is that of Vertical Cavity Surface Emitting Lasers (VCSELs),

the cavities of which are formed using PCs [142, 143].

1.3.3 3D Photonic Crystal fabrication methods and applications

From the beginning of PCs as a research field, there has been focus upon 3D
structures [108], and Ho. et al. predicted that a 3D PC could have a complete PBG
[144]. The first actually fabricated 3D structure with a full photonic bandgap was
named 'Yablonovite' after its constructor, E. Yablonovitch, was manually drilled, and

operated in the microwave portion of the spectrum [9, 145].

3D photonic crystals may be found occurring in the natural world [146]. Opals are an
example of this [147], as are the irridescent wings of certain tropical butterflies [148].
3D PCs are however, much more difficult to fabricate on a scale which permits a
bandgap in the visible part of the spectrum. A method which has been widely used
for fabrication is a lattice consisting of spheres stacked upon each other [149, 150,
151, 152, 153]. This structure results in a fcc lattice, very similar to that of an opal.
In fact, these photonic crystals are sometimes called synthetic opals [154, 155, 156,

157]. SEM images of the resulting structures are shown in Figure 1.3.13.
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Figure 1.3.13 - SEM images of samples created by the stacked sphere method (a) using spheres as
a template [155] and (b) using spheres in air[153].



68

Another method for the fabrication of 3D PCs is optical holography. In this method,
a cubic lattice is obtained by interfering six optical beams, co-linear or perpendicular
to each other, or by interfering four optical waves, each aligned along an axis of a
regular tetrahedron [158] in a film of resist typically 30um thick. This method is
much more flexible than the stacking method, permitting the optical structures to be
optimised by controlling the form of the interference pattern. This method also has
high spatial resolution, is relatively cheap, and permits the formation of PCs from
polymers with thus a wide range of material properties [159]. Samples formed by
this method are shown in Figure 1.3.14. This method is limited however as polymers

tend to be of low refractive index and are therefore of little use as PCs unless used as

a template as is shown in Figure 1.3.14 (b).

18 10 microns
Figure 1.3.14 - SEM images ofpolymerlcPCs created by abtical holography. (a) showing the
original sample and (b) showing a PC created using the polymeric sample as a template [159].

A method which uses relatively standard microelectronic fabrication technologies is

the layer by layer method. Layers of one-dimensional rods with a stacking sequence
which repeats every four layers is placed forming a fcc lattice [160, 161]. With this

method it is possible to form PCs with photonic bandgaps at infrared wavelengths.

SEM images of the structures formed are shown below.



69

5,5 i {'e ’

Figure 1.3.15 - SEM images from (a) above and (b) the side of a structure created by the layer by
layer method [160].

Another method for 3D PC fabrication in a standard microelectronics clean room for
the fabrication uses an electron-beam microscope to define a hexagonal structure,
which is then etched into pits. Layers of alternating high and low refractive index are

then deposited with a high degree of control, permitting the formation of waveguides

normal to the surface of the wafer [162].

; Direction of Propagation

% _
Figure 1.3.16 - (a) A schematic image and (b) an Atomic Force Microscope image of a waveguide
formed perpendicular to the substrate by E-beam lithographically formed pits with deposition of
alternating layers of high and low refractive index into the pits formed [162].

The superprism phenomenon was demonstrated in 3D PCs by T. Prasad et al. earlier
this year [163] for an inverted fcc photonic crystal lattice. Figure 1.3.17 below shows
the band structure for the lowest eight bands, computed using the plane wave method.

The angular dispersion predicted for this structure is 14°/nm,
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Figure 1.3.17 - The band structure for a 3D inverted fcc PC

One application for 3D photonic crystals is in the field of directional antennae [164].
Temelkuran et al. created an antennae formed by a hybrid combination of a monopole
radiation source and a cavity built around a dielectric layer by layer 3D photonic
crystal. The antenna had a narrow bandwidth and demonstrated a power
enhancement of 180 at the resonant frequency of the cavity. This resonance was

found to be tuneable within the band gap of the photonic crystal.

Further applications of polymer photonic crystals include the use of polymer PCs to
flash an optical bar code incorporated into the uniform of militaries for use in the

identification of friendly forces [165].
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1.4 Conclusions

Integrated optical devices have sufficient advantages over traditional optical fibre and
bulk optical circuits to make the large investment currently underway into their
development well worth the effort. Planar optical devices, integrated on a silicon
wafer particularly have the advantages of low expense, high integration, and potential

integration with silicon electronic devices.

Optical fibres, while well optimised for long-haul optical telecommunications, are not
appropriate for the optical circuitry used to control, reroute, and modify light,
especially for signals which are not intended to travel for more than a few
centimetres. Due to the increase in complexity of electrical circuitry, it is becoming
clear that optical interconnects will in the future be preferred over the standard wire
connects, especially for distances greater than several centimetres, such as those

between separate circuit boards, as well as on-chip interconnections.

Waveguides, as the fundamental component of any integrated optical circuit, have
been widely studied. In order to couple light in and out of optical waveguides with
high efficiency, the refractive index of the core material should be well matched with
the input system's refractive index, while for high confinement of the optical modes,
and the reduction bend radii and size of the overall circuit, it is desirable that the

waveguide be of a much higher refractive index than the surrounding regions.

Waveguides in silicon, while transparent for wavelengths longer than 1.1pm, are of
no use in the visible region, which discounts SOI as a basis for an IOC in those
wavelength ranges. Other silicon-compatible materials which may be deposited upon
a buffer layer of SiO; include Si;N, and SiON, both of which may be formed by
many methods including PECVD, LPCVD, and sputtering, these are deposition

methods currently in use in standard microelectronic clean rooms.
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Light Emitting Devices in silicon are essential if the link between electrical and
optical circuitry is ever to be realised. Silicon, as an indirect bandgap semiconductor
is a poor light emitter itself. This may be overcome by many methods including those
of microstructuring bulk silicon, through doping with rare-earth elements, through
quantum confinement, porous silicon, and nanocrystalline silicon. Of these,
nanocrystalline silicon shows the greatest stability, with erbium-doped silicon

nanocrystals showing high potential for future commercial devices.

I0C components such as the AWG already provide a significant reduction in the size
of the optical circuit from the bulk components, but photonic crystals permit the
shrinkage of these devices by orders of magnitude beyond that. Photonic bandgaps
operate in 1D, 2D and 3D structures, with 2D photonic crystals etched into
waveguides are well understood and relatively simple to fabricate. The applications
for waveguide bends of a very small radius in particular would permit much smaller

IOCs to be fabricated using PCs.

While some researchers have explored the potential for photonic crystals in light
emitting materials such as the InGaAsP system or porous silicon, there has yet to be a
study on 2D PCs etched into a waveguide of a material incorporating luminescent

silicon nanocrystals. It is toward this area which this thesis has been directed.
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2 The Phased Array Waveguide Grating

As described in the previous chapter, the Phased Array Waveguide Grating (PAWG)
is a prime example of integrated optics which may replace bulk optical components,
and of which there is a promising photonic crystal alternative. In brief summary, the
PAWG is an optical component, composed of slab and ridge waveguides, used to
differentiate wavelength division multiplexed (WDM) signals. It may also be used in
reverse to multiplex signals. In this chapter, the design of the PAWG itself, and the

development of a potential material in which to fabricate it, is described.

2.1 A Matlab Modefinder

To design a system based upon waveguides, it was necessary to first create a
waveguide simulation program. This program must be compatible with the method to

be used for designing the PAWG, in this case the modelling program Matlab.

2.1.1 Modefinder Theory

The method used for waveguide simulation was adapted from Introduction to Fibre
Optics by A. Ghatak and J. Thygarajan [1]. In this method, which is closely related to
optical fibre simulation techniques, a dimensionless waveguide parameter (V) is
found based upon the refractive indices of core (r;) and cladding (n;) layers, the
waveguide core thickness (d), and the wavelength of operation (19). For the purposes
of the simulation, it is assumed that the thickness of the buffer layer is sufficient that

the substrate material has no effect upon guided waveguide modes.

0

(2.1)

A parameter & is defined as,
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(2.2)

where /3 represents the propagation constant, and wis the angular frequency of the
mode. The parameter c is the speed of light in vacuum. For Transverse Electric (

polarisation two equations describe the guided modes for the waveguide.

Stané = H%) —& 2} for symmetric TE modes

(2.3)

and

-&coté = (j(%} -& 2} for anti-symmetric TE modes
2.4
These two simultaneous equations may be solved to find the values for & which

correspond with the particular ¥ found above. Once & is known, the dimensionless

propagation constant b may be found. b is defined as,

b= 182//]"02 _nz2 —1- £
2 2 2
n- —n, V:/4
(2.5
ney ( = Plky), the effective refractive index of the mode is then equal to
Ny = \/nz2 +b(n12 —nzz)
(2.6)

This method may also be applied to find modes with transverse magnetic (TM)

polarisation, using the following two formulae,
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ftané = (.n_’) Hg) - ng for symmetric TM modes
n,
(2.7)
and
2 V 2
~&Ecoté = (f—'-) [(Ej -t J for anti-symmetric TM modes
n?
2.8)

The parameters b and n.y are found in the same manner for TM as for TE modes.

A short Matlab program was written to find the modes for a slab waveguide with the
core and cladding refractive index, wavelength of operation, and core layer thickness
as starting parameters. The program finds the first symmetric and asymmetric TE
modes and the first symmetric TM mode. The Matlab code with all sub-programs for

this program is shown in Appendix A.1.

2.1.2 Waveguide simulations using Wav32

The other method used for waveguide simulations is the Wav32 program developed
by Steve Roberts, previously a PhD student in the Southampton Silicon-based
Photonic group, which has been used for several years as an aid to waveguide design
by members of the group. From the waveguide geometry and details of the refractive
index, the Wav32 program is used to determine waveguide loss and the effective

refractive index of guided modes for slab waveguides such as is shown in Figure

2.1.1 (a).
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Figure 2.1.1 - A (a) slab and (b) rib waveguide

The user interface for the Wav32 program is shown in Figure 2.1.2(a), with the

solutions for TM and TE as (b) and (c) respectively. In the upper section of the

Wav32 interface are the waveguide parameters, showing the name of the layer, the

material from which it is made, the real and complex refractive indices, and the

thickness of the layer. On the right, below the waveguide geometry section, the

wavelength of light guided may be selected. In the lowest section are the results of

the waveguide simulation, with a calculated leakage loss for the slab waveguide. The i
TMO and TEO results correspond with Figure 2.1.2(b) and (c) respectively. These |
figures also show what percentage of the mode energy is carried in the cladding, the

core, the buffer, and the substrate. TMO and TEO are the first guided modes in the

TM and TE polarisation respectively.
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Fig2.1.2 - Wav32 solution for a Silicon Nitride slab waveguide, both TE and TM.

The Wav32 program may be adapted for the analysis of square rib waveguides of the
type shown in Figure 2.1.1 (b), which are as thick as they are wide. This is managed
by carrying out two iterations of the simulation process, substituting nes found in the
first iteration for the core waveguide layer's refractive index in the second iteration, as

is shown for the TE polarisation in Figure 2.1.3.
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Figure 2.1.3 - The use of Wav32 to simulate a rib waveguide
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Potential waveguide materials to be used for AWG fabrication are Silicon Nitride,
Si3Ny (n = 2.02), Silicon-rich Silicon Dioxide, Si:S10, annealed (n = 1.78) and
unannealed (n = 1.62), and Silicon OxyNitride, SiION (1.46 <n <2.02). The
refractive indices stated are ellipsometry measurements from Chapter 3 and from the
section on OxyNitride below. Table 2.1.1. summarises minimum thicknesses for
waveguides formed of these three materials for TE and TM polarisations, as both slab
and ridge waveguides. These minimum waveguide thicknesses are determined by

requiring the loss parameter to be less than 0.5dB/cm. Each waveguide has a buffer

layer of 2.1um, a SiO; cladding layer of 0.2um, and operates at 1.55um.

Material Si3Nyg (n=2.02) S1:S10; (n=1.78) SiON (n=1.6)
TE (slab) 205nm 412nm 718nm

TM (slab) 375nm 625nm 1710nm

TE (ridge) 422nm 730nm 1699nm

TM (ridge) 610nm 966nm 2250nm

Table 2.1.1 - Minimum thickness for waveguides of various materials at 1.55pm using Wav32

2.1.3 Comparison of Matlab modefinder and Wav32 programs

To determine the utility of results from the Matlab Modefinder described in section
2.1.1, its results were compared with those of the Wav32 program. The Wav32
program was developed by Dr Steve Roberts as part of his PhD thesis 4n
Investigation Into waveguiding and Light Emission for Erbium-Doped Hosts
Compatible With Silicon Technology (1996). The results from the Wav32 program
have been used by the Photonics Group at Southampton University for waveguide
design for many years. Its results have been consistently confirmed by both
experimental results and by other commercial waveguide simulation and design

packages. All waveguides have a thickness of 700nm and operate at 1.55um.
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Wav32 Modefinder Matlab Modefinder
Negr TE, TE; ™, TE, TE, ™,
Si3Ny 1.88607 1.52107 1.83615 1.8861 1.5221 1.8362
Si: Si0, | 1.66335 1.43529 1.63476 1.6634 * 1.6349
SiON 1.51988 1.42096 1.51142 1.5206 * 1.5127

Table 2.1.2 - Comparisons of Wav32 and Matlab modefinders.

In each instance, the Modefinder is well within 0.01% of total agreement with the

much more complex Wav32. The instances where a * is used in the place of a

number is when 7. for that mode was below that of the cladding region. The Matlab

modefinder was not designed for that contingency, and these modes are not

considered guided.

Code for the Matlab Modefinder which finds the first TE and TM guided modes'

refractive index, and also the Modefinder which finds the effective refractive index

for a square rib waveguide is shown in Appendix A.2.
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2.2 Design and Fabrication of an Optical Material: SiON

For a silicon-based Integrated Optical Circuit (IOC), the waveguides must be
fabricated in a material with low optical transmission loss, which is fabricated using
silicon-compatible fabrication techniques. SiON was introduced in the previous
chapter as a waveguide material which may be fabricated with a range of refractive
indices ranging from that of SiO; (1.46) to SizNy (2.02). In this section the
development of a SiON fabrication process using Plasma Enhanced Chemical Vapour

Deposition (PECVD) is discussed.

2.2.1 Starting Points

SiON may be approached from two possible starting places: SiO; or SisN,. For
fabrication based upon the Deposition 90 PECVD machine in the Southampton
University Microelectronics Cleanroom, the existing standard processes for SiO, and

Si3Ny are listed in Table 2.2.1 below.

Process SiH4/ | NH;3 N,O Power | Temperature Pressure n

No (sccm) | (scem) | (W) (°CO) (mT)

(sccm)
Si0, 157 0 710 20 300 1000 1.46
Si3Nyg 780 50 0 10 300 505 2.02

Table 2.2.1 - Standard PECVD Silicon Dioxide and Silicon Nitride Processes

2.2.2 Process Development for SiON

The deposition rate for SiO; is 7.7A/s. To bring the SiO; process closer to the Si3Ny4
process, Ammonia (NH3) gas was added to the Silane/Nitrogen (SiH4/N,) and Nitrous
Oxide (N;O) already used for PECVD silicon dioxide deposition. The presumed
effect of this NH; would be to seed inclusion of the N, in which the SiH,; was

delivered into the gas plasma, to enhance the incorporation of nitrogen into the SiON.




The more N, in the SION, the more closely it would resemble Si3Ny, and the higher

the refractive index would be.

The deposition parameters for SiO,-based SION are summarised in Table 2.2.2.
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SiH4/N, | NH; N-O Power | Temperature | Pressure | n Deposition
(sccm) | (scem) | (sccm) | (W) (°C) (mT) rate (A/s)
350 20 375 20 300 1000 1.53 1 12.08

400 20 300 20 300 1000 1.55|11.83

525 20 250 20 300 1000 1.58 | 10.9

615 20 215 20 300 1000 1.6 | 10.57

Table 2.2.2 - Deposition parameters for the SiO2-based SiON process

Figure 2.2.1 shows both measured refractive index and deposition rate plotted against

the ratio of SiH4+/N,O gas flows. Refractive index was measured using a full-

spectrum ellipsometer, with each value of the refractive index taken at a wavelength

of 633nm.
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Figure 2.2.1 - (a) Refractive index and (b) deposition rate for the SiO,-based SiON process.
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The Si;N4 process was similarly modified Increased amounts of N>O were added to

the mixture of SiH; and NHj gasses, to lower the refractive index. The standard

deposition rate for Si;Ny in the Dep90 machine is 1A/s. Summaries of the deposition

parameters for the Si;N, are shown in Table 2.2.3.

SiH4/N> | NH; N,O Power | Temperature | Pressure | n Deposition
(sccm) | (sccm) | (sccm) | (W) (°C) (mT) rate (A/s)
781 50 201 10 300 505 1.68 3.14

777 50 91 10 300 505 1.745 | 2.38

781 50 141 10 300 505 1.75 2.58

780 50 101 10 300 505 1.776 | 2.43

780 50 82 10 300 505 1.777 | 2.242

777 50 78 10 300 505 1.782 | 2.235

780 50 86 10 300 505 1.787 |23

777 50 75 10 300 505 2.03 1.2

Table 2.2.3 - Deposition parameters for the Si3N4-based SiON process

Figure 2.2.2 shows the measured refractive index and deposition rate, plotted against

the ratio of SiH4/N,O gas flows. The refractive index was measured in the same way

as it was for the SiO»-based SiON process samples.
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Figure 2.2.2 - (a) Refractive index and (b) deposition rate for the Si;N,-based SiON process.
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The error bars in Figure 2.2.2 were necessary due to the very erratic flow rates for the
N20. The mass flow controller for that particular gas bottle is designed for operation
around 1000sccm. While it was able to maintain the flow rates at approximately the
values required by the control software, variations of +10sccm were not uncommon.
As a result of these innacuracies in measuring flow rates, it was impossible to

determine at what precise gas flows was located the transition from SiON(n=1.78) to

SisN, (1=2.02).

2.2.3 SiON Waveguides

To form waveguides of SiON, 2.1pum thermal SiO; was grown upon prime silicon
p<100> wafers, which had been chemically treated with an RCA clean. Following
the oxidation a fuming nitric acid (FNA) clean was carried out, and then the core
layer was deposited by PECVD with the gas flows, pressures, and platten power
described in the following paragraphs. The gas flows were deduced from the graphs
shown in Figure 2.2.1(a) and 2.2.2 (a), with the deposition times drawn from Figure
2.2.1 (b)and 2.2.2 (b). After another FNA clean, a cladding layer of 200nm PECVD
S10, was deposited. Finally the wafer was cleaved for optical measurements.
Between each material deposition the PECVD furnace was cooled, cleaned by CF4

plasma, and reconditioned for deposition of the new material.

The SiO;-based SiON waveguide was grown with 450 sccm SiHy, 280 scem N,O,
and 20 sccm NH3, at 20W, 1T pressure for 390 seconds. It was intended that this
waveguide should have a refractive index of 1.56, and a thickness of 450nm. When
the layer had been deposited it was found to have a refractive index of 1.62 and a

thickness of 444nm.

The Si3Ns-based SION waveguide was grown with 780 sccm SiHy, 101 scem N,O
and 50 sccm NH3 at 10W, 500mT pressure for 960s. This waveguide was intended to

have a thickness of 230nm, and a refractive index of 1.78.
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e
. 4

Figure 2.2.3 - Experimental setup for preliminary waveguide transmission measurements

Preliminary transmission measurements were carried out using small lasers which
operated in the visible region of the spectrum. X-Y-Z tables were used to align laser
light focused through a microscope objective into the core of the waveguide. It was
quickly apparent that the Si3N4-based SiON waveguides were of very poor optical
quality, as demonstrated by a laser beam injected into the waveguide not visibly
penetrating by more than 0.5cm. Further investigation showed that PECVD-
deposited Si3N4 was also a very poor optical material. This is attributed to the low
process power, which with only 10W was only half the power of the Si0, process. It
is supposed that this resulted in the inclusion of many more defects than are desirable.
As PECVD Si3N, has been used primarily as an electrical insulating material this was

not a problem that had previously been apparent.

The S10,-based SiON was a superior waveguide material, with the transmission

spectrum shown in Figure 2.2.4.
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Figure 2.2.4 - Transmission measurements for a SiON waveguide with n=1.6 and d=444nm

It was concluded that S10,-based SiON is an acceptable material in which an AWG
might be built for the visible region. The Siz;Ny-based process, while extending the
range of potential refractive indices to 2.02, is not a good waveguide material and is

unacceptable for this purpose.
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2.3 AWG simulation

Using the Matlab modefinder discussed in section 2.1, an AWG design program was
implemented for SION and Si3Nj.

2.3.1 Equations used in AWG simulation

In a thorough treatment of the AWG in his book Fundamentals of Optical
Waveguides [2], Okamoto derived three equations for an AWG of the type shown in

Figure 2.3.1.
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Figure 2.3.1 - Schematic waveguide layout for an AWG design

The first equation specifies the radius of the innermost waveguide bend:
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L
Slal/){ ~(f+8,)cosb,

R, = 3
sing,

(2.9)
where Ry is the radius of curvature of the innermost waveguide, L, is the separation
between the points Q and Q', fis the radius of curvature of the slab waveguide
section, and & is the total number of waveguides in the array. The second equation

specifies the radius of every other waveguide bend, from Rypto Ry.;:

L, .
L —[f+SN +R, +(N—J)A%]cos9i
’ (sind ~0, cosé,)

(2.10)

where Sy is the straight length of the innermost waveguide and 4L is the path length
difference between each waveguide in the array. The third equation specifies the
length of the straight waveguide section connecting point 4; at the slab waveguide

exit to point B; at the start of the curved section,

S, =8, +(R,0, ~RO)+(N - A
2.11)

For the purpose of the waveguide program, certain assumptions are made:

e The central wavelength of operation, A, =1.55um

o The core region is surrounded by cladding of Si0,, n,=1.46

o Sy=0

o Lgup>0.1pm;

o All rib waveguides are square waveguides, with the same width and depth

e There is no spacer between the exit waveguides of the slab waveguide regions

o The AWG is symmetrical in the axis bisecting the line between points O and Q'

e There is no taper in the exit waveguides
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Requiring the waveguide width, core refractive index, number of waveguide
channels, and the channel spacing of the grating, the AWG program is designed to
find the smallest circuit which will satisfy the equations given above, and also have a

reasonably low bend loss (ay,s;), determined by the equation below

P 2 3
™ U 1 2w
T XP T
4aR, ) |VK,W) | w 3k, a’n,’

o, (dB/cm) = 4343

N

(2.12)
Where

U=ak,'n’ =, W=a\B, —k’n’ a =§

(2.13)
and K is the modified Bessel function. The code for the Matlab AWG design
program is listed in Appendix A.3.

2.3.2 The User Interface

A person operating the AWG design program would see on their screen what appears
in Figure 2.3.2 below,

> ThesisAWG

Flease snter yavegudde widoh (nm): 500

Please enter core index: 1.8

Please enter number of phasor channels: 32

Please enter channel gpacing {rm}; 01

walid alpha offgets  bend (um) X {um) T {um) Bend Lossg Japaration {om} Rowg
80,00 34.07 44239, 72 44285, 20 1.36 0,70 1.00
78,00 4865 447336, 85 44451.78 .11 0,50 2.00
75.00 93,25 44473, 62 44524, 10 .72 1.00 3.00
7800 45,80 44548, 53 A4618,58 1.11 1.10 4. 00
75,00 148,81 44550, 27 44898, 41 0,54 1,10 5.00
0D 93,54 44624.83 44690,03 4.7z 1.28 £.00
75,00 200,38 44626.92 44558, 73 0.43 1.20¢ 700

which row to print? {cype "0 Lo exit) : Q

Figure 2.3.2 - The AWG program user interface

Having chosen the waveguide width, core index, number of waveguides, and channel
separation, the user is then given a list of possible AWG designs which they may

select. The parameters displayed are the angle ¢ , the bend radius of the tightest bend
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(Ry), the length and width of the device, the bend loss of the tightest bend, and the
separation of points O and Q' on the waveguide slabs (referring back to Figure 2.3.1).

The value of the angle « is of interest as the input and output waveguides will be
entering and leaving the AWG at this angle. While this does not affect the size of the
AWG itself, it does affect how the waveguide will fit as part of a larger IOC. The
bend loss of the smallest bend radius is the parameter of major interest for choice of

which AWG design to implement.

If no further elaboration of the AWG design is required, the operator should enter '0'
at the next prompt. Alternatively, the user may select one of the AWG designs to
display in more detail by choosing one of the row numbers, listed to the right of the
screen. Once the user has chosen a design, a graphic representation is created to scale
on the screen (Figure 2.3.3). In this representation, each waveguide is of the width
specified by the user. For the purpose of the display, red indicates the straight, green
the curved, and blue the slab sections of the AWG. The user may explore the image,

He Ed vew Insert Took Window Help ‘HE fdt Vew Inmset Tooks Window Help
DeB&a xAA/ (PP Dsgas xAA/|[@OD

x‘lD‘

5r

At

3+

2

1_

ot 20F

25 2 45 1 05 1} 05 1 15 2 25 610 600 590 5680 570 -560 -550 540 530 520

vin®

which is displayed in units of microns.

Figure 2.3.3 - The graphical output from the AWG design program

In addition to the graphic display, the full dimensions of the chosen AWG design is
printed out on the screen, with ail the parameters required for fabrication. For each

waveguide in the array, the angle 6, the bend radius, and the length of the straight
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sections are given in um. The full AWG program user interface, including the

numerical printout for AWG design #5 is shown in Figure 2.3.4.

Command Windaw . —

> Thesisdls
Pleage enter waveguide widrh {nm): 500
Pleage enter core index: 1.6
Pleaze enter nuuber of phazor channsls: 32
Please encey chammel spacing {nm): PRIAY
valid alpha cffsets  bend (um) ¥ bumd To{wm) Bend Loss Separation {om)  Rowf
20.00 34.07 44238.72 44286.20 1.38 3,70 1.00
78,00 43,68 44326, 2F 44451.78 1.11 0. 90 2.00
79,00 99.23 44475, 62 44524, 10 .72 1,00 3,00
78,00 43, 80 44548, 53 44618, 88 1.1 1.10 4,0
73.00 149,81 44550, 27 44586.41 a.54 1.10 5,00
75,00 29,54 44624, 83 44890, 03 0.72 1,20 6.00
75,00 200,38 44625,82 44656, 73 0.43 1.20 7.00
which row Lo print? {type "0 to exwit} : 7
furrent plor held
Cuxrent plot released
n thetaidey) Radins {um} Snraight [um}
dimensions in microms
1,00 178.08 22317, 08 180,27
2.00 174.86 21811.15 1334, 29
3.00 171,566 20902, 16 2448, 72
4,00 188,47 20188, 17 3498,51
5,00 165,27 18467, 41 4488, 76
.00 162.07 18738.33 5421.87
7.00 158,88 17289, 52 £300.85
§.00 155.68 17849.73 T126,85
.00 152.48 16487.87 701,54
10.00 145,29 15713.02 B8625.13
11,00 146,10 14524.41 8297,38
12.00 14121, 48 53917.38
iz.00 13303, 89 10485, 87
14,00 138, 12471, 58 10983.85
15,00 133.82 11624.78 11444, 59
18,00 13012 10764, 1R 11832.48
17,00 126,93 9390, 87 12152, 51
18,00 123.73 2006, 80 12398.80
13.00 12G.54 8113.87 12564.27
20,00 117.34 218,12 12840, 46
21,00 114.158 317,87 12617.31
22.00 110.85 5425.58 12482, 83
23,00 107.76 4547.01 122z2z.84
24,00 104,55 36%92.75 11820.48
25.00 101,37 20876, 46 11255.6%
26.00 28,17 2115.78 10504, 58
27.08 24,98 1433,53 9538.58
28,00 G1.78 859,34 8323, 40
28,00 B88.5%9 431.82 &8317.73
30,00 85.39 208,38 4971.52
31,00 B2.20 231.03 2723.84
32.00 79.00 603, 48 a
Slab waveguide radius {um)
8.37

Figure 2.3.4 - Screen printout of the chosen AWG design
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2.3.3 Use of the AWG in determining design parameters

The AWG design used as an illustration in the previous section is for an AWG with
32 channels, designed in SiON, with a core refractive index of 1.6. The average size
of the eventual AWG design is 44x45mm. If the same AWG is implemented in SizNy
with a core refractive index of 2.02, the size of the AWG does not change
appreciably, although the bend losses for the designs proposed by the design program
do decrease. The printout for the Si3Ny4 designs from the design program are shown

in Figure 2.3.5. The average size of an AWG implemented in Si3Ny is 42x42mm.

Command Window

> TheailsdWh

Pleass enter waveguide width {nmj: 500

Please snter core index: 2.08

Please entsr mmber of phasor chammels: 32

Plepase enter chaomel spacing {ym): L

valid alpha offsets  bend {um) X {um) ¥ {umd Bend Loss Beparation {um) Row¥
$5.,00 6.2 4Z318.83 42520.74 Q.11 100,00 1.00
87.00 45,00 42325.45 4247, 55 .00 100,00 2,80
§8.00 45,58 33327, 5% 42439, 85 0.00 100.00 3.00
82,00 46,85 42385, 40 42407,72 0.08 160,00 4,00
ag. oo 50,00 42319.03 42381.86 D00 laa.nn 5.00

whickh row Lo print? {cype "0 o exit) : i

Figure 2.3.5 - Screen printout for a Si;N;, AWG design

Despite this seeming invariance in size, the refractive index is an important parameter
in the design. If the Matlab modefinder is unable to find a guided mode for a
particular waveguide geometry, the AWG design program is unable to find a solution.
If the same AWG design parameters are attempted for a core refractive index of 1.5 1s
attempted, the program simply crashes. A greater waveguide depth must be
employed. In this case the thickness of the waveguide must be 800nm or greater for

solutions to be possible.

Both designs shown above are for an AWG with only 32 channels. An AWG with
256 channels, which is standard for dense WDM applications, with a channel spacing

of 0.01nm as before, is only slightly larger than for an AWG with 32 waveguide
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channels. For a S13N4 AWG the average dimensions are 45x45mm. The same AWG
implemented in SiION, n=1.6 has dimensions of 49x49mm. Printouts for both SION

and Si3N4 designs are shown in Figure 2.3.6.

»» Theaisi¥G
Flease enter wavemilde width {rm): R0
Pleage enter core index: .02

Plesge enter mumbsr of phasor chanuels: 258

Plesse enney chammel spacing {nw): i3

walid alpha offsecs  bend (um) A fum) T o{um) Bend Lozs Separation {om]  Rowd
85.00 3,88 44792.28 44352, 13 0.03 0.20 1.00

which row to print? {type "0 to exit) : 0

> ThesigdNG

Flease enter waveguide widch {om): 500
Fleass enter core index: 1.5

Pleage enter rmumber of phasor channels: 258
Plesse enter charmel spacing {nm); Ll

valid alpha offsets  bend {um) X fum) T {um) Bend Loss Separation {om} Rowé
72,00 42,08 4811810 43104, 30 1.21 2.60 1.00
71,00 $9.44 48332, 85 43311.52 1.47 2,50 2.00
71.00 1,58 48413.19 43381, 15 0.82 3,00 3.00
71,00 133.75 48485, 83 48450, 78 0. 59 3.10 4,00
70,00 4.03 48555.10 45518.21 4,14 3.20 5.00
7100 185.90 48560.47 48520.41 0,45 3.20 5.00

mhiich row Lo print? {oyps 07 o exig) H a

e

Figure 2.3.6 - Designs for 256 waveguide channel AWGs in SiON and Si;N,

Waveguides of different width have little effect upon the final size of the AWG
design, as is shown in Figure 2.3.7 for waveguides of differing width in SiON,
although a higher refractive index is necessary for smaller waveguide dimensions for
confinement. An observable result is that the broader the waveguide, the smaller the
separation necessary between slab waveguides, though this is not indicative of the

final AWG size.
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Command YWindow

ThesisiG
& enter waveguide width {mm): soa
gage enter coxe index: 1.5
Plesze enter pumber of phasor channesls: 256
Please enter chamnel spacing {nm): WL

yalid alpha offsets  bend {um) % {um} Y {um Bend Lozs Separatiom {cm) Row#
72.00 42,06 43118.140 48104, 30 1.21 2,60 1.00
71.00 22,44 43339, 55 48311, 52 1.47 2,90 2.00
71.00 81.59 48413.19 48361.15 .82 3.00 3.00
71.00 133,75 48486, 83 43450,78 0.59 3.10 4,00
7000 4,03 48555.14 q8519, 21 4,14 3.2n 5.00
71.00 185,30 48580.47 43520, 41 .46 3,20 5,00

which row to print? {[cype "0" to exin) : 0
=> ThesisiWG

Please entey wavequide width {mm}: &00
Please snter core index: 1.8

Plesge snver mumber of phasor channels: 258
Plesze enter chamnel spacing [nm): W01

walid alpha offsetz  bend {um) X {um) ¥ {um} Bend Losa Beparation {cm}  Rovf
34.00 3.27 50256.11 50314.47 z.47 0,30 1.00
85,00 43,04 50237.87 SG306. 62 0,52 .30 2.00
$4.00 5£3.48 50334, 82 50391.30 0,498 .40 3.00
85.00 99.1% 5G317.00 50264.76 D.2% 8,40 4.00

which fow o print? {vype "0 to exit) H 0
»» ThesizdWG

Pleage enter waveguids wpidth {nm}: 00
Please enter oore index: 1.8

Plesze enter muber of phasoy chennels: 258

Please enter channel apaping (nm): L0l

walid alpba offseta bend jun} Ho{um) ¥ {um} Bend Lozza Separation {cn) Rowg
27.04 7.04 52536.10 53215.40 1.01 .10 1.00
£8.00 30,47 52548, 09 53160015 0,758 0,10 2,00
85.00 44,78 52954, 44 53112.00 0,27 g.10 3.00
90,00 50.00 52955, 34 S3071.06 .25 G.18 4.00
31,00 52.11 52850, 59 53037.45 0.24 .10 5,00
92.00 54,23 82941,587 53011.32 0,23 .10 5.00
893,00 56.37 52927.25 52892.79 0.22 0. 10 7.00
94,00 58.54 5Z308.23 52682.01 g.21 4,10 §.00

which row to print? {type 07 to exit) : a

Figure 2.3.7 - The effect of waveguide width upon AWG design

It is the channel spacing which has the largest effect upon the eventual overall AWG
size. For an AWG capable of distinguishing differences in wavelength of .01nm
(such as the ones described above), the size is reasonable. For a waveguide which
operates with a channel spacing of .001nm, the size of the eventual device increases
to 450x450mm. For a channel spacing of 0.1nm, the AWG dimensions are reduced

to 5.5x5.5mm, a much more acceptable scale for an IOC. This is shown in Figure

2.3.7.
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>> ThesisAUG
Please enter waveguide width (nm):

500

Please enter core index: 2.02

Please enter number of phasor channels: 256

Please enter channel spacing (nm): .001

valid alpha offsets bend (um) X (um) Y (um) Bend Loss
85.00 29.01 447372.76 447975.17 0.00

vhich row to print? (type "0" to exit) s 0

>> ThesisiUG

Please enter wavequide width (nm): 500

Please enter core index: 2.02

Please enter number of phasor channels: 256

Please enter channel spacing (nm): .01

valid alpha offsets bend (um) X {um) Y (um) Bend Loss
85.00 9.88 44792.28 44852.13 0.03

which row to print? (type "0™ to exit) i1 1]

»> ThesisAUG

Please enter waveguide width (nmj: 500

Please enter core index: 2.02

Please enter number of phasor channels: 256

|Please enter channel spacing (nm): Th i

valid alpha offsets bend (um) X (um) Y (um) Bend Loss
80.00 6.21 4578.83 4587.52 0.11
81.00 14.32 4580.21 4585.97 0.01
82.00 21.49 4581.17 4585.10 0.00

vhich row to print? (type "0™ to exit) 5 0

>> ThesisiAUG

Please enter waveguide width (nm): 500

Please enter core index: 2.02

Please enter number of phasor channels: 256

Please enter channel épacing (nm): 1

valid alpha offsets bend (um) X (um) Y (um) Bend Loss
52.00 0.40 595.19 590.28 2.49
45.00 4.50 657.47 634.70 0.22
46.00 14.51 659.37 634.74 0.01

which row to print? (type "0" to exit) H |

Figure 2.3.8 - The effect of channel spacing upon AWG size

Separation (cm)
1.80

Separation (cm)
0.20

Separation (cm)
0.10
0.10
0.10

Separation (cm)
0.20
0.30
0.30

Row#
1.00

Row#
1.00

Row#
1.00
2.00
3.00

Row#
1.00
2.00
3.00
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2.4 Conclusion

In this chapter, conventional planar optical components were explored, with the
AWG as a prime example of a successfully implemented integratable optical
component. In the first section, the use of Matlab to find the effective index of a
waveguide with known core refractive indices was demonstrated. The Matlab
modefinder was accurate to within 0.1% of more complex simulation packages such
as Wav32, with which the Matlab modefinder was compared. The Matlab

modefinder was shown to be useful to simulate both slab and rib waveguides

A process for the development of SiON, a material which may be deposited with a
range of refractive indices from 1.46-2.02, was formulated. This process was shown
to produce good optical material for the process derived from PECVD SiO,, but
resulted in poor waveguides for the process derived from Si3N4. The SiO,-based
SiON process made optical circuits possible with a core refractive index ranging from
1.46-1.6. A waveguide was deposited with the maximum refractive index and

transmission measurements were carried out.

In the third section of this chapter the Matlab modefinder developed at the start of this
chapter was put to use as part of a program for the design of AWGs. The use of this
program was demonstrated for waveguides of differing thickness, refractive index, for
AWGs composed of different numbers of waveguides, and for AWGs designed for
WDM with different channel spacings.

It is widely accepted that the AWG is extremely difficult to fabricate, and we made
no attempt to do so. Fabrication difficulties include the extremely precise etch
techniques which would be necessary to form separate waveguides at the exit of the
slab waveguide such as those shown in Figure 2.4.1, and the extremely small

tolerances required to gain the desired output from the AWG.
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Figure 2.4.1 - Close up of the output section of an AWG slab waveguide

While planar optical components such as the AWG are much smaller than their bulk
counterparts, they are still tricky to fabricate. They are also much larger than
photonic crystal elements such as the superprism described in Section 1.3.2. The
potential applications of photonic crystal as compact optical components in silicon-

based optical circuits are sufficiently interesting to prompt further study.
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3 Silicon-Rich Silicon Dioxide

As described in Chapter 1, silicon (Si), as an indirect bandgap material, is a poor light
emitter through standard electron-hole recombination. Of the many methods used to
overcome this, luminescent silicon nanocrystals suspended in a matrix of silicon
dioxide (Si0O,) are a promising approach. A major advantage to this approach is that
the manufacture of silicon nanocrystals does not require the use of dopant materials

not usually found in a standard microelectronics cleanroom.

Silicon nanocrystals (Si-nc), with diameters of several nanometers, possess a semi-
ordered structure unlike either crystalline or amorphous silicon [1].
Photoluminescence (PL) from Si-nc, which has been stimulated by a laser operating
at wavelengths shorter than 550nm, is over a broad band of wavelengths from 600-
1100nm. The mechanism by which the PL is emitted from the Si-nc is not a matter of
consensus, with some groups believing it to be attributable to quantum confinement

while others prefer a model involving recombination at defect states on the interface

between the Si and the SiO,.

The work carried out in this, and the following chapter, was organised into batches
for similar work, described by such names as 12140, for example. Full listings of the

work carried out upon each wafer in each batch may be found in Appendix D.

3.1 Nanocrystalline Silicon Fabrication

The method used in this thesis to form Si-nc was adapted from a paper published by
Iacona et al. [2]. The method used in their 2000 paper for creating luminescent
silicon nanocrystals by Plasma Enhanced Chemical Vapour Deposition (PECVD)
involved modifying the flow ratios of silane (SiH4) and nitrous oxide (N>O) used in

standard PECVD Si0,, as is summarised in Figure 3.1.
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Figure 3.1.1 - Table showing the use of modified flow ratios in altering Si incorporation [2]

Adapted from Tacona's work with the assistance of Mr. Mike Josey, an initial recipe
for Silicon-Rich Silicon Dioxide (SRSO) was attempted in batch number 12062. The
total gas flow in the Dep 90 PECVD furnace was 650 sccm with a ratio (y) of
N,O:SiH, equal to 6. The SiH, used, unlike the SiH4 used by lacona, was diluted to
5% SiHy in N, as the highly dangerous undiluted SiHj, is not legal in the UK. All
samples in batch number 12062 were annealed for an hour at 1150°C in a Nitrogen

(N,) atmosphere.

The gas flows for SiH4/N; and N,O were determined using the simultaneous

equations shown below:

20x +y =650 X =y
(3.1)
x = SiH, gas flow y=N,0 gas flow

SiH4N, = 1:19 SiH, + N, gas flow = 20x
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Wafer | SiH#/N, | N,O v | Power | Temperature | Pressure | Anneal | Anneal

# (sccm) | (sccm) W) O (mT) Time Temperature
1:19 () °0)

1,2 500 150 6 |20 300 505 1 1150
448 202 9 |20 300 505 1 1150

4 406 244 12 | 20 300 505 1 1150

5 371 279 15120 300 505 1 1150

Table 3.1.1 - Processes for PECVD deposition of SRSO, batch r2062

The effect of the anneal upon the wafers in batch 12062 is shown in Figure 3.1.2.
Photographs were taken of each wafer before and after the anneal. The dark dot and
line in each figure are not features, being reflected images used in each photograph to
ensure a consistent angle of observence. The shift in colour from a green-yellow to

the characteristic red tinge of Si-nc may easily be observed.

R2062

Scm (approx)
#2 #3 #4 #5

Figure 3.1.2 - Photographs demonstrating the colour change for wafers from batch R2062

Following promising results from initial P measurements, a second batch numbered
r2140 was commenced, this time with a deposition pressure of 1000mT, which is the
pressure used in the standard SiO, deposition process. Batch r2140 was designed in
part to explore deposition of silicon-rich silicon nitride (Si3N4), but these samples

failed to display any photoluminescence.
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Photoluminescence spectra were taken for the Si-rich SizNy both at room temperature
and at 60K, using a 514nm wavelength Argon Ion laser. None of these resulted in
photoluminescence beyond that caused by various semiconductor filters. It was thus

concluded that silicon nanocrystals formed in Si-rich Si3N; were optically inactive.

Other wafers making up batch 12140 were used for an exploration into the effects of
various anneal conditions for Si-rich Si0,. All S1:Si0, wafers were deposited to an

exact repetition of the deposition conditions for 12062#3 (y = 9), which had been the
recipe which proved the most brightly luminescent in batch number r2062. Samples

were then annealed for varying time periods at the temperatures listed in Table 3.1.2.

Wafer | Deposition | Anneal | Anneal n Layer
# Time Time | Temperature Thickness
(mins) () O (nm)

6 15 0.5 1150 1.79+£0.04 | 513+14

7 15 1 1150 1.784¢0.02 | 513+9

8 15 3 1150 1.7840.12 | 506+40

9 15 1 1200 1.80+0.02 | 506+11
10 15 0 - 1.62+0.02 | 398+16

Table 3.1.2 - Processes for exploring the effect of varied anneal conditions, batch r2140

The values for layer thickness and refractive index given in Table 3.1.2 were
measured using the ellipsometer in the Southampton University Microelectronics
Centre (SUMC). Unlike the ellipsometer used for refractive index measurements of
the S1ION described in the previous chapter, the ellipsometer used for this purpose
was a single-wavelength ellipsometer operating at 633nm. These measurements were
repeated at intervals over the subsequent two years, and the measured average result

was consistent to 3 significant figures.

Other attempts were made to determine the thickness of the SRSO layers through the

matching of measured reflectance fringes to theoretically calculated ones. This was
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not found to be a practical method, due to the large number of variables to be juggled;
it was a lengthy task to match the thicknesses of three layers, with one of them an
unknown refractive index. SEM imagery, another potential method for determining

thickness, was found to be of too low resolution to distinguish SiO2 from SRSO

layers.

A study into the effect of the anneal upon the refractive index and thickness of the
layers is summarised in Figure 3.1.3 below, batch number k2351. The samples
shown below were samples of SRSO deposited directly onto the surface of a silicon
wafer at a pressure of 500mT. The change in refractive index due to the anneal
occurs within the first 30 minutes of that anneal. Annealing beyond the first 30
minutes causes a slight reduction in the raised refractive index. The sample with the
highest silicon incorporation, the sample with the gas mixture 500/150 of SiH4/N,O (y
= 0), exhibited the largest change of refractive index, of 12-13%. The gas mixture
with the lowest silicon incorporation (y = 15) exhibited the smallest change in

refractive index, of 2-3%.

Change in refractive index with anneal Change in thickness with anneal
114 - 1.4 g
112 e - 2121 T
5 X s
] 1.1 o ) I o T
T l“ s €12 ',.f
£ !
iy Il /
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£ A { /
E 102 . '\ f —a— 0G24
© ] E 05 ‘«;‘f — e 3714275 | —
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1] 2 4 [ g 10 0 2 4 g 8 143
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Figure 3.1.3 - Effect of an anneal upon (a) the refractive index and (b) the layer thickness

While the change in refractive index is strongly linked to the silicon incorporation,
this is not the case for the change in the layer thickness. The change in thickness of
SRSO layers during an anneal is not a function of the silicon incorporation. The

thickness of the layer of SRSO also remains constant for prolonged anneals once the
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initial increase in thickness has occurred. This implies a very rapid change in the
material properties of SRSO as a result of reaching the required temperature for

activation.

Later batches, numbered r2198 and k2351 (see Appendix D for full listings), involved
fabrication of waveguides of SRSO. Waveguides of approximately 450nm SRSO
were deposited onto Si wafers which had been thermally oxidised to a thickness of
2.1uym. A cladding layer of 210nm PECVD SiO, was deposited onto the top surface
of the whole structure. The typical geometry of the waveguides fabricated is shown
in Figure 3.1.4. Following the deposition stages, the whole waveguides were

annealed at 1150°C for durations varying from 0-10 hours.

[ | Cladding (210nm Si0Z)
. (Waveguide (450nm SRSO)
iz

Buffer (510
‘Substrate (Si)
Figure 3.1.4 - Geometry of SRSO waveguides for batch r2198

After waveguide fabrication, some wafers were processed further, as is described in
Chapter 4, though some regions on the processed wafers remained unaltered . Three
types of SRSO were used in the waveguide structures, which are described in Table

3.1.3 below,

Type | y n Thickness | Annealed | n Thickness
(N20/SiH,) | (before) | (A, before) | for (h) (after) (A, after)
9 1.605 4345 0.5,1,3,6 1.685 5720

B 12 1.575 4524 0.5,1,3,6 1.576 3850

C 15 1.547 4621 0.5,1,3,6 1.528 4047

Table 3.1.3 - Refractive index and thickness for SRSO waveguides from batch k2351

In summary, wafers of type 'A" had waveguide cores of SRSO of the type first

deposited on wafer 12062#3. Type 'B' had a waveguide core which repeated the layer
on wafer 12062#4, and Type 'C' had a waveguide core which was a repeat of r2062#5.

Core refractive indices and thicknesses were inferred from ellipsometry
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measurements taken for small "check" pieces of silicon which were placed in the
PECVD machine with each deposition stage, and were subsequently annealed with

the waveguides.
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been annealed for 1 hour, and over 8x the intensity of the sample which was annealed
for only half an hour. The unannealed sample did not under any circumstances emit

any photoluminescence.

Wafers from batch k2351 were annealed for times ranging from half an hour to 10
hours. It was found that a sample which had been annealed for 2 hours was almost
twice as strongly luminescent as one which had been annealed for half an hour. A
sample which had been annealed for 4 hours was over 4x as strongly luminescent as
one which had only been annealed for half an hour. However, a Si-nc sample which
had been annealed for 10 hours was only slightly more luminescent than the 4-hour
sample. These results are shown in Figure 3.2.2 (b). The Si-nc samples used for
these measurements were the ones containing the highest silicon incorporation, with y

=6.
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Figure 3.2.2 - The effect of increased anneal time upon photoluminescence intensity for (a) a 0-3
hr range in anneal times (r2140) and (b) a 0.5-10 hr (k2351), all annealed at 1150°C

The graphs in Figure 3.2.2 show that a longer anneal time results in an increase of PL
intensity from the same pump conditions. While unannealed waveguides exhibit
no measurable PL, after only 30 minutes anneal at 1150°C PL is observed in a broad

band from 600-1050nm. Photoluminescence from a Si wafer with a layer of Si-nc
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deposited upon it may continue on past the cutoff of a silicon detector, to 1150nm, as
is shown in Figure 3.2.3 below, which shows how the PL from a layer of Si-nc varies

with the pump power.

11—
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pump :50 deg
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Figure 3.2.3 - Pump power-dependent photoluminescence measurements from Si-nc

For the measurements presented in Figure 3.2.3 above, a 532nm laser beam was
focused onto the surface of wafer r2062#3, as is shown on the right of the graph, and
the photoluminescence from the surface was guided into a spectrometer. It was found
that an increase of pump power resulted in an increase in PL intensity, as expected,
but also that at high pump powers a second feature around 1050nm appears. Above
approximately 400mW pump power it appears that a saturation in the PL emission
intensity occurs, with increases in pump power to 650mW and 900mW resulting in no
significant increase in photoluminescence emission intensity, although the second
peak around 1050nm shows continued increase in its emission intensity. The feature
at 1050nm is not visible in waveguides of SRSO containing Si-nc, as is shown in

Figure 3.2 .4 in the next section.

3.2.1 Photoluminescence from Si-nc in a waveguide structure

In order to determine the photoluminescent properties of SRSO waveguide samples, a

30mW beam from an Argon Ion laser (A=514nm) was focused into a spot of
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approximately 20um diameter on the surface of the waveguide and used to photo-
excite the SRSO. This power density was used because the active layer is so thin at
normal incidence, and the absorbing Si nanoparticles fill <1% of the volume (see
Fig3.3.3), leading to inefficient optical pumping in this geometry. The resulting
photoluminescence was collected at the edge of the waveguide and collimated using a

90x microscope objective. This light was then coupled into a spectrometer, as is

shown in Figure 3.2 4.
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Figure 3.2.4 - (a) Pump power-dependent photoluminescence measurements from waveguide of
SRSO with the pump geometry (b) and a graph plotting (black curve) the normalised area under
the curves (c¢). The red line in this figure is a best fit line.

The results shown in Figure 3.2.4 (a) are for waveguides of type 'A' as described in
Table 3.1.3, with waveguide cores of SRSO, y=9. It may be seen that unlike the PL
spectrum of a layer of SRSO containing Si-nc which has been deposited directly onto
a Si wafer, there is no second peak at 1050nm appearing at higher pump powers.
Again, higher pump powers result in stronger PL intensity, but as before a 2x increase
in pump power does not result in a greater than 2x increase in PL emission. It also
appears that saturation of PL emission intensity occurs around SO0mW, as a further
increase of pump power to 900mW yields no improvement in PL. emission intensity.
The area under the curves, plotted in Figure 3.2.4 (¢) increases linearly up to 100mW,

after which it levels off towards saturation.
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Figure 3.2.5 shows how the wavelength of peak intensity of PL from Si-nc varies
with the silicon incorporation into the SRSO layer. In this graph, A, B, and C refer to
the types of SRSO waveguide core layer described in Table 3.1.3.
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Figure 3.2.5 - Photoluminescence spectra for SRSO waveguides showing the redshift in peak
intensity wavelength with increasing silicon incorporation into the core layer

Of the samples shown in Figure 3.2.5, Sample 'A' has the highest silicon
incorporation in the core layer, and Sample 'C' the least silicon. This is reflected in
the refractive index of the core layers both before and after the anneal. Figure 3.2.5
shows how, with greater silicon incorporation into the core layer of the waveguide,
the wavelength of photoluminescence peak intensity shifts towards longer

wavelengths and therefore towards lower energy.
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Figure 3.2.6 - Experimental setup for measuring how propagation distance affects the measured
PL spectrum

A final set of photoluminescence spectra were taken to study how the distance of the
excitation spot from the waveguide facet affected the measured PL spectrum, as is
shown in Figure 3.2.6. These PL measurements were polarisation-dependent. The
sample used for this was a waveguide of type 'A' SRSO which had been annealed for
an hour, as part of the photonic crystal batch 12198 (to be described in Chapter 4).
There was no particular reason why one hour should be chosen over a longer or a
shorter anneal duration. One hour was the anneal time used for all the early SRSO
batches, before the results from R2140 had been assimilated, and before it was known

that PL emission intensity was increased by increasing anneal duration.

This particular sample, R2198#5 100, had been unaffected by the photonic crystal
patterning process (to be described in Chapter 4). Figure 3.2.7 (a) shows the TE-
polarisation measurements for a waveguide as the excitation spot is moved away from
the facet in increments of 0.18mm. Figure 3.2.7 (b) shows the first three
measurements for TE (solid) and for TM (dashed) as the excitation spot was moved
away from the facet; the greatest intensity was recorded with the emission spot placed

at the facet.
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Figure 3.2.7 - Photoluminescence spectra showing diminishing PL intensity for increasing
distances of the excitation spot from the facet for (a) TE only and (b) for both TE and TM

polarisations.

It may be seen from Figure 3.2.7 (a) that as the excitation spot for the PL is moved
further and further into the waveguide, the intensity of the measured
photoluminescence is not only decreased, but the wavelength of peak intensity is also
shifted towards longer wavelengths. Some of the loss in PL intensity is attributable to
geometric effects, but it is clear that the waveguide itself is absorbing the higher
energy light at wavelengths below 700nm. In addition, the PL emitted from the Si-nc
is different for TE and for TM polarisations. The TM-polarised light was found to
have a slightly shorter wavelength of peak intensity than the TE-polarised light, also

with lower light intensity.
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3.3 SRSO-Core Waveguide Transmission Measurements

It was clear from the photoluminescence spectra in Figure 3.2.7, that waveguides of
Silicon-Rich Silicon Dioxide (SRSO) absorb the shorter wavelength section of the
visible spectrum. As was described in Chapter 1 of this thesis, waveguides are
fundamental to the operation of an integrated optical circuit in the same way as wires
are to an integrated electrical circuit. An optical circuit to be made from luminescent
silicon nanocrystals will have the waveguide as its fundamental element. There are no
broadband measurements available in the current research literature setting out the
critical transmission properties of waveguides of SRSO. These properties, essential

to the fabrication of integrated circuits in SRSO, are reported in this section of the

thesis.

Waveguides of SRSO were fabricated as was described in Section 3.1 above. Table
3.3.1 is a duplicate of Table 3.1.3, repeated here for convenience. The waveguide
geometry is shown in Figure 3.1.3, and consists of 2.1um of thermally grown SiO;
upon a Si substrate. Approximately 450nm SRSO was deposited by PECVD onto the
cleaned surface of the thermal SiO,, followed by a deposition of 210nm of PECVD
Si0,. After the deposition stages, the wafers were cleaned and annealed at 1150°C

for the times detailed in Table 3.1.3 and its duplicate, Table 3.3.1.

| Type | y n Thickness | Annealed | n Thickness
(N,0/SiH,) | (before) | (&, before) | for (h) (after) | (A, after)
A 9 1.605 4345 0.5,1,3,6 1.685 5720
B 12 1.575 4524 0.5,1,3,6 1.576 3850
15 1.547 4621 0.5,1,3,6 1.528 4047

Table 3.3.1 - Measured refractive index and thickness for SRSO waveguides, batch k2351
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Using the Wav32 program introduced in Chapter 2, the transmission properties of the

annealed and unannealed waveguides described in Table 3.3.1 were modelled. The

program interface and mode intensity profile for an annealed waveguide of type 'C' is

shown in Figure 3.3.1. Waveguide transmission loss is described in Table 3.3.2

below for several wavelengths of interest. 600nm is the wavelength below which Si-

nc do not emit photoluminescence. 800nm is approximately the wavelength of peak

PL intensity for Si-nc. 1100nm is the bandgap wavelength of silicon, and 1550nm is

the wavelength at which optical fibre communications most commonly operate. All

results shown in Table 3.3.2 are for the TE polarisation.

Type Annealed | n t Waveguide Loss (dB/cm)

(y/m) (A) 600nm 800nm | 1100nm | 1550nm
A n 1.605 4345 0.00 0.002 0.74 38.397
A y 1.685 5720 0.00 0.00 0.002 0.946
B n 1.573 4524 0.00 0.017 3.041 71.734
B y 1.576 3850 0.00 0.045 6.513 106.821
C n 1.547 4621 0.00 0.145 10.681 | 117.999
C y 1.528 4047 0.016 2.037 43.851 | 206.458

Table 3.3.2. - Calculated waveguide transmission loss for SRSO waveguides
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Figure 3.3.1 - Calculated waveguide transmission loss of SRSO waveguides using Wav32

The effective refractive index for guided modes in annealed waveguides of type 'A’,
'B', and 'C' were modelled using a plane wave expansion technique by Dr. Martin
Charlton. The results (shown in Figure 3.3.2) illustrate how the effective refractive
index of the guided mode decreases towards the refractive index of the cladding
layers, at which wavelength the mode is no longer guided, known as cufoff. The
waveguide mode in which we are most interested is the fundamental mode (blue
lines). The red and green lines show other waveguide modes, with cutoff

wavelengths much shorter than that of the fundamental mode, which are not of

relevance to this work.

Figure 3.3.2 (a) shows how a waveguide of type 'A' is multimode for guided light
with a wavelength below 800nm, and continues to guide light well beyond 1550nm.
Figure 3.3.2 (b) shows how a waveguide of type 'B' will still guide light at 1550nm,
but that it is very near cutoff. Figure 3.3.2 (c) indicates that a waveguide of type 'C'
will not guide light with a wavelength longer than 1100nm.
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B, and (c) C.
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A model for the transmission properties of a waveguide layer of SRSO type 'A' was
carried out by Prof. Jeremy Baumberg, which assumes a waveguide uniformly loaded
with different densities of silicon. The optical data for Si was taken from an
interpolated table of optical constants for silicon, by Don Groom published in SPIE in
1998. Figure 3.3.3 (black line) shows the fit for 0.06% of silicon in the waveguide.
The red line is the measured waveguide transmission for a waveguide layer of type

'A', which has been included in this graph for comparison.

2k
g
E 4
wn 4L
s 7T
= 2/ — Measured SifSio
— SifSi0 waveguide .0006 loaded
0 I —
600 700 800 900

Wavelength (nm)

Figure 3.3.3 - Calculated transmission of type 'A' SRSO waveguides (black line) and measured
transmission results (red line)

3.3.2 Transmission Measurements of SRSO Waveguides

Waveguide transmission measurements were carried out using an ultra-broadband
continuum generated from a nonlinear photonic crystal “holey” fibre. The fibre was
pumped using the 150fs A=1100nm idler output from a pulsed optical parametric
amplifier derived from a regeneratively amplified Ti:sapphire femtosecond-pulsed
laser. The resulting super-continuum ranged from 600nm to 1600nm in wavelength
and was tightly focused into the core layer of the SRSO waveguides. The transmitted
light was measured using both a peltier-cooled Si CCD (500nm — 1100nm) and an
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InGaAs infrared detector (900nm — 1800nm) in order to cover the full spectral range.
A reference beam was routed around the waveguide to allow the relative

transmittance spectra to be accurately derived. The experimental setup used in these
experiments is shown in Figure 3.3.4 below, with the inset showing how XYZ tables

were used to focus the supercontinuum into and out of the waveguide..

AT

Spectrometer

Figure 3.3.4 - Experimental setup for transmission and photoluminescence measurements

Figure 3.3.5 shows the transmission spectra for through each waveguide type which.
has been annealed for 1hr (solid line), transmission through an unannealed waveguide
(short dashed line), and the photoluminescence (long dashed line), each for the same
waveguide sample. It may be seen that the unannealed waveguide has much better
transmission properties in the visible portion of the spectrum, although it exhibits no
photoluminescence, while the annealed waveguides have improved waveguide
transmission in the IR portion of the spectrum. The photoluminescence spectrum of
each sample has been appended to each graph in Figure 3.3.5 to illustrate how closely
the absorption losses at shorter wavelengths matches the onset of the

photoluminescence.
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Figure 3.3.5 - Transmission spectra for annealed and unannealed SRSO waveguides of type A, B,
and C. Photoluminescence data is also appended to each graph.

The visible transmission measurements for a waveguide of type 'B' SRSO which had

been annealed for 1 hour appear to be very poor. In fact, the waveguide trasnmission

for this waveguide portion was much better than the other annealed waveguides, so

much so that the collection time had to be reduced by 3/10 to avoid saturating the

silicon detector. This was not an 1ssue with the other sets of measurements.

Focusing upon the visible portion of the spectrum, data comparing visible

transmission spectra for waveguides which have been annealed for differing lengths

of time 1s shown in Figure 3.3.6. The waveguides used for this study had waveguide

cores of SRSO type 'A’, and were annealed at 1150°C for durations ranging from 0-6

hours.
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