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Abstract 
 
 
 
 
The last two decades have witnessed a large increase in capacity in 
telecommunication systems, thanks to the development of high bandwidth, fiber optic 
based networks. Nevertheless the continuing growth of Internet data traffic, fuelled by 
the development of numerous services like on-line commerce, video on demand, large 
audio/video files downloads, demands for a significant increase in the ability of the 
network nodes to manage incoming and outcoming data streams effectively and fast. 
The different functionalities that are needed include add/drop channel multiplexing, 
routing, signal reshaping and retiming, electrical/optical and optical/electrical 
conversion. This has stimulated a large effort towards the investigation of 
technologies for opto-electronic integration at a wafer level, in order to cope with all 
the required operations, while limiting overall costs. Among the different approaches 
proposed, one of the most promising is the “Silicon optical bench”, which relies on 
the well established VLSI technology for the microelectronics part and on planar 
lightwave circuits (PLCs) made either with silica-on-silicon waveguide technology 
(low index contrast) of amorphous silicon technology (high index contrast) on the 
integrated optics side.  
This thesis presents the development of new techniques and methodologies utilized in 
photonic device fabrication, which can be used to facilitate integration of temperature 
sensitive elements. The process is based on low temperature, plasma assisted, thick 
film deposition. First, a low temperature (300°C) deposition process based on Plasma 
assisted Chemical Vapour Deposition (PACVD) for the fabrication of silica based 
Planar Lightwave Circuits (PLC) is developed. The low thermal budget lends itself to 
monolithic integration with devices fabricated with different technologies. Absorption 
bands at around the wavelengths 1.48µm and 1.51µm caused by N-H and Si-H bonds 
within the material, respectively, had previously been thought to be intrinsic to the 
PACVD deposition method, when using N2O as oxidant gas of SiH4 and the other 
dopant precursors. The traditional method to eliminate these absorption bands was 
high temperature (>1000°C) annealing that seriously hinders device integration. An 
important achievement in this thesis is the improved suppression of these two 
absorption bands while keeping the whole fabrication temperature below 300°C and 
also having a high deposition rate. A complete fabrication process for silica planar 
lightwave circuits was also developed, by optimising the photolithography and 
etching step. Finally the effect of dopants like Ge and B on the optical properties of 
the deposited silica glass was investigated, with particular emphasis to the 
photosensitive properties of the material upon illumination in the near UV. UV 
trimming is shown to be a versatile method to selectively control polarization 
birefringence of devices. Transmission dips of above 50dB were achieved in photo-
induced gratings in low temperature deposited B-Ge codoped waveguide cores, 
without the need for hydrogen loading or other sensitisation techniques. The 
application of a high refractive index like amorphous silicon is addressed for the 
realization of efficient Bragg reflectors, either as vertical cavity laser mirrors or as 
dispersive element for planar waveguides used in highly selective co-directional 
coupler filters. Applications of amorphous silicon as core material for photonic crystal 
devices are also shown. The investigations carried out in this thesis show that PACVD 
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technology can provide low-loss and UV sensitive material suitable for realizing a 
variety of low cost integrated devices for future all optical networks. 
 
 
Keywords: silica-on-silicon technology, PACVD, plasma deposition, photonic 
integrated circuits, planar lightwave circuits, UV Bragg gratings, photosensitivity, 
add-drop multiplexers 
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Chapter 1 
 
 

Introduction 
 
 
1.1. Background  

 
The rapid increase of data traffic across optical fiber links, supported by the 
development of a web based economy, places higher demands on the performance of 
the whole telecommunications infrastructure, in terms of capacity and flexibility. 
The main transformation that derives is the transition from a collection of point-to-
point links to a single and complex network in which each node must perform many 
new operations apart from the optical to electrical conversion of the channels to be 
dropped. Signal reshaping and retiming, routing, add/drop channel multiplexing, are 
examples of this new functionalities that each node must have and they must be 
performed without the speed and cost limitations of an optical/electrical and 
electrical/optical conversion. 
After initially using a collection of discrete components interconnected either by 
optical fibers or by lenses, the natural evolution to reduce the cost of implementation 
is the introduction of photonic integrated circuits (PIC), in which all functions are 
either hybrid or monolithic integrated in a single chip. A valid candidate for the 
platform on which PIC can be developed is the "Silicon Optical Bench" [1] in which 
silica-on-silicon is the technology of choice for the passive optical circuit. The many 
advantages offered by this choice include very low in- and out-coupling loss between 
the silica waveguides and optical fibers, without additional lens elements, very low 
propagation loss in waveguides [2-4], good environmental stability, polarization 
transparency, natural compatibility with Silicon VLSI and MEMS industrial 
fabrication processes on large substrates [5]. To target monolithic integration of all 
the necessary functions on a silicon substrate, a fundamental requirement is thermal 
budget compatibility between the different technologies that may be employed. In this 
respect a low temperature deposition process, for the passive optical circuit, based on 
Plasma Assisted Chemical Vapor Deposition (PACVD) [6-8] can play a fundamental 
role. On the other hand, the standard process includes in the end a high temperature 
annealing step (>1000°C) of the deposited films, to consolidate and homogenize the 
material and to eliminate residual hydrogen incorporated during the deposition 
process [6]. This step may be detrimental for other devices previously fabricated on 
the chip, with which the passive optical circuit must be integrated. 
It is shown in this thesis that with the proper deposition parameters, one can obtain 
SiO2 and Ge doped SiO2 films with low optical loss and without the usually observed 
absorption bands at around the 1.48µm and 1.51µm wavelengths, with tails down to 
the C bans, related to vibrational states of H terminating bonds with Si and N [6], 
without the necessity of high temperature post fabrication annealing. The 
incorporation of N and H inside the SiO2 film comes from an insufficient presence in 
the gas phase of oxygen radicals, to oxidize silane, which is the Si gas precursor. This 
opens new possibilities for monolithic integration with temperature sensitive active 
components, which is vital for realizing functional PICs for optical communications. 
Together with high optical transparency, the other important aspect to increase the 
range of applications of the silica technology is the photosensitivity of the Ge-doped 
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silica upon UV illumination. This effect is amplified when B is added as a codopant. 
The possibility of in chip direct optical path trimming and generation of wavelength 
selective filters based on periodic modulation of the refractive index, makes this 
technology extremely flexible and the overall fabrication process cost competitive. No 
photosensitization techniques were used on the deposited material. 
Finally it is possible to deposit a high refractive index material like hydrogenated 
amorphous silicon (a-Si:H), having high optical transparency at 1.55µm. This high 
index material is extremely useful in the fabrication of multilayer Bragg reflectors and 
photonic crystals based devices.  
 
 

 
1.2. Thesis Objectives 

 
The main objective of the thesis was to develop new processes for the realization of 
silica on silicon advanced photonic integrated circuits, with particular emphasis of 
compatibility with monolithic integration of devices made with alternative 
technologies, in order to expand the functionalities provided by current PLCs. This 
leads to the choice of plasma assisted processing and to the subject of investigation of 
this work. In the past these processes were characterized by an important drawback: 
the high level of hydrogen incorporation in the deposited material, which could be 
eliminated only by an high temperature annealing (>1000°C). This problem has been 
addressed and solved with a proper tuning of the deposition parameters. In particular 
the main goals of this work were: 
• Development of a low temperature PACVD process for the deposition of highly 

transparent Ge-doped and B-Ge-codoped silica thick films 
• Development of the entire fabrication process for silica based PLCs 
• Investigation of the UV photosensitivity of Ge-doped and B-Ge-codoped silica. 
• Evaluate the application of hydrogenated amorphous silicon (a-Si:H) as a material 

for integrated optics. 
 
Process development includes optimization of the material and then optimization of 
the fabrication process. The material investigation requires the utilization of proper 
characterization techniques. For this reason another important part of the activity was 
to practice the use of advanced measurement tools like Fourier Infrared Spectroscopy, 
Raman Spectroscopy, UV spectroscopy, X-ray photoelectron spectroscopy, which 
give insight with respect to the glass network structure and distribution of chemical 
bonds. 
From the point of view of the fabrication development, photolithography and deep 
reactive ion etching were investigated in order to optimize the geometry control of the 
optical circuit, then, in case of a-Si:H based photonic crystals e-beam lithography and 
nano-holes etching was optimized. 
 
 

 
1.3. Structure of the Thesis 

 
Following the objectives, this thesis is divided essentially in two parts: in Chapter 2 
the problems related to material development, from the point of view of the high 
optical transparency and photosensitivity are addressed. The various characterization 
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techniques are first introduced with reference to the application considered here. Then 
the effects of the deposition parameters of the PACVD equipment on the material 
quality are evaluated. 
In Chapter 3 the fabrication process is addressed, with application to either silica 
waveguides, having Ge or B-Ge doping in the core, or a-Si:H photonic crystals based 
devices. 
Finally in Chapter 4 the conclusions of the work undertaken are drawn and in Chapter 
5 the appended papers are introduced. 
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Chapter 2 
 
 
 

Deposition Technology 
 
 
 
 
2.1 Plasma Deposition Technology applied to PLCs 

 
The typical thickness of a silica PLC, buffer, core plus top cladding, is around 35µm 
and the films must be dense, homogeneous, uniform in thickness and refractive index 
over the deposition area and have very good transmission for the optical 
communications spectral window between 1.3µm and 1.6µm. It should also be 
possible to add dopants to change the refractive index and/or some other parameters 
such as UV photosensitivity, without degrading the glass quality 
Since our target is to develop a deposition process which does not need high 
temperature (>400°C) treatment steps for the silica based films, it is important to 
obtain the best optical quality from the as-deposited films, while maintaining a 
deposition rate which keeps the technology competitive, given the fact that we deal 
with single wafer reactors. For this reason the optimum process window for low 
temperature deposition must be identified, taking advantage of the unique features of 
PACVD. 
The key advantage of PACVD over the standard thermal CVD is that it is able to 
selectively transfer the necessary energy for the cracking of the precursors to the gas 
molecules without excessively heating the wafer substrate. The energy is provided 
from the RF power supply through an electrical discharge across the gas which 
generates a stable self-sustained plasma in the reactor chamber, right above the wafer. 
A full description of this type of deposition process is extremely complex, because the 
energy which can be transferred to the gas molecules is so high (a few eV) that a very 
large number of chemical reactions between the different constituents of the plasma 
phase are made possible. Extensive reviews are available [1,2], therefore here only a 
few important aspects, which are relevant for this thesis work, are recalled. 
 
• A plasma is a collection of electrically charged and neutral particles in which the 

density of negatively charged particles (here electrons mainly) is equal to the 
density of positively charged particles (ions). This is true for the bulk of the 
plasma, well away from boundary surfaces. The bulk region of a uniform plasma 
has only a small electric field present 

• Wherever the plasma is in contact with a surface, a boundary layer (sheath) forms. 
The origin of this boundary layer is related to the higher rate of loss to the walls of 
the electrons, with respect to the ions, from the bulk of the plasma, due to their 
much higher mobility in the gas phase (105 times).The plasma reacts against this 
higher loss rate by developing an average positive potential (the “plasma 
potential”) with respect to the (grounded) chamber walls. This difference in 
potential is concentrated across the sheath. The positive ions are accelerated to the 
walls by this potential, which has in general a value of 20-50V in capacitively-
coupled, asymmetric-electrodes systems, like the one used in this thesis. The 
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plasma potential is such that a dynamic equilibrium is reached between production 
and loss of charged particles. 

• The energy which sustains the plasma is supplied by the RF source, which 
accelerates mostly the electrons which, after having gained enough energy, collide 
inelastically with neutral molecules or radicals producing further neutral radicals 
or ions. The whole process reaches a dynamical equilibrium between generation 
and loss/recombination. The electron energy distribution may be roughly 
approximated with a Maxwellian curve described by an equivalent temperature of 
thousands of degrees (2-5eV). Nevertheless these types of plasmas are defined 
“cold” because the gas pressure levels and the electron small mass are such that 
the heat conductivity between electrons and neutrals/ions is negligible and 
equilibrium is never reached. The ratio between neutral and electron (or ion) 
density is approximately 104, in the pressure range of interest 50mtorr-1torr. 

• In the capacitively coupled system considered here, the RF power is coupled to 
one electrode via a capacitor, whereas the remaining electrode and the chamber 
walls are grounded. The capacitor imposes a net zero current during each period 
of the RF power supply. Due to the larger electron flux, the electrode takes a 
negative charge until the flux of the (slower) ions equals that of the electrons. The 
electrode acquires a negative self-bias, whose amplitude scales with the amplitude 
of the RF voltage. This adds up to the positive average value of the plasma 
potential and increases the energy of the ion bombardment of the electrode. In 
case of the grounded surfaces, ions are accelerated by the plasma potential. 

• We here deal with an asymmetric reactor, meaning that the area of the grounded 
electrode (plus walls) is larger than the area of the capacitively powered electrode. 
The ratio of the self bias potential (Vsb) over the plasma potential (Vp) scales with 
the ratio grounded electrode area/powered electrode area. The time averaged 
acceleration potential for the ions on the powered electrode is given by the 
average plasma potential plus the self bias. Instead in the grounded electrode is 
given only by the average plasma potential. Regarding the instantaneous potential, 
on the powered electrode it oscillates between –(Vrf+Vsb) and (Vrf-Vsb). Vrf being 
the applied voltage amplitude. This last value is in general positive, the actual 
value depending on the electrodes area ratio, and expresses the (short) time in 
which the sheath on the powered electrode collapses to let the electron current 
neutralize the ion current over one period. On the grounded electrode the potential 
(which is also the plasma potential) oscillates between ground and (Vrf-Vsb). Also 
on the grounded surfaces the balance of positive ions and electrons losses must be 
reached. 

• The plasma potential and self bias depend on the deposition pressure: with 
increasing pressure, from 100mtorr towards 1torr, the mobility and rate of loss of 
the electrons decreases and the plasma remains more confined between the two 
electrodes, away from the chamber walls. This effect decreases the asymmetry of 
the system and the plasma potential increases while the self bias decreases. 

• The frequency of the RF power source has high importance. First, in a 
capacitively coupled system the power delivered to the plasma varies as the square 
of the frequency, for a fixed amplitude RF voltage. Therefore as the frequency 
increases for the same RF power, the voltage (and the self bias, for example) 
decreases. In principle we should have a higher ion current, but at lower energy. 
Another important aspect is the period of the RF power source with respect to the 
ion transit time through the sheath. In general for the gases used in the present 
application, the characteristic frequency corresponding to the ion transit time is 
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about 1 to 4 MHz. This means that when the LF source is used, the ion 
bombarding the wafer on the grounded electrode, follow the accelerating plasma 
potential instantaneously, whereas when the HF source is used the ions respond to 
the average acceleration voltage. In this last case the energy of the impinging ions 
will be more uniform, whereas with the LF source ions can arrive with the 
maximum acceleration that the plasma potential can give, but many of them will 
also arrive with velocity almost zero. This picture of course doesn’t take into 
account ion-ion or ion-neutral collisions in the sheath, which will uniformly 
decrease the average ion energy. 

• Finally, a general aspect of asymmetric type of reactors is that they tend to have a 
spatially non uniform plasma density (=electron and ion density), with a peak at 
the center of the electrodes and decreasing radially following the losses of 
electrons and ions to the walls. A way of counteracting this, and achieve more 
uniform parameters in the deposited films is to increase the pressure, but this may 
decrease the average quality of the film, since the important assistance of ion 
bombardment during deposition would be negatively affected due to higher rate of 
sheath collisions and the probability of polymerizing reactions in the gas phase 
increases. 

 
In this work the reactor used is a commercial parallel plate  reactor. The gas mixture 
is introduced into the chamber through a showerhead to obtain good uniformity in the 
deposited material. Either a low frequency 380kHz (LF) or a high frequency 
13.56MHz (HF) power supply can be applied by capacitive coupling to the top 
electrode. A standard 4” <100> silicon wafer is placed on the bottom grounded 
electrode [4], which can be temperature stabilized in the range from 200°C to 300°C. 
A silane (SiH4) based chemistry is used, in which nitrous oxide (N2O) provides the 
oxygen necessary for hydrogen abstraction and formation of Si-O bonds. This 
precursor is preferred with respect to pure oxygen, since it doesn’t react 
spontaneously with silane at temperatures below 400°C, so there are no risks of 
parasitic reactions before these gases reach the plasma in the deposition chamber. The 
most probable cracking pattern upon electron collision in the plasma is N2O -> N2 + O 
[5], so it can perform the required task as good as pure oxygen. The dopant precursors 
are germane (GeH4) and diborane (B2H6).  
 
 
 
 
 

2.2 Characterization techniques 
 

 
 
a) Prism Coupler 
 
Thickness and refractive index of the deposited films can be measured self 
consistently by measuring the propagation constants of the slab modes carried by the 
deposited film. Since two quantities are to be found (refractive index and thickness), 
at least two modes must be carried by the film. This sets a minimum thickness which 
can be measured accurately. In case of SiO2 on silicon the minimum thickness is 
approximately 0.5µm. 
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The film to be measured is brought into contact with a high index prism, by means of 
a pneumatically operated coupling head. Pressure on the coupling head can be varied. 
A laser source, with polarized light operating at 633nm is used to characterise the 
film. The laser light is coupled into the film to be measured through the prism. While 
the angle of incidence of the laser light on the prism is changed, by rotating the prism-
sample-coupling-head, a photodetector records the intensity pattern or the light 
reflected from the prism-film interface. At some specific angle the light is coupled to 
a propagating mode of the slab and therefore will not be reflected back to the 
photodetector. From the angle corresponding to each dip in detected light, by knowing 
the refractive index of the prism and the substrate, the optical constants of the film can 
be extracted [6]. This is essential to calibrate the deposition rate of the PACVD 
equipment and to establish the correct flow of the doping gases in order to achieve the 
required waveguide index contrast. 
 
 
 
b) Fourier Transform Infrared Spectroscopy 
 
Infrared absorption spectroscopy measures the frequency dependent absorption of an 
incident broadband infrared beam on the deposited film, due to its coupling with the 
oscillating dipoles generated by the vibrational states of the different type of bonds in 
the material. By comparing the measurement with tabulated spectra recorded for 
reference materials, it is possible to determine the film composition, the presence and 
the amount of impurities like hydrogen, the degree of structural disorder in the 
material. The position of the peak of an absorption band is influenced either by the 
correct/non correct stoichiometry of the material or by the presence of strain in the 
material, tensile or compressive, which distorts the average Si-O-Si bond angle [7]. 
The FWHM of the band depends also on the degree of structural disorder (for 
example standard deviation of the Si-O-Si bond angle distribution) and increases in 
cases of porosity and strain. In case of SiO2 the spectra of the as deposited material 
are compared with those of thermal oxide, which is the best quality of silica films 
which can be grown. Of course the FTIR measurement is not always conclusive by 
itself and must be cross checked with others to understand the real quality of the 
material 
Different bonding groups are analyzed by measuring their vibrational frequencies 
(and their shifts), νk, where k denoted the mode of vibration, which can be stretching, 
bending or rocking or other. The absorption measurement is made between 400 and 
4000cm-1 wavenumber (=1/λ, with λ between 2.5 and 20µm), which contains the 
fundamental vibration frequency of the main bonding groups of almost any material, 
including the silica-based ones. 
In Figure 2.1 it is shown the wavenumber range which contains the main vibrational 
frequencies for SiO2. In fact the main focus is usually given to the bending-stretching 
region between 800cm-1 and 1400cm-1 because it is the most sensitive to perturbations 
in the material. This spectral range it is shown in Figure 2.2 for a typical case of B-Ge 
codoped SiO2. 
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Figure 2.1 Spectral picture of the absorption from structural vibration in SiO2. 

 
 

Figure 2.2 Spectral picture of the absorption from structural vibration in B-Ge:SiO2. 
 
In case of SiO2 We can distinguish 4 main absorption bands related to the coupling of 
the electromagnetic field with bond vibrations: at 456cm-1 Si-O-Si bond rocking; at 
810cm-1 Si-O-Si bond bending, at 1075cm-1 Si-O-Si asymmetric bond stretching and 
at 1190cm-1 Si-O-Si symmetric bond stretching [7]. The decomposition in bands is 
useful for the understanding, but in general in literature it is not performed, therefore 
as measure of the glass quality the peak position and the FWHM of the envelope of 
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the two stretching bands is used. By comparing the spectrum of the as deposited glass 
with that of thermal oxide (the material used as reference for high quality SiO2), it can 
be understood how stoichiometric, dense and homogeneous the material is. 
In Figure 2.2 new bands appear, Si-O-B bending at 930cm-1, Si-O-Ge stretching at 
1000cm-1 and B-O stretching at 1370cm-1. 
Finally also the H content in the glass can be detected and investigated from the 
absorption bands that it forms, usually at higher wavenumbers, due to the H light 
mass. At 2250cm-1 the Si-H stretching band can appear. At 3300cm-1 the N-H 
stretching band and at 3650cm-1 the Si-OH stretching [7]. In case of a-Si:H the 
position of the Si-H stretching band is at lower wavenumbers, about 2000cm-1, 
because of the different influence exerted by the 3 Si-Si remaining bonds, with respect 
to three previous Si-O remaining bonds, on the electron distribution around the Si 
atom and ultimately on the equivalent force constant of the bond which gives the 
vibration frequency. Everything scales with the electronegativity of the surrounding 
atoms [8]. 
By monitoring this spectral range it is possible to check the H incorporation in the 
material, after deposition. 
The measurement are performed in simple transmission configuration, with beam 
perpendicularly incident on the sample, with resolution 4cm-1 using 1µm thick films 
for SiO2 based materials and 0.5µm films for a-Si:H. 
 
 
b) Raman Spectroscopy 
 
This is a technique which is in some way complementary to FTIR. This is a scattering 
process, not an absorption process, but it’s an inelastic scattering phenomenon, in 
which the incident pump on the material loses some energy, when scattered away, to 
excite some bond vibrations which emit infrared radiation which can be recorded as a 
function of the distance in wavenumbers from the pump frequency [9]. The cross 
section for this process is related to the polarizability of the bonds, which is larger the 
smaller is the difference in electronegativity of the two atoms bonded, whereas FTIR 
is related to the electrical dipoles which form in correspondence of partially ionic 
bonds. This means that this technique gives the same vibrational information as the 
FTIR but for a different type of bonds, highly polarizable omopolar bonds, which 
would be not observable by FTIR because they don’t have a permanent dipole. The 
best example is a-Si:H, for which the H content is best studied with FTIR, but the 
information on Si-Si bond first order vibrations spectrum can be found only with 
Raman spectroscopy. 
The measurements are performed with a 514nm Ar ion laser source and recorded with 
a confocal type instrument, using a X50 microscope objective. 
For SiO2 the Raman spectrum looks like in Figure 2.3. 
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Figure 2.3. Raman spectrum of deposited SiO2 
 

Even in this spectrum we can distinguish the rocking band at 450cm-1, the bending 
band at 810cm-1 and the stretching band at 1075cm-1. In Figure 2.4 the same spectrum 
but for B-Ge:SiO2. The 930cm-1 is again Si-O-B bending and the shoulder at 580cm-1 
relates to Ge-O-Ge bending. The band at 690cm-1 is related to Ge, but it is not clear 
the origin [10] 
 

 
 

Figure 2.4. Raman spectrum of deposited B-Ge:SiO2 
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The relative amplitudes are different due to the different nature of the processes 
involved. The same conclusions as for the investigation of the structural properties of 
the material, drawn for the FTIR, are valid here. 
 
 
c) X-ray photoelectron spectroscopy 
 
In this technique the sample is placed in ultra high vacuum and a monochromatized x-
ray beam is directed on the samples. Due to photoelectric effect many electrons wil be 
emitted and, since the source is as energetic as x-rays are, even the deep core 
electrons are emitted [11]. From their measured kinetic energy, the energy level of the 
core electron in each atom can be calculated, and compared to the tabulated values for 
ideal materials. Possible shifts in the core energy levels, with respect to the value they 
have when the atom has oxidation number equal to zero, are related to the chemical 
environment which surrounds the atom considered and specifically to bonds which 
perturb the the oxidation state of the atom. It is possible to determine the chemical 
bond type distribution in the material and determine the presence of point defects due 
to wrong bonds. For example it is possible to determine the presence of defects like 
Si-Si bonds in SiO2 and Si-Ge or Ge-Ge bonds in Ge doped SiO2 which give rise to 
absorption bands in the near UV, which make the material photosensitive. 
The measurements are recorded using the Al Kα X-ray line at 1486eV as a source and 
resolution approximately 0.4eV 
 
 
d) UV-visible absorption spectroscopy 
 
This is a simple measurement of spectral absorption like FTIR, but instead of 
sampling the vibrational states, the electronic transitions are now investigated and the 
energy levels related to defect in the (pseudo)bandgap. The absorption bands 
responsible for the photosensitive behaviour can be readily measured between 4eV 
and 6.5eV (190nm to 300nm). 
 
 
 
 
 

2.3 SiO2 deposition 
 

 
The main variables to look at, when depositing SiO2, are the oxydizer/silane ratio, the 
pressure and the RF power. The temperature is set at 300°C always. A high N2O/SiH4 
ratio (e.g. 100) guarantees that the oxidation of silane is carried out completely 
provided the RF power is high enough to achieve a significant generation of atomic 
oxygen. The pressure then must not be too high, to avoid excess gas phase reactions. 
The first important choice is which frequency to use for the RF source. It was 
preferred the LF type source, because it guarantees a higher ion energy during 
deposition, for a given power level, which turns out to be important to minimize 
hydrogen incorporation and network strain. On the other hand it is important to notice 
that the wafer sits on the grounded electrode, so the accelerating voltage is only the 
plasma potential, not the self bias. This prevents a too energetic ion bombardment 



21 

(>100eV orientatively), which could instead produce point defects or recoil induced 
disorder in the glass or resputtering [3]. It turns out that ion bombardment is indeed 
assisting the deposition by enhancing surface mobility of the adsorbed radicals and 
helping H based by-products desorption, but only up to some range in energies, 
beyond which damage sets in. The advantage of having the wafer on the grounded 
electrode is that the plasma potential doesn’t vary dramatically with RF power, but the 
plasma density (=the ion current) instead increases more. This means that ion energies 
remain moderate and the ion flux grows with increasing power. Large ion currents at 
moderate ion energies is the best deposition condition for SiO2 based materials [3]. 
A possible method to set the process pressure is, for the chosen gas ratio, increase 
pressure until the deposition rate stops increasing, like shown in Figure 2.5. It can be 
seen that the saturation pressure is not a universal value, but depends on the gas flow 
ratio and the total gas flow. For N2O=2000sccm, the saturation pressure is around 
300mtorr, whereas for N2O=500sccm the saturation pressure is 175mtorr. 
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Figure 2.5, SiO2 deposition rate and refractive index as a function of pressure, for 
N2O gas flow of 500sccm (■) and 2000sccm (●). SiH4=20sccm, RF power is set at 

800W 
 
Once that the pressure is also set, the effect of RF power can be readily investigated, 
as in Figure 2.6. 
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Figure 2.6, SiO2 deposition rate and refractive index as a function of RF power, for 
N2O gas flow of 500sccm and pressure 175mtorr (■) and N2O gas flow of 2000sccm 
and pressure 300mtorr (●). The refractive index value for the high temperature 
annealed material is 1.46 
 
With increasing power the deposition rate essentially saturates, because anyhow all 
silane is consumed. The refractive index continues to decrease and this is mostly 
correlated with a decrease in the H content of the glass [paper C]. Also structural 
effects in the glass take place with increasing power, as shown in Figure 2.7 for 
2000sccm N2O. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. . Stretching frequency peak (a) and FWHM of the stretching band (b) as a 
function of power. (SiH4 flow – 20 sccm, total flow -  2000 sccm, pressure – 300 mT, 

and temperature 300 oC). 
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The thermal oxide works as a reference, since it is the highest quality of oxide. 
Increasing power, to the top electrode, the material tends to the thermal oxide 
condition. All other measurement techniques that were used confirm that the increase 
in RF power improves the material quality. The improvement is essentially structural, 
not only related to the elimination of point defects. As the XPS spectrum shows, for 
low power the oxidation states for Si are always 4+ [Paper C].  
As conclusion, the most critical point in achieving good quality SiO2 with low H 
incorporation (from the SiH4), is the use of high N2O/ SiH4 ratios and high RF power, 
in order to complete as much as possible the oxidation of silane. The sufficient 
production of activated O atoms from the gas phase to extract H from SiH4 eliminates 
the Si-H and N-H absorption bands at around 1.5µm. 
 
 
 

2.4 Ge doped SiO2 deposition 
 

 
The main effect sought with Ge doping is to increase the refractive index of the glass 
to make the waveguiding core. Germanium is one of the most frequently used dopants 
for refractive index control in silica based optical fibers, due to its chemical similarity 
with silicon and the similar glass forming properties of its oxide, which, in principle, 
minimize the excess Rayleigh scattering induced by the presence of impurities in the 
otherwise homogeneous glass matrix. A small flow compared to that of Silane 
(20sccm) is enough to give the required refractive index [Paper C]. 
In table 1 are summarized the results of the material characterization, in case of Ge 
doping 
 
 

GeH4 
flow 

[sccm] 

O/(Si+Ge) Ge 
content 
[at%] 

H 
content 
[at%] 

ν 
[cm-1] 

∆ν 
[cm-1] 

Etch rate 
[Å/min] 

 

ν 
[cm-1] 

annealed 

∆ν 
[cm-1] 

annealed 

Etch rate 
[Å/min] 

annealed 
0 2.04 0 0.9 1085 96.55 55 1095 83 25 
1 2.01 2.17 0.83 1082 101.16 78 1092 85.34 38 
2 1.98 4.23 0.81 1079 111 136 1090 87.92 60.5 
3 1.95 6.32 0.75 1075 131.22 270 1086 102.72 95 
4 1.93 8.3 0.74 1071 163.29 1050 1084 136.44 181 

Table 1 
 
 
The effect of Ge is to shift the main asymmetric stretching peak to lower wavenumber 
and increase the FWHM. This is partly due to a new absorption peak related to Si-O-
Ge bond stretching, but also due to increased strain and disorder in the doped film, as 
confirmed by the higher wet etch rate. The XPS measurements reveal also the 
appearance of localized point defects related to Ge [Paper C]. Part of them should be 
of help for the photosensitivity [12-14]. In Figure 2.8 and 2.9 it is shown the UV 
absorbance (1-R-T, R=power reflected, T=power transmitted) spectrum of the Ge 
doped material for two doping levels and with increasing RF power. 
The defect band which can be bleached to obtain refractive index variation is clearly 
visible at 245nm [12]. At shorter wavelengths there is the tail of the bandgap. It 
appears that 1) The photosensitive defect band appears clearly only when a 
sufficiently high RF power is used for a GeH4 flow of 2sccm and it still hardly 
appears for the maximum power of 1000W for GeH4=4sccm. This defect band is 
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related to the presence of Ge in the material and there is an energy threshold for its 
formation which scales with the GeH4 flow. Its formation coincides indeed with a 
slight but clear reduction of the bandgap tail, which means better structural order. 

 
 

Figure 2.8 UV Absorbance spectrum for Ge doped SiO2, GeH4 flow=2sccm, for 
different RF power levels 

 
 

Figure 2.9 UV Absorbance spectrum for Ge doped SiO2, GeH4 flow=4sccm, for 
different RF power levels 
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2) There is a narrow process parameters window to obtain a good photosensitive 
material, given the doping level required. It is necessary to generate the right type of 
defects, not any defect to obtain the best results. 3) The real culprit for the strain and 
degradation of the material quality with increasing Ge doping level, does not appear 
to be mainly the incorporation of Ge itself in the SiO2 network, even if the average 
bond angles Ge-O-Ge in GeO2 and Si-O-Si in SiO2 are in fact different. It is mostly 
the precursor used for Ge, which is GeH4. Its well known high reactivity and high 
sticking coefficient of its radicals make it the limiting factor in the deposition process. 
 
 
 

2.5 B-Ge doped SiO2 deposition 
 

 
Boron doping has an opposite behavior on the refractive index, with respect to Ge. 
This means that B addition has a twofold advantage regarding UV photosensitivity, 
allowing higher Ge content for the same designed index contrast as well as 
contributing itself to increased difference in refractive index upon exposure. In Figure 
2.10 deposition rate and refractive index of the material as a function of diboran flow 
are presented. With up to 3 sccm of diborane flow it is possible to scan a refractive 
index interval of 5.e-3, giving plenty of choice for different combinations of Ge and B 
doping, for the same index contrast pursued. From FTIR B-O stretching bands, we 
can estimate that 3 sccm of diborane flow amount to approximately to 5at% B 
incorporation. 
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Figure 2.10 Effect of B incorporation on deposition rate and refractive index, given a 

fixed Ge doping 
 
 
The B incorporation has a small effect on the position of the main Si-O-Si structural 
vibration peak at around 1085cm-1, but has a clear impact on the full width half 
maximum (FWHM). A similar, but smaller, effect on FWHM has the Ge content 
(4at%), but differently from the B contribution, the broadening of the FWHM can be 
annealed out almost. In case of B the disordering effect on the network topology 
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resists the high temperature treatment. The reason is that B is a trivalent atom which 
doesn’t form tetrahedra, but rather planar triangles which somehow have to fit in the 
SiO2 network. 
 
 

GeH4 
flow 

[sccm] 

B2H6 flow 
[sccm] 

ν 
[cm-1] 

∆ν 
[cm-1] 

ν 
[cm-1] 

annealed 

∆ν 
[cm-1] 

annealed 
0 0 1085 96.5 1094 83 
0 1 1082 110 1094 91.2 
0 3 1082 128 1092 116 
2 0 1080 107 1090 85.2 
2 1 1080 125 1090 92.1 
2 3 1080 139 1087.5 121 

  
Table 2. Shift of the band peak frequency (ν) and broadening of the Full Width Half 
Maximum (∆ν) of Asymmetric Si-O-Si stretching vibrational absorption band near 

1080 cm-1 for different GeH4 and B2H6 contents. The thermal annealing is carried out 
at 1000°C in N2 atmosphere. 

 
 
The photosensitivity amplification, as a function of the exposure dose, is 
demonstrated in Figure 2.11, for samples exposed with a pulsed KrF excimer laser 
emitting 30mJ/cm2 pulses at 40Hz at 248nm wavelength. One arm of a Mach Zehnder 
interferometer device was exposed and the induced variation of refractive index was 
extracted from the output amplitude variation. The three samples have the same Ge 
content and increasing B content. Looking at the evolution of the refractive index 
upon exposure it is apparent the presence of two distinct relaxation processes. One 
very fast, taking place in the first few hundreds of J/cm2 fluence, which we identify as 
mainly Ge driven, i.e. given by the initial bleaching of the absorption band at 5eV. 
After this first process the reference sample, Ge doped only, remains almost 
stationary. The second process has instead a much longer time and energy scale and it 
becomes more and more visible as the B content grows. We attribute this refractive 
index growth mainly to structural rearrangement of the glass network, towards 
densification. The description of this second mechanism is inevitably complicated by 
the mechanical interaction between the exposed and unexposed areas, which results in 
a complex stress pattern. Higher pulse energy from the excimer laser seems to amplify 
the effects both processes (defect driven + densification) on the refractive index 
increase [Paper F]. 
The B presence enhances both the defect related refractive index increase and the 
densification related one. In Figure 2.12 the UV absorbance is shown for two samples 
having the same Ge content, but one is also doped with B, using a B2H6 flow of 3 
sccm. The absorbance is higher in presence of B codoping. It is worth noticing that 
with only B doping and no Ge, there is no UV absorbance whatsoever around 245nm, 
so B by itself doesn’t introduce a measurable amount of defects. 
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Figure 2.11. Variation of refractive index in the waveguide core, as a function of the 
core B doping, upon UV exposure at 248nm. Pulse energy density 30mJ/cm2. The 

lowest curve refers to Ge doping only, then follow the curves for 1sccm and 3sccm of 
B2H6. 

 

 
 

Figure 2.12. Effect of B codoping on the UV absorbance profile. Apart from the 
addition of 3sccm of B2H6 for the B doped one the deposition conditions are identical 

for the two equally thick samples. RF power 900W. 
 
 
To observe the different structural effects of UV exposure on the Ge doped reference 
and on the B codoped sample we have exposed an unpatterned film 5µm thick with 
the same settings as in the Mach Zehnder experiment, using 30mJ/cm2 pulse energy 
and 3000J/cm2 total fluence, and then we have taken the vibrational spectrum 
(Raman) of the small exposed area, using an confocal microscope arrangement as a 
probe. The results are shown in Fig. 2.13. It can be seen that the vibrational spectrum 
in case of Ge doping only is very little affected, meaning a small rearrangement of the 

B doping 
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glass network upon exposure. A very different situation we have for the B-Ge 
codoped sample, where there is a clear shift and narrowing of the main vibrational 
peak, which means densification [16]. The transformation of Raman spectra after UV 
illumination confirms the earlier phase shift interferometry measurements [14,15] that 
boron codoping increases the material densification. 

 

Fig.2.13  Raman spectrum of the UV exposed area in an unpatterned film: Ge doped 
only (Right) and B-Ge codoped (Left) 

 
 
 
The most natural application of UV photosensitivity is the writing of dispersive 
gratings in waveguides for filtering applications. As example in Fig. 2.14 it is shown a 
Bragg grating written in the high B-Ge codoped sample (B 5at%). This is done in as 
deposited material, without any photosensitization. 
 

 
 
Fig. 2.14 Bragg grating written on a channel waveguide having ∆=0.75% and the max 

B doping used in the previous measurements (5at%) 
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2.6 Hydrogenated amorphous Silicon (a-Si:H) 
 

 
The deposition of this important material has been investigated and developed during 
the past 25 years [17], so it has reached a mature state. On the other hand this material 
has been rarely exploited for integrated optics applications so far. The best results for 
deposition have been reached using very low RF power levels and at higher frequency 
(13.56 MHz), with respect to SiO2 deposition [18]. Ion bombardment seems to 
produce defects rather than assisting the deposition here. The temperature is usually 
between 200° and 300°C, depending on the other process parameters and precursors 
used, in order to incorporate the right amount of hydrogen to passivate possible point 
defects in the material given mostly by unsaturated dangling bonds of silicon in the 
amorphous network. These defects generate absorption bands at the wavelengths of 
interest here (1.3µm-1.6µm). If the hydrogen incorporation is too high the material 
becomes excessively porous and may have too high optical propagation losses due to 
scattering rather than absorption. 
Pure silane gas as precursor, RF power below 20W and process pressure set at 
200mtorr were chosen. The low pressure and power levels prevents excessive 
polymerization of silane radicals in the gas phase. At these low power and pressure 
levels the deposition rate is low, but the film thickness necessary for fabricating 
waveguides is below 300nm. In Fig. 2.15 the deposition rate as a function of  
deposition temperature is shown for an RF power of 10W and 20W is shown.. 
 

 
 

Fig. 2.15 Deposition rate as a function of the substrate temperature, at a process 
pressure of 200mtorr 

 
It can be seen that the highest sensitivity for the deposition rate is with respect to RF 
power, meaning that the rate is limited not by the precursors supply, but by their 
decomposition. This regime is in general to be preferred, since it corresponds to short 
residence times of the molecules in the chamber, meaning lower risk of unwanted 
polymerizing reactions in the gas phase.  
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The hydrogen incorporation in the films was analyzed using FTIR, monitoring the 
absorption bands at around 630cm-1 and 2000cm-1. These two broad absorption bands 
are composed of subbands related to either SiH or SiH2 or SiH3 groups. Each subband 
has a tabulated peak wavenumber [17]: 
 

 Bond 
stretching 

Bond bending/rocking 

SiH 2000cm-1 630cm-1 

SiH2 2090cm-1 630cm-1 

SiH3 2140cm-1 630cm-1 

Table 3 
 
To make sure that only SiH types of bonds are formed in the film, in order to preserve 
film homogeneity, two things were checked: that the FTIR spectrum does not show 
bands having peak at 2090cm-1 and beyond; that the integrated absorption at 2000cm-1 
and at 630cm-1 are strongly correlated. Results for RF power 10W are shown in 
Figure 2.16 and 2.17. The a-Si:H film thickness is 500nm. It is clearly seen that in the 
deposition regime chosen there is no measurable trace of SiHn n>1 absorption bands. 
The origin of the spikes on the absorption curve is not known for sure. The 
wavenumber range shown is at the borders of the interval usually associated with 
absorption due to moisture (H2O) vibrational and rotational spectrum, centered at 
1650cm-1, so the spikes could be related to physisorbed moisture. 

 
 

Figure 2.16 FTIR spectrum of the SiH band at 2000cm-1 as a function of deposition 
temperature (same temperature values as in Fig. 2.15) 
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Figure 2.17 Integrated absorption correlation between the 630cm-1 and 2000cm-1 
bands, for the same samples as shown in Fig. 2.16. 

 
The measurements so far show most of the deposition parameters chosen are 
consistent with good quality a-Si:H films, but they still don’t say which temperature 
value is to be preferred for the deposition. The hydrogen is in general incorporated as 
SiH and its concentration decreases as a function of the deposition temperature, but 
the optimum concentration should be found. The Raman spectrum was investigated, 
since it gives information on the Si-Si bonds, but no significant difference in FWHM 
for the main band at 480cm-1 was observed, therefore the material quality was 
evaluated directly by measuring propagation loss in optical waveguides. The cutback 
method was used [6] on strip loaded waveguides. This geometry was chosen because 
gives the propagation loss value closest to that of the bulk material without influence 
of the lithography and etching processes. The confinement factor of the field in the a-
Si:H layer is approximately 0.9, therefore the measurement is meaningful. 
Results are shown in Figure 2.18 for the 1.55µm wavelength. The propagation loss 
had an oscillation of +/-0.5dB across the band 1.52µm to 1.62µm covered by the 
erbium fiber ASE unpolarized source used. A propagation loss of 1.5dB/cm for the 
temperature 250°C was measured, therefore the deposition temperatures for the 
fabricated devices were chosen in this range. The refractive index of a-Si:H at 1.55µm 
was measured using spectroscopic ellipsometry and it is 3.63. 
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Fig. 2.18 Propagation loss in a-Si:H strip loaded waveguides, as a function of the 
deposition temperature. 

 
 
 
 
 

2.7 Silicon Nitride 
 

 
This material was not thoroughly investigated, since it was used rarely. The two main 
applications were as a strain compensating layer in a-Si:H membranes (see 3.2 d)) and 
in Bragg mirrors for vertical external cavity lasers [paper H], again together with a-
Si:H.  
In the first case it was produced a nitrogen rich material, since the film stress becomes 
more and more tensile with increasing N concentration, which is necessary to 
compensate, or ever overcompensate, the compressively stressed nature of as 
deposited a-Si:H, in order to obtain flat membranes. The gas precursors mixture was 
composed of silane, ammonia (NH3) all diluted in a 100 times higher nitrogen flow 
[3]. A ratio 1:4 between silane and ammonia gave an average tensile stress of 
approximately 600MPa, as measured from the wafer curvature. This is a high stress 
value, but it is necessary because the compensating layers must be very thin, to avoid 
decreasing too much the high vertical mode confinement that the high index a-Si:H 
membrane must produce, in order to have high Q 2D photonic crystal resonators (see 
3.2d). 
In case of Bragg mirrors, what matters, apart from the optical quality, is the thermal 
conductivity for efficient heat disposal in high power applications of vertical external 
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cavity lasers. For this purpose the hydrogen incorporation must be minimized, 
because all the H terminated bonds contribute to phonon scattering, since they break 
the homogeneity of the amorphous network. It was not possible to obtain a hydrogen 
free as-deposited material in the parameter space available, but at least it was made 
sure, as confirmed by FTIR, that no SiHn or NHn (n>1) groups were present. In this 
case a ratio 1:1 between silane and ammonia was chosen to have still good cross 
linking, slightly tensile, between Si and N, but with less stress induced distortion in 
the film. 
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Chapter 3 
 
 
 
 

Silica based Planar Devices 
 
 
 
 
 
 
 
3.1 Fabrication process 
 

The waveguide fabrication starts with the deposition of a 15µm thick silica buffer 
layer on a cleaned silicon substrate, using a high SiH4:N2O ratio gas mixture (1:100), 
pressure at 300mtorr, which is the level at which the deposition rate starts saturating 
with increasing pressure, RF power (at 380kHz) at maximum value of 1000W, 
applied to the top electrode. In these conditions the deposition rate is typically in the 
range 1600-1800Å/minute and it is very much dependent on the silane flow rate. The 
subsequent deposition of the core layer, 6-8µm, is done by adding GeH4 and/or other 
dopant precursors like B2H6 for B doping, into the gas mixture. Germanium not only 
increases the refractive index, but also makes the waveguide UV photosensitive, 
useful for devices which need optical path trimming, or the realization of grating 
filters. Boron increases the photosensitivity, but also decreases the refractive index, so 
it is possible to increase the amount of Ge in the glass. After the layers deposition, a 
lithography process is performed, using standard novolac-type positive resist. The 
required thickness for the resist is set by the selectivity of the etching process. In 
general this selectivity is approximately 1:3 to 1:4, therefore 3-4µm to etch 
approximately 7-9µm of silica is a reasonable choice. In the lithographyc step the soft 
bake part in particular has been optimized in order to achieve steep sidewalls in the 
resist lines. After the lithography and a short passage in low power oxygen plasma to 
clean the exposed surface from resist residues, a deep reactive ion etching using 
fluorocarbon chemistry is performed. The core is overetched through the buffer for 
around 1-1.5µm to reduce stress induced birefringence in the waveguide core, but this 
problem was not systematically addressed in this work. 
The reactor used for etching is an inductively coupled plasma chamber with bias on 
the bottom electrode, to control separately plasma density and ion energy. Silica is a 
hard material to etch, therefore high RF power (13.56MHz) is usually used for both 
coil and platen power to achieve high plasma density and high ion bombarbment. The 
gas mixture is a proper combination of etching and passivant gases, diluted in Ar. Ar 
dilution prevents excess polymerization in the gas phase and cleans the bottom 
exposed surface from polymer accumulation, which could generate parasitic 
micromasking effects. 
After etching the residual resist on the wafer, together with the thin polymer film 
produced on the waveguide sidewalls during the etching process, is removed first 
through oxygen plasma at high energy but in a barrel reactor with Faraday cage, then 
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a dip in a strongly oxidizing wet chemical mixture of sulphuric acid and hydrogen 
peroxide. 
Finally the top cladding is deposited and the wafer can be cleaved into chips. 
 
 
 

3.2 Examples 
 
a) Ge-doped and B-Ge doped silica waveguides 
 
To test the quality of the fabrication process and the effect of the various dopants on 
the optical transparency of the material, channel waveguides 6µmX6µm at 0.75% 
index contrast were fabricated, either with only Ge doping of with Ge and B 
codoping. The transmission spectrum is shown in Figure 3.1. 
 

 
 
Figure 3.1. White light spectrum of the waveguide transmission as a function of the B 

content. The insertion loss 
 
 
In all cases, the insertion loss at 1.55µm of a 5cm waveguide, with respect to the 
direct fiber-fiber connection, was approximately 2dB, quite reproducible. Clearly the 
as-deposited material, with respect to the high temperature annealed one, maintains a 
strong absorption band at 1.4µm, due to the second harmonic of the SiOH vibration at 
2.73µm (3650cm-1) and GeOH at 2.7µm. On the other hand the tails of this band are 
hardly felt at 1.55µm and beyond. The intensity of the OH related absorption 
decreases with increasing B doping, thanks to the action of borane radicals in the 
deposition process, which tend to react with the OH groups present on the film 
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surface, releasing hydrogen molecules. Remarkably the Si-H, N-H bands at around 
1.5µm are strongly damped. This is mostly the effect of RF power. In principle it is 
possible to improve the quality further by going to power above 1kW, or using some 
other way to increase the plasma density. In this measurement we were limited by the 
max power of our generator at 1kW. 
The optical losses are dominated by sidewall scattering, which is flat in wavelength, 
contrary to bulk Raleigh scattering, which has a λ-4 dependence. This means that the 
emphasis must be on the fabrication of the geometries by lithography and etching, 
rather than on the deposited material, to reduce the optical losses further. 
 
 
b) Grating assisted optical add-drop multiplexer based on a 2X2 multimode 
interference coupler (Paper C) 
 
Optical add-drop multiplexers are very important components for wavelength division 
multiplexing communication systems, for routing and selection of channels, to extract 
or add certain wavelengths from a transmission line. These add and drop functions are 
required on each node of a WDM system. Various OADM configurations have been 
investigated, including fiber of polymer gratings with circulators, MachZehnder 
interferometer with gratings, cascated unbalanced Mach-Zehnder structures, arrayed 
waveguide gratings. The crosstalk suppression is an important issue for most of the 
applications, therefore a new type of add-drop multiplexer has been developed with 
improved performance. 
The design is based on a MMI 2X2 coupler with a Bragg grating photoinduced in the 
multimode section [1]. 
The device with drop function has been realized [paper C]. Figure 3.2 shows the 
schematic layout of the fabricated Bragg grating assisted MMI (MMI-Bg) structure 
 

 
 

Figure 3.2 The schematic layout of the basic MMI-Bg structure 
 
 
As it is seen in the layout, the MMI coupler is designed in such a way that all the 
wavelength channels injected in Port 1 are coupled out through Port 4. The imprinted 
grating acts as a selective filter, reflecting the resonance wavelength to Port 2, which 
is the drop channel Port. The length of the imprinted Bragg grating is 5mm and the 



38 

total size of the device is 10mm X 70µm. Figure 3.3 shows the simulated and 
measured transmission and drop function of the device. 
The make the reflectivity for all the modes of the multimode section as uniform as 
possible, in order to have them recombined with the right phase at the drop port, is is 
necessary to use a very weakly confined waveguide device. The relative refractive 
index difference is only 0.3%, with 8µm X 8µm waveguide cross section. In this way 
the modes of the multimode section will have effective refractive index very close to 
each other and the reflectivity will be similar in modulus and phase. Despite the low 
index contrast, which means low Ge content, therefore low photosensitivity, the as 
deposited glass, upon illumination at 193nm gave a good Bragg grating profile. 
 

 
 
 

Figure 3.3  The simulated and realized transmission and drop channel spectra of the 
fabricated device 

 
 
 
The present device is the first fabrication of a compact add/drop multiplexer based on 
MMI-Bg. 30dB suppression of the dropped channel in the transmission spectrum and 
3dB excess loss of the dropped channel, with respect to the transmitted channel, was 
obtained. In the reflectivity spectrum the TM polarization was not filtered out, that’s 
why two grating peaks can be seen. Despite this fact, the background rejection at +/-
1nm from the Bragg wavelength is below 30dB. Further experiments are needed for 
optimizing the birefringence compensation. 
 
 
 
c) Directional coupler wavelength selective filter based on dispersive Bragg 
reflection waveguide (Paper G) 
 
Highly wavelength selective optical filters are essential components for channel 
management in modern dense Wavelength Division Multiplexed (WDM) 
communication systems. For some applications such as add-drop multiplexing or 
channel monitoring, flexible and compact filtering solutions may be necessary. In this 
respect, co-directional couplers based on differential dispersion [2-9] are a valid 
alternative. In these filters the bandwidth is inversely proportional to the length of the 
coupler as well as to the differential effective refractive index dispersion of the 
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coupled modal fields, at the wavelength of phase matching. Particularly when 
implemented in a vertical stack configuration [3-6] they form a compact device that 
can be easily integrated in a more complex photonic integrated circuit. 
A Bragg Reflection waveguide (BRW), has a high waveguide dispersion, due to the 
interaction of the modal fields with the dispersive reflectors which surround the core. 
When coupled to a standard Ge doped silica waveguide, the dispersion mismatch is 
very high. 
There are three ways of increasing the waveguide dispersion for the modal field of the 
BRW used in the coupler: 1) use an high order mode (N>0); 2) use dispersive 
elements as substrate and cover, in order to increase dφ/dλ; that is the wavelength 
dependence of the phase shift upon reflection from the core boundaries; 3) use a high 
index contrast core. In our proposed BRW structure (see Figure 3.4) we use 
hydrogenated amorphous silicon (a-Si:H) for the core layer, which has one of the 
highest refractive index among the transparent materials commonly used in integrated 
photonics (3.63 @1.55µm); we use dispersive a-Si:H/SiO2 Bragg reflectors as bottom 
and top cladding; we couple the fundamental mode of the silica waveguide to the first 
order mode of the BRW core 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.4. Transversal Structure of the Directional Coupler 

 
the reflectors provide the coarse tuning of the mode coupling, whereas the spacer (see 
Fig. 1) acts as fine tuning element. The thickness of the a-Si:H/SiO2 layers has been 
chosen in order to make the reflector work close to the center of the bandgap. 
The device can only be designed for a single polarization, but can work separately for 
each one. In Figure 3.5 the modal dispersion curves are shown for the TE 
polarization. It can clearly be seen the coupling region where the BRW and the silica 
waveguide interact. The other modes are kept safely away from this region in order 
not to have crosstalk. The bandwidth decreases with decreasing field overlap, 
therefore with increasing number of periods in the bottom mirror or with increasing 
spacer thickness. We have fabricated a coupler with 5 periods on the top mirror and 3 
in the bottom one. The absolute reflectivity measured from an optimized a-Si:H/SiO2 
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5 period mirror was above 99.9%, clearly showing the potential for high quality BRW 
fabrication. 
The predicted bandwidth of the coupler filter is 0.3nm, the measured one is 0.29nm as 
shown in Figure 3.6. Unfortunately, despite the design was tuned for 1.55µm, the 
measured coupling is at 1.58µm, giving 30nm offset. The reason is the high tolerance 
of the BRW mode effective refractive index with respect to the transversal optical 
length of the core. We calculate 4nm wavelength shift for each 1nm error in the a-
Si:H core thickness. The reason for this high tolerance is also the high refractive index 
of a-Si:H. 

 
 

Fig. 3.5 Dispersion curves for the TE polarized modal fields 

Fig. 3.6 Measured optical transmission of the silica waveguide in the coupling 
wavelength region 
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d) 2 Dimensional (2D) photonic crystal devices. 
 
The application of a-Si:H as a core material for 2D photonic crystal (PC) devices was 
investigated and the entire fabrication process was developed. The vertical waveguide 
structure is shown in figure 3.7. A thick (6µm) buffer layer is used to prevent power 
leakage to the silicon substrate. The thickness of the a-Si:H core is 250nm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.7 Vertical waveguide structure for 2D photonic crystal based devices 
 
 
 
 
From previous measurements on a-Si:H strip loaded waveguides we have observed a 
propagation loss of 1.5dB/cm, for an optimized deposition recipe at 250°C from pure 
silane gas, therefore the optical quality of the material is sufficient for these type of 
devices, since their length is usually below 1mm. 
The fabrication process, after the layers deposition, starts with e-beam lithography. 
The system used is a Raith 150 working at 25kV. The exposure was optimized 
separately for the access waveguides to the PC device and for the PC device itself. For 
the access waveguides a small (100µmX100µm) writing field and high exposure 
current was used to obtain a fast exposure and good stitching between the writing 
fields. For the PC area, a larger writing field (170µmX170µm or 350µmX350µm), to 
accommodate tapered waveguide sections used to match the mode profile to that in 
the PC waveguide, and the PC device itself. For this writing field a lower current, but 
better controlled from the point of view of focusing quality, was used. There is a basic 
trade off between exposure accuracy (i.e. control of the focused electron current) and 
current value, since the best focused electrons are those which are in the center of the 
beam, whereas those on the outer part are less controlled by the lenses in the e-beam 
column. The idea is to use lower accuracy but higher speed in exposure for the long 
(and large) access waveguides and concentrate the accuracy requirements in the PC 
section only. Finally, among the different options, it was chosen to set the developing 
time (at 1.5min) and adjust the exposure dose to that. In general it is preferable to 
limit the time in which the sample stays in the developer, due to risk of damaging of 
the edges of the unexposed parts and of resist swelling due to developer soaking. On 

Si substrate

SiO2 buffer

a-Si:H core
air

Si substrate

SiO2 buffer

a-Si:H core
air



42 

the other hand developing times below 1min may be affected with reproducibility 
problems. Some examples of lithography are given below. 
 

 
Figure 3.8 Cross section of exposed e-beam resist. The resist thickness is 

approximately 350nm. 
 
 

 
 

Figure 3.9 Cross section of exposed e-beam resist. The resist thickness is 
approximately 500nm. 

 
 
The etching of the exposed pattern was performed in an inductively coupled reactor 
chamber using fluorocarbon based chemistry. The selectivity achieved with the e-
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beam resist was approximately 1:1.5, considering the etching time lag induced by the 
small holes in the pattern. The lag was reduced by reducing the process pressure, but 
this reduction was not continued when the etching process became limited by the 
supply of the etching species from the gas phase. Examples of etched waveguides are 
given below. 
 
 

 
 
Fig 3.10 Etched profile in correspondence of a the core of a W07 PC waveguide. The 

terminology “W-number” is taken from [10]. 
 

 
 

Fig 3.11 Top view of a waveguide W09 resonator with 3 holes mirrors. 
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Fig 3.12 Particular of the insertion between the tapered access waveguide and the PC 

waveguide. The taper width in the end is approximately 350nm. 
 

 
 

 
The devices are measured using an erbium fiber based ASE source, emitting between 
1.52µm and 1.62µm. The light is first passed through a polarizing beam splitter, to let 
only TE polarization pass, followed by a polarization maintaining fiber and a gradient 
index lens before being coupled into the PC device. The output light was collected by 
a 65X, 0.85NA microscope objective and, after passing through a Glan-Thompson 
polarizing prism, focused onto a 63µm core diameter multimode fiber. An optical 
spectrum analyzer measured the collected light from the fiber. Between the prism and 
the output fiber a beam splitter taps out half of the transmitted power towards an IR 
camera. This allows a strict control of where the light in incoupled and which point of 
the output waveguide facet is actually imaged on the output fiber. 
In Fig. 3.13 it is shown the transmission measurement through a 40µm long W09 PC 
waveguide with PC having lattice constant a=360nm and hole diameter d=215nm, 
together with the transmission through a similar waveguide but with a 3 holes mirrors 
resonator 15µm long in it (see Fig. 3.11). When using the waveguide modes in the 
wavelength region close to the bandgap of the 2D PC, which is supposed to confine 
the modes laterally, the transmission through a photonic crystal waveguide has a 
bandwidth. The bandwidth is limited in the short wavelength side by the leakage to 
the substrate, due to the loss of the total internal reflection condition at the interface 
with the silica buffer, and in the long wavelength side by the bandgap edge of the 2D 
PC. After this edge the mode is in principle still index guided, since the average 
refractive index of the PC area is lower that that of the waveguide core, but now the 
field penetrates laterally much more in the holes area and scattering due to fabrication 
imperfections become important.  
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Fig. 3.13 Transmission spectrum through a 40µm long PC W09 waveguide 
(continuous line) and through a similar waveguide but with a 15µm long, 3 holes 

mirrors resonator (dotted line).  
 
 

 
The bandwidth edge due to leakage to the substrate is readily identified at 1.562µm. 
The bandgap edge is more complicated to identify. It may seem that the bandgap edge 
is set at 1.588µm, where another sharp transition in transmission takes place. On the 
other hand the transmission through the resonator suddenly increases after 1.574µm, 
meaning that the mirrors are not reflecting anymore, so this wavelength may actually 
be identified as the bandgap edge. The average transmission through the PC 
waveguide is indeed decreasing after this wavelength, which could be correlated to a 
transition to pure index guiding.  
There are no visible transmission resonances from the resonator, but resonator has a 
free spectral range >30nm, being only 15µm long. Assigning 1.574µm as the bandgap 
edge, the transition at 1.588µm becomes less clear. and the details of the dispersion 
diagram should be investigated. It could be related to the coupling to a counter-
propagating mode or a high order mode which has much higher propagation losses. 
A second application of a-Si:H exploits the advantage of PACVD based technology 
over the standard silicon on insulator (SOI) structures, that is the larger flexibility in 
the choice of the vertical stack of materials.  An example of vertical coupling between 
a PC cavity membrane and a single mode channel a-Si:H waveguide is shown in Fig 
3.14. The cavity has been designed by Z. Zhang and M. Qiu [11], it is a single hole 
missing cavity with PC having lattice constant a=480nm and hole diameters 
d=289nm. The holes close to the cavity have been properly designed to boost the Q 
value. 
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Fig. 3.14 Vertical coupling between a single mode a-Si:H waveguide and a PC cavity 
 
 

The a-Si:H as deposited is compressively stressed, therefore the membrane (250nm) is 
sandwitched between two SiN films (40nm each) tensile stressed, in order to obtain a 
tensile average stress, which keeps the membrane flat in tension. A sacrificial polymer 
has been used to separate the top membrane layer from the bottom waveguide layer, 
taking advantage of the low temperature of the PACVD process. This has allowed a 
dry oxygen plasma release, which avoids problems with capillarity forces of liquid 
etchants. In Fig. 3.15 it is shown the measured spectral transmission through the 
waveguide, normalized with that of an identical waveguide coupled to an identical PC 
but without cavity. The central wavelength is at 1598nm, the intrinsic Q is estimated 
at 500, whereas the system Q is around 120. These values are not so high and the 
rejection bandwidth is still a little large (approx 10nm), so some aspects of the 
fabrication procedure must be improved. The position of the nominal central 
wavelength is at 1610nm according to the design and the Q theoretically should be 
above 104. 
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Figure 3.15 Normalized transmission through the a-Si:H channel waveguide, coupled 
to the PC cavity 
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Chapter 4 
 
 
 
 
 
 
 
 

Summary and Conclusions 
 
 
 
 

The thesis presents the work devoted to the development of process technologies for 
the realization of planar photonic integrated circuits and components for optical 
communication systems, towards next generation all optical networks. Throughout the 
work, low temperature processing technology was considered and developed for 
future options of monolithic integration and increasing of device integrability for the 
miniaturization of an optical chip. 
Since plasma processes operate at low temperatures, PACVD technology was 
employed for the entire film formation in the process. PACVD technology permits 
deposition at high rates and fabrication of high quality low-loss Ge-doped silica 
channel waveguides. The entire device processing technology was developed to an 
extent that it highly suppressed the Si-H and N-H bonds from the fabricated 
components, while keeping the processing temperature below 300°C. These H 
terminated bonds are the result of an incomplete silane oxidation, i.e. an insufficient O 
production from the plasma discharge. This problem is eliminated by using high 
N2O/SiH4 gas flow ratios and high, low frequency, RF power. The advantage of this 
achievement is the potential for monolithic integration on a silicon chip of active and 
passive optical components fabricated using different and separately optimized 
technologies. Propagation loss measurements in waveguides showed that values as 
low as 0.2dB/cm are reachable and they are mostly process (i.e. etching quality) 
limited. 
Another part of the thesis covers the research work carried out on UV photosensitivity 
properties of Ge- and B-Ge-doped SiO2 materials, and its application to planar optical 
devices. Investigations were performed on the UV response of Ge-doped silica and 
the effect of B codoping was also analysed. The presence of B in the material highly 
enhances its refractive index variation upon UV illumination, due to enhanced local 
densification. The experimental investigations provide deep insight into the 
mechanism responsible for UV induced changes in silica-on-silicon systems. The 
deposition parameters must be properly tuned in order to generate the correct type of 
defects which make the material photosensitive. 
Experiments were performed on Bragg grating writing on single and multimode 
waveguides, a 50dB strong grating could be written on B-Ge doped waveguides, 
without any presensitization technique. MicroRaman spectroscopy of the UV exposed 
area has shown the presence of local densification in case of B codoping, whereas 
with only Ge doping the amorphous network relaxation is negligible. 
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The deposition of multilayer Si/SiO2 or Si/SiN Bragg mirrors was also explored. 
Better that 99.9% reflectivity was obtained with only 5 periods Si/SiO2 quarter-wave 
structures. Si/SiN Bragg mirrors can be preferable for high power laser applications 
due to their higher thermal conductivity. 
An ultranarrow (0.29nm) bandwidth directional coupler filter based on high 
dispersion Bragg Reflection Waveguide coupled to a standard silica channel 
waveguide was designed and fabricated. 
Finally a full fabrication process for silicon based 2D PC devices was developed, 
showing how the a-Si:H technology can be much more flexible than standard SOI 
wafers in producing advanced device geometries and in enabling the integration of PC 
based structures in classical, index confined, type of photonic circuits. 
In conclusion, plasma assisted deposition can be established as an enabling 
technology for complex photonic circuits, which integrate monolithically parts made 
with different technologies. This is mainly due to the low thermal budget of plasma 
assisted processes. Low insertion loss waveguide based devices are achievable and the 
photosensitive properties of the basic material allow optical path trimming and the 
fabrication of selective filters. 
Future work towards improvement of waveguide fabrication, should concern further 
improvements of waveguide parameters such as losses, control over deposited 
material, minimization of stress levels on the wafer, control over the densification of 
the material and reduction of porosity. A study of the photosensitivity of PACVD 
deposited material with regards to other dopants, like nitrogen, phosphorous or 
fluorine should be considered. The effect of UV exposure on waveguide birefringence 
should also be further investigated, analyzing the effect of the polarization of the UV 
light. 
Finally after developing this low temperature process, the practical realization of 
complex devices based on integration of different technologies should be addressed. 
High index contrast a-Si:H based integrated optics is feasible and new advanced 
devices can be designed with much more freedom than using SOI templates. 
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Chapter 5 
 
 

Guide to the papers and account of the Original 
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Paper A 
 
 
PECVD technology for low temperature fabrication of silica-on-silicon based 
channel waveguides and devices 
 
L. Wosinski, J. K. Sahu, M. Dainese and H. Fernando 
Conference “Photonics North ICAPT’2000”, Quebec, Canada, 12-16 June 2000, Proc. 
SPIE 4087, 503 (2000). 
 
Comprehensive analysis of film deposition and material properties dependent on the 
deposition condition is presented. Film quality and optical properties of the fabricated 
waveguides were investigated for different deposition parameters. It was confirmed 
that the combination of high power and a gas flow ratio [N2O]/[SiH4] of around 100, 
results in the best quality film while maintaining a high deposition rate of 1800Å/min.  
It was shown that the refractive index of the as deposited silica is closer to that of the 
thermal oxide and the porosity of the deposited material is very low. The deposition 
rate decreases considerably with an increase in chamber pressure above 400mtorr, 
whereas the temperature has less of a significant effect on the film quality, for high 
energy processes. No significant absorption peaks at 1.48µm and 1.51µm related to 
N-H and Si-H bonds were observed. 
 
Contribution by the author: Performed part of the clean room processing and all the 
FTIR characterization of the material 
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Paper B 
 
 
Material Considerations for Integrated Optics In Silica on Silicon Technology 
 
L. Wosinski, M. Dainese, H. Fernando 
 
Invited talk at the International Symposium on Dielectrics in Emerging Fields, Paris 
Apr. 28-30 2003. Also in Proceedings of the Electrochemical Society, vol. 2003-01 
pp.130-144 (2003) 
 
The paper summarizes the present status of research and development at the 
laboratory of photonics at KTH, on PACVD silica on silicon technology. It is shown 
how the technology developed in the laboratory’s clean room could produce silica 
based materials with good optical properties that are of great interest in the spectral 
window for fiber optic telecommunications. By keeping high deposition rates for the 
film deposition and without any post fabrication heat treatment (thermal annealing) 
steps, the entire fabrication process was made easier with much less complications. 
The results confirmed that RF power, besides gas precursors flow ratio, is a key 
parameter in optimising the deposition process. In the high power regime the 
deposited films show low sensitivity to the substrate temperature (250°C-350°C) and 
to the total gas flow level, provided that the [N2O]/[SiH4] gas inlet ratio is high. 
 
Contribution by the author: Large part of the clean room processing and all FTIR 
investigation. 
 
 
Paper C 
 
 
Influence of Ge Content and Process Parameters on the Optical Quality of Low 
Temperature PECVD Deposited Silica Waveguides 
 
 
M. Dainese, L. Wosinski 
 
Manuscript to be submitted 
 
The feasibility of a full low temperature process, based on Plasma Enhanced 
Chemical Vapor Deposition, for the fabrication of low loss silica-based optical 
waveguides is investigated. Results from XPS, FTIR, ERDA, isochronal wet etch rate, 
prism coupler measurements show that (low frequency) RF power is a critical 
parameter to improve microstructural properties of as-deposited SiO2 and minimize 
Rayleigh scattering. Ge doping of the silica matrix in the core layer increases network 
disorder and point defects density, mainly due to the highly reactive characteristics of 
the employed gas precursor (germane) and the high sticking coefficients of its 
radicals. Measurements on fabricated optical waveguides show that for relative 
refractive index differences between core and cladding up to 0.75%, the optical losses 
are acceptable for the fabrication of high performance devices. 
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Contribution by the author: All planning, processing and material characterization. 
Wrote the manuscript.  
 
 
 
Paper D 
 
 
Grating-assisted add-drop multiplexer realized in silica-on-silicon technology 
 
L. Wosinski, M. Dainese, H. Fernando and T. Augustsson 
 
Conference “Photonics Fabrication Europe”, Brugge, Belgium, 28 October - 1 
November 2002, Proc. SPIE 4941, 43 (2002). 
 
The paper presents the realization of a compact add-drop multiplexer based on a high 
bandwidth 2X2 multimode interference coupler. A Bragg grating written in the 
multimode section is used as a selective reflector for the add/drop channels. The 
obtained characteristics prove the proposed principle, with a 30dB dip in the 
transmitted output and a reflection peak at the drop output. The high photosensitivity 
of the PACVD deposited Ge-doped glass, without any hydrogen treatment or thermal 
annealing, led to the good performance of the device. 
 
Contribution by the author: Fabricated the multimode interference device. 
 
 
Paper E 
 
 
Birefringence control in plasma-enhanced chemical vapor deposition planar 
waveguides by ultraviolet irradiation 
 
J. Canning, M. Åslund, A. Ankiewicz, M. Dainese, H. Fernando, J. K. Sahu, and L. 
Wosinski 
Applied Optics, 39, 4296-4299 (2000). 
 
PACVD deposited material exhibits birefringence, which generates TE and TM 
reflectivity spectrum splitting, where writing Bragg reflector on waveguides. This 
paper demonstrates complete compensation of birefringence using an excimer laser 
operating at 193nm. The experiment demonstrates the selective elimination of 
birefringenece of the desired device, using blanket exposure, without affecting the 
other waveguides in the sample. Initial birefringence (mostly as result of stress 
birefringence) was measured by writing weak gratings (2-10dB) and it was found to 
be approximately 5e-4. This weak grating was also used to monitor the progress of the 
birefringence reduction using a blanket exposure. Illumination was terminated at the 
overlab of the TE and TM grating. 
 
Contribution by the author: Performed part of the waveguides fabrication and wrote 
the part of the paper relative to fabrication. 
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Paper F 
 
 
Photosensitivity of B-codoped PECVD films in application to grating assisted 
devices 
 
M. Dainese, M. Swillo, L. Wosinski 
 
Conference “Photonics Fabrication Europe”, Strasbourg, to appear in Proc. SPIE 
 
UV sensitivity of B-Ge codoped cores in PECVD silica waveguides has been 
investigated. Photoinduced refractive index changes have been introduced by KrF 
excimer laser irradiation at 248 nm, without any presensitization method. The effects 
of B codoping of Ge doped silica have been examined. It has been shown that B 
addition mildly increases glass network disorder, by broadening the O bridging angle 
distribution as from FTIR measurements, but on the other hand it does not produce 
point defects which may contribute to the absorption band at 5eV already generated 
by the presence of Ge doping. The fabricated channel waveguides show low optical 
loss even without high temperature annealing. Strong Bragg gratings imprinted into 
these waveguides confirm that in non thermally annealed Ge doped PECVD silica 
glass, where a small absorption band still exist at 5eV, B codoping supplies sufficient 
photosensitivity amplification to make hydrogen loading unnecessary 
 
 
Contribution by the author: All the planning and material development and 
characterization. Part of the UV exposure experiments and wrote the manuscript. 
 
 
Paper G 
 
 
Directional Coupler Wavelength Selective Filter based on Dispersive Bragg 
Reflection Waveguide 
 
M. Dainese, M. Swillo, L. Wosinski, L. Thylen 
 
Manuscript submitted for Journal publication 
 
A new type of directional coupler highly selective filter is thoroughly investigated. 
The filter is based on the high dispersion properties of Bragg reflection waveguides, 
which, when coupled with low dispersive silica waveguides, produce a very 
wavelength selective power transfer, due to their high differential dispersion. A 
complete characterization of the coupler structure and design principles are provided. 
The use of a silica waveguide allows also low insertion loss. A bandwidth as low as 
0.29nm is measured, with 14dB discrimination. The discrimination measurement is 
limited by the resolution of the spectrum analyser and it is expected to be higher. 
 
Contribution by the author: All the calculations shown in the paper using own code, 
the whole fabrication process, part of coupler characterization, all manuscript writing. 
 



55 

Paper H 
 
 
High performance 1.55µm vertical external cavity surface emitting laser with 
broadband integrated dielectric-metal mirror 
 
C.Symonds, J.Dion, I.Sagnes, M. Dainese, M. Strassner, L. Leroy, J.L. Oudar 
 
Electronics Letters, vol 40, pp.734-735, 2004 
 
It is reported on 1.5µm room temperature continuous wave operation of a high 
performance optically pumped vertical external cavity surface emitting laser. The 
structure includes an active region with strain compensated quantum wells, and a 
broadband SiNx/Si/Au Bragg reflector transferred on a Si substrate by Au/In dry 
bonding. Output power of up to 45 mW is achieved at 0°C, and continuous wave 
operation is observed up to 45°C 
 
Contribution by the author: Fabricated the dielectric mirror. 
 
 
 
 


