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Introduction 
 

Microwave photonics (MWP), a field that uses optical devices and techniques to generate, 

process, control, and distribute high-speed radiofrequency (microwave) signals, has been at the 

center of interest of the research community for the past 30 years. Photonics for microwave 

engineering applications make the realization of high-performance ultra-broadband 

implementation of microwave signal generation, processing, and distribution possible, which is 

either too complex and costly or even not directly possible in the electric domain [1-3]. The main 

areas of use of the MWP are communication systems (cellular, wireless, and satellite), distributed 

antenna systems, cable television, optical signal processing, and the internet of things. These areas 

of use demand ever-increasing speed, bandwidth, and dynamic range. They also require small 

devices and exhibit large tunability and strong immunity to electromagnetic interference.  

Numerous techniques have been proposed and demonstrated for generating and processing 

microwave signals, including generation of ultra-broadband signals, distribution, and transport of 

RF over fiber, wideband tunable filters, and photonics-enhanced radar system [1-3]. Nonetheless, 

these techniques were based on discrete optoelectronic components, standard optical fibers, and 

fiber-based components. Discrete optoelectronic components have a larger footprint, higher power 

consumption, and are costly. They also have issues with stability and flexibility.  

Fortunately, Integrated Microwave Photonics (IMWP) addresses all these issues. IMWP 

combines MWP technology with photonic integration technologies [1-4]. As a result, it is possible 

to use photonics integration to obtain substantial footprint redaction of highly complex MWP 

systems, making them more comparable to RF circuits. Furthermore, photonic integration reduces 

coupling losses, cost, and power consumption. However, the main disadvantage of IMWP systems 

is scattering losses in optical waveguides and fiber-to-chip coupling, which were caused by light 

sources, modulators, and detectors located off-chip. Thus, integrated microwave photonics 

research concentrates on reducing on-chip losses, integrating as many components as possible on 

a single chip, and demonstrating device reconfiguration [4-6].  
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Available platforms for photonic integrated circuits 

 

Major available platforms for photonic integrated circuits are compound semiconductors, 

mainly indium phosphide (InP), silicon-on-insulator (SOI), and dielectrics, mainly silicon nitride 

(Si3N4), silicon oxynitride (SiON). Each of these materials has its advantages and disadvantages; 

notwithstanding, particular functions have been shown in the past several years. The advantages 

and disadvantages of these platforms alongside hybrid integration and some new emerging 

platforms will be discussed in this section.  

 

Indium Phosphide (InP) 

 

InP is the only material that can monolithically integrate active and passive photonic components, 

including lasers, photodetectors, modulators, and optical amplifiers. InP also has a small bending 

radius in the order of 100 µm, which allows us to create very compact photonic circuits and is 

appealing for large-scale photonic integration. Multiple applications have been developed in InP 

photonics, e.g., optical beamforming, fully programmable microwave photonic filters using 

microring resonator (MRR) structures, and monolithic integrated optical phase-locked loop for 

coherent detection scheme. However, the main issue with InP photonics is their relatively high 

propagation loss, ranging from 1.5 to 3 dB/cm [7].  

 

Silica PLCs 

 

Silica glass planar lightwave circuits (PLCs) [1, 8, 9] are another platform used in 

integrated photonics. They have exceptional optical properties, such as low propagation loss. They 

can also be easily mass-produced. For example, the lowest propagation loss measured in Silica 

PLCs at λ = 1550 nm is 0.85 dB/cm, demonstrated using phosphorus-doped silica on a silicon 

waveguide. Nevertheless, this silica waveguide had a low refractive index contrast of a 0.7%, 

which is not ideal for photonic integration due to the high large bending radius of the waveguide, 

therefore a larger chip size [8, 9].  

Multiple MWP applications have been demonstrated using Silica PLCs such as true time-

delay beamforming network, wide-tuning-range optical delay line, arbitrary waveform generator 

(AWG), and integrated frequency discriminator. [8, 9]. 

 

Silicon-on-insulator (SOI) 
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Silicon photonics' most significant selling point is its compatibility with microelectronic 

Complementary Metal Oxide Semiconductor (CMOS) fabrication processes. This enables the co-

integration of photonics and electronics and makes microwave photonic systems less costly and 

more compact. Silicon photonics has sizeable refractive index contrast between silicon (n~3.48) 

and silica (SiO2, n~1.45) which causes high optical confinement and allows to produce SOI with 

a relatively small bending radius (5 - 100 µm). Most advances in silicon photonics for MWP have 

focused on passive reconfigurable devices and devices exploiting optical nonlinearities. SOI 

waveguides exhibit an extensive range of propagation loss (0.1-3 dB/cm) based on the waveguide 

dimensions and processing conditions [10-12]. 

 

TriPleX 

 

The TriPleX platform consists of waveguide geometries based on an alternating layer stack 

of two materials: Si3N4 and SiO2. The fabrication of SiO2 and Si3N4 films is done using low-

pressure chemical vapor deposition (LPCVD), which is CMOS compatible and enables low-cost 

volume production. All functionalities of the PIC-based on the TriPleX platform are constructed 

using standard basic building blocks, such as waveguides, splitters/combiners and couplers, spot-

size converters, and phase tuning elements. The basic functionalities that have been realized are 

ring resonators, Mach-Zehnder interferometer filters, tunable delay lines, and waveguide switches. 

This platform is also used to fabricate integrated optical waveguides with an extremely low optical 

loss (less than 0.1 dB/cm) on silicon and glass substrates for all wavelengths between 405 nm and 

2035 nm [1, 13, 14].  

 

Silicon oxynitride 

 

Silicon oxynitride (SiON) is an attractive candidate for a middle refractive index contrast 

integrated photonics core material. SiON waveguides with SiO2 cladding have lower loss than 

other silicon-based waveguides [15-17].  

SiON waveguides have substantially lower refractive index contrast, with SiON core 

having a refractive index in a range of n≈1.45 to ≈2.0 and cladding film with n≈1.4 than silicon 

waveguides (Si core has n≈3.5). Therefore, they exhibit lower optical loss, allowing much longer 

waveguides (delay lines). The propagation loss of SION waveguides can be as low as 0.2 dB/cm 

or even lower [16]. By changing the oxygen and nitrogen ratios in the SiON waveguide, we can 

tune the refractive index in a range of n≈1.45 to ≈2.0, which gives us significant design flexibility 
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suitable for different applications, e.g., filters, MRRs, dispersion compensators, and optical 

switches.  

 

Hybrid integration platform 

 

 This platform combines different materials and utilizes their strengths to fabricate photonic 

integrated circuits. There are many different techniques for fabricating IMWP chips in this 

technology. These techniques include wafer-scale (heterogenous) integration techniques such as 

wafer bonding or direct epitaxial growth, mainly oriented for mass-produced applications, and 

chip-to-chip (hybrid) integration through vertical or edge coupling [18-20].  

 The most prominent area of heterogenous integration technology is the hybrid integration 

of III-V materials with silicon and silicon nitride [21-23]. This hybrid integration combines the 

ability of III-V semiconductor materials to produce reliable light sources and modulators with low-

loss optical waveguides made from silicon nitride/ oxynitride.  

 

Other platforms 

 

Besides the major platforms discussed above, other platforms are considered for IMWP 

implementation, such as chalcogenide glasses [24-26], GaAs [27, 28], lithium niobate (LiNbO3) 

[29, 30], polymers [31, 32], Ta2O5 [33, 34], and some 2D materials, such as graphene on SOI [35, 

36]. These technologies are smaller in scale and volume, focusing on specific light-matter 

interactions, e.g., nonlinear optics, optomechanics, and plasmonics. 
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Objectives of the dissertation thesis 
 

• Obtaining new knowledge in the preparation and characterization of SiON waveguide core 

film and SiO2 passivation film for optical waveguides. 

 

• Design and simulation of selected components utilizing SiON platform for communication 

applications and visible light sensor systems. 

 

• Fabrication and verification of selected integrated photonics components utilizing SiON 

platform. 
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Fabrication of SiON waveguides 

 

The SiON platform is suitable for implementing PICs with a middle refractive index contrast 

for the near-infrared and visible regions. Furthermore, like other Si-based technologies, SiON is 

CMOS compatible.  

Additionally, it has lower refractive index contrast than other Si-based technologies, 

therefore lower propagation loss. SiON waveguides also have a core with a tunable refractive index 

ranging from 1.45 (SiO2) to 2.0 (Si3N4). This incredible flexibility of refractive index selection 

increases the attractiveness of this material for the preparation of PICs for applications in 

information and communication systems and optical sensing. Furthermore, it allows the 

construction of planar waveguides with a favorable compromise between compactness, 

comparable dimensions to telecommunication optical fibers, and possible technological 

production processes [17]. 

Moreover, this technology is compatible with a very-large-scale integration (VLSI) 

technology. Therefore, it can be readily integrated with other silicon photonic devices in delay 

line-related applications, including phase array antennas and optical buffers used for optical 

networking. This technology is also compatible for hybrid integration with various older and newly 

emerging materials, e.g., III-V materials, BaTiO, VO2.  

 

Fabrication process 

 

The fabrication process of the SiON optical waveguides consists of multiple steps: 

1. Deposition of the SiON optical waveguide core film 

2. Annealing of the SiON film 

3. Etching mask preparation and photolithography 

4. Metal layer deposition 

5. Lift-off process 

6. Plasma etching of the SiON film 

7. Wet etching of the remaining metal layer 

8. Deposition of the SiOx cladding film 

The entire fabrication process of the SiON optical waveguide is shown in Fig. 1. Each step 

can be done using several technological processes.  
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a)  b)  

c)  

d) 

 

e)  

Fig. 1: a) Profile of Si wafer with 10 µm of thermal oxide, b) Model of the structure after SiON deposition, etching 

mask preparation, photolithography, and metal layer deposition, c) Model of the structure after the lift-off process, 

d) Model of the structure after plasma etching of SiON film and wet etching of the remaining metal mask, e) Model 

of the structure after the deposition of the SiOx cladding film  

 

Deposition and annealing of SiON waveguide core film 

 

The deposition of SiON films can be done by several technological processes. The most 

common technological processes used for depositing films of optical waveguides are Low-

Pressure Chemical Vapor Deposition (LPCVD) and Plasma Enhanced Chemical Vapor Deposition 

(PECVD). For the deposition of the SiON optical waveguide core film, PECVD technological 

process utilizing a parallel plate configuration reactor (Plasmalab 80+, Oxford Instruments, 

Abingdon, UK) was used. 
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In the PECVD process, deposition is done by introducing reactant gases between two parallel 

electrodes –an RF-energized electrode and a grounded electrode. The capacitive coupling between 

the electrodes excites the reactant gases into a plasma inducing a chemical reaction resulting in the 

deposition of the material on the substrate. The substrate placed on the grounded electrode is 

typically heated from 250°C to 350°C [37].  

Standard reproducibility and uniformity of thickness of deposited SiON films by the PECVD 

process are between 1-3% [38]. The inhomogeneity and reproducibility of the refractive index are 

typically from 0.7 to 1.7% [38]. The gas mixture used for deposition of SiON film by the PECVD 

process contains silane (SiH4) and ammonia (NH3), which introduces unavoidable N – H, Si – H, 

and Si – O – H hydrogen bonds into the SiON film. This results in an absorption peak in a range 

of wavelengths from 1400 nm up to 1550 nm. This absorption impacts the overall performance of 

the optical circuit. By optimizing the technological fabrication processes of SiON films with high-

temperature annealing, this absorption can be suppressed to an acceptable level below 0.2 dB/cm 

[38].  

 

Etching mask preparation and photolithography 

 

Photolithography is a process of transferring the pattern from the photomask into the 

photoresist to prepare the sample for subsequent processing, such as etching or deposition of 

additional material.  

Etching mask material plays a substantial role in determining the morphology of the SiON 

waveguide core, such as sidewall smoothness, taper angle, and feature resolution. Therefore, 

choosing the suitable mask material for inductively coupled plasma /reactive ion etching 

(ICP/RIE) is crucial. One of the things poor etching masks can cause is rough or tapered sidewalls 

due to mask erosion.  

One of the most popular materials for etching masks is a photoresist. The most significant 

advantage of a photoresist etching mask is that it is easy to fabricate, with no additional steps or 

processes. Nevertheless, the most known limitation of using a thick photoresist mask for high-

resolution photolithography is pattern collapse caused by capillary force during rinsing liquid 

drying and after development. [39].  

The most used approach to ICP/RIE etching with a huge substrate depth is to use a 

photoresist combined with an intermediate hard etching mask made of metal. The photoresist mask 

is first used to pattern and pattern transfer the intermediate metal hard mask using 

photolithography. Then the film is ICP/RIE etched using the patterned metal hard mask structure 

as an etching mask. The process for transferring the pattern into the metal is lift-off, which exposes 
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a pattern into the photoresist, depositing a thin metal film, then stripping away the remaining 

photoresist to leave behind the metal film only in the patterned area.  

 

Etching of SiON film 

 

The most common method for etching of the SiON film is dry etching, specifically ICP/RIE 

etching process. Various gases can be used for ICP/RIE etching, including sulfur hexafluoride 

(SF6), hexafluoroethane (C2F6), and tetrafluoromethane (CF4). The base of ICP/RIE etching is an 

inductively coupled plasma. The ICP source generates high-density plasma because of inductive 

coupling between the RF antenna and the plasma. The RF antenna generates an alternating RF 

magnetic field located in the plasma generation region. It induces an RF electric field, which then 

energizes electrons that participate in the ionization of gas molecules and atoms at low pressure. 

A low-pressure etching is advantageous for achieving a highly anisotropic profile and lowering 

contamination or damage to the substrate. In addition, no ion bombardment or erosion of the 

reactor walls occurs due to the absence of an electrical field near them [40].  

 

Deposition of SiOx cladding film 

 

Multiple technical processes exist for the deposition of the SiOx film. The most used methods are 

wet and dry thermal oxidation and PECVD [73]. Thermal oxidation produces higher quality oxide 

with lower surface roughness and stress, but the growth rate is very slow, making it impractical 

for thick oxide growth. On the other hand, the PECVD process for SiOx deposition has a much 

higher growth rate, but the film's quality is lower [41]. Therefore, the PECVD process was used 

to deposit the SiOx cladding film. The deposition of SiOx cladding film works the same as the 

deposition of SiON waveguide core film. The gases used for the deposition of SiOx cladding film 

are silane (SiH4) and nitrous oxide (N2O).  
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Experimental results and discussion 

 

Design and simulation 

 

 The main objective of design and simulation is to find the physical dimensions of the strip 

optical waveguide and the optimum refractive index of the SiON optical waveguide core film for 

fabrication of the single-mode strip waveguide without the polarization mode dispersion. The 

design and simulation were done in the RSoft CAD Enviroment™ program and COMSOL 

Multiphysics® Version 5.6. 

The dependency of neff of guided modes in a waveguide on the height of the waveguide 

was investigated for various waveguide thicknesses. The simulations were done for a specific 

wavelength of visible light λ = 633nm in the RSoft CAD Enviroment™ program. The refractive 

indices of the core and the cladding of the waveguide were set to n1 = 1.46 and n2 = 1.6, 

respectively. The waveguide thicknesses ranged from 0.5 µm up to 1 µm, with a step of 0.05 µm. 

Selected results of the simulations for waveguide thicknesses of 0.6 µm, 0.65 µm, and 0.7 µm are 

shown in Fig. 2 a), b), and c), respectively. 

From Fig. 2, it can be seen that the waveguide with any of the thicknesses used propagates 

the two fundamental modes' overall range of the simulated height of the waveguides. For the 

waveguide with a thickness of 0.6 µm, the other two modes will propagate from 0.7 µm height 

and two more from 0.95 µm height. For the waveguides with the thicknesses of 0.65 µm and 0.7 

µm, the other modes begin to propagate from 0.7 µm. It is also clear that the polarization mode 

dispersion (PMD) of the fundamental modes is zero for the waveguides that are square-shaped, 

i.e., their height and thickness are the exact sizes. Therefore, the waveguides that satisfy both 

conditions, i.e., they have zero PMD and are single-mode, are the ones shown in Fig. 2 a) and b).  

Another set of simulations was done using COMSOL Multiphysics® Version 5.6 for the 

waveguides with dimensions of 0.6x0.6 µm2, 0.65x0.65 µm2, and 0.7x0.7 µm2. These simulations 

confirmed the results of the ones done in the RSoft CAD Enviroment™ program.  

After examining the results of the simulations, the one chosen as the most suitable 

candidate for visible light sensor systems is a waveguide with the dimensions of 0.65x0.65 µm2, 

since they are the biggest dimension that satisfy both conditions. 
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   a)                                                                                       b) 

 

             c) 

Fig. 2: The dependency of neff of guided modes in a waveguide on the height of the waveguide for waveguide 

thickness of a) 0.6 µm, b) 0.65 µm, and c) 0.7 µm 

 

The design and simulation of SiON waveguides for communication applications were 

published in [42]. Simulations of the guided modes were done by the 2D finite difference method 

for TE and TM polarization of radiation and 1550 nm wavelength band in air [42]. The refractive 

index of the SiON core, the bottom thermal SiO2 layer, and the PECVD SiO2 top film were set to 

n1 = 1.6, n2 = 1.456, and n3 = 1,48, respectively. 

The dependencies of neff of guided modes in a waveguide with the thickness of 2.0 µm, 

2.5 µm, and 3.0 µm on the waveguide width were investigated. The waveguide with a thickness 

of 2 µm leads only two fundamental modes overall simulated waveguide width range. However, 

for waveguides with a thickness of 2.5 µm and 3.0 µm, four higher modes begin to propagate from 

the 3.2 μm waveguide width.  

The difference between neff of the TE fundamental mode and neff of the TM fundamental 

mode was also investigated to determine the waveguide width at which a zero-polarization mode 
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dispersion (PMD) of the simulated waveguides occurs. From the simulation, it can be determined 

that the zero value of PMD occurs not at the square shape of the waveguide but when the 

waveguide width is slightly smaller than its thickness. This is caused by the inequality of the 

refractive indices of the thermal SiO2 bottom film and the PECVD SiOx top film. The list of all 

waveguide widths for waveguides with a thickness of 2.0 µm, 2.5 µm, and 3.0 µm for which PMD 

is equal to zero is shown in Table 1 [42]. 

 

Table 1 Waveguide widths for different waveguide thicknesses for which PMD is equal to zero 

Waveguide thickness Waveguide width 

2.0 µm 1.8 µm 

2.5 µm 2.3 µm 

3.0 µm 2.8 µm 

 

After examining the results of the simulations, the one chosen as the most suitable 

candidate for the fabrication of SiON waveguides for communication applications is the 

dimensions of the thickness of 2.5 µm and width of 2.3 µm. These dimensions and the refractive 

index contrast were chosen because they are bigger, therefore, easier to fabricate [42]. 

 The photolithography mask for the fabrication of SiON waveguides and other optical 

components is shown in Fig. 3. This mask was designed in the RSoft CAD Enviroment™ program. 

This is only a test mask for optimizing the fabrication process of the SiON waveguides and other 

optical components. It contains SiON waveguides with various components such as delay lines, Y 

Couplers, MZIs, and MMI couplers.  
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Fig. 3: Design of photolithography mask for fabrication of SiON waveguides and other optical components 

 

Deposition, annealing, and characterization of SiON optical waveguide core film 

 

The deposition of SiON films was done by the PECVD process utilizing a parallel plate 

configuration reactor (Plasmalab 80+, Oxford Instruments, Abingdon, UK). A standard 100 mm 

(4 in) polished Si wafers with (100) crystal orientation, the thickness of 525 ± 20 µm, and a 100 

nm of thermal oxide on the surface were used as substrates for the fabrication of the SiON films.  

Before the deposition, silicon wafers were cleaned in an ultrasonic bath with acetone, then 

cleaned in an ultrasonic bath with isopropyl alcohol, and then rinsed with demi water. The gas 

mixture for the deposition process contained silane (SiH4)10%/Ar, nitrous oxide (N2O), ammonia 

(NH3), and N2. The deposition temperature was set to 300 °C, base pressure to 1 Torr, source 

power to 20 W, and the frequency of the PECVD reactor to 13.56 Mhz. The values of 

SiH4(10%)/Ar, NH3, and N2 flow rates were 200, 20, and 600 sccm, respectively. In addition, the 

dependency of SiON film parameters on the N2O flow rate was investigated [43]. 
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SiOx and SiN films were also deposited by the PECVD process as a comparison with the 

SiON films., A standard recipe was used for the deposition of the SiOx film with the SiH4 flow 

rate set to 85 sccm and an N2O flow rate set to 710 sccm. The other parameters were the same as 

in the SiON film deposition. SiN film was deposited using a SiH4 flow rate set to 200 sccm, an 

NH3 flow rate set to 20 sccm, and an N2 flow rate set to 300 sccm. The other parameters were the 

same as in the SiON film deposition [43]. 

The thickness, uniformity of thickness, and the refractive index of all samples were 

obtained with Micro-spot spectroscopic reflectometry (FilmTek 2000M, SCI, Carlsbad, CA, USA) 

and confirmed by spectroscopic ellipsometry (PhE-102, Angstrom Advanced Inc., Stoughton, 

MA, USA ). The Cauchy model was used to calculate the refractive indices from both methods. 

The measured film thickness was used for the calculation of the deposition rates [43].  

Fig. 4 a) shows the deposition rate (nm/min) of SiON film as a function of N2O flow rate. 

It can be seen that the deposition rate of SiON films increases with increasing N2O flow rate, which 

is caused by a higher oxygen amount in the plasma chamber [43]. 

a) b)  

Fig. 4: a) Deposition rate (nm/min) of the SiON film deposited by the PECVD process as a function of N2O flow 

rate, b) The refractive index of SiON, SiN, SiOx films at wavelength λ = 1550 nm as a function of N2O flow rate 

[43] 

 

Fig. 4 b) shows the refractive index of SiON, SiN, and SiOx films at λ = 1550 nm as a 

function of N2O flow rate. It is clear that the refractive index decreases with increasing N2O flow 

rate and has an exponential character. This decrease of refractive index can be explained by the 

fact that during the deposition of SiON films by the PECVD process, the most possible reaction is 

the formation of Si–O bonds. It is apparent that the refractive index closest to the target value of n 

= 1.6 is the refractive index of the SiON film deposited with N2O flow rate = 120 sccm [43]. 

The refractive index of SiN, SiON, SiOx films at wavelength λ = 1550 nm as a function of 

N2O flow rate is shown in Fig. 5. Functions labeled as SION1-5 in Fig. 5 represent SiON films 

deposited with N2O flow rates = 30, 60, 125, 250, and 500 sccm, respectively, shown in Table 5.2. 
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The values in the range from 1100 nm to 1600 nm were extrapolated from the measured data as 

the measuring equipment does not allow the measurement in this range of wavelengths. From the 

analysis of the reflectometry and ellipsometry measurements, it can be assumed that the N2O flow 

rate can accurately control the refractive index of the deposited SiON films.  

From the results of the reflectometry and ellipsometry measurements, the most suitable gas 

mixture for the fabrication of SiON films with the target value of refractive index n = 1.6 at λ = 

1550 nm was the gas mixture of 200(SiH4):20(NH3):130(N2O): 600(N2) sccm [43]. 

 

Fig. 5: Dependence of the refractive index for SiN, SiOx, and SiON films on the wavelength [43] 

 

The chemical composition of SiN, SiON, SiOx films with a thickness of ≈500 nm was 

analyzed by Secondary Ion Mass Spectrometry (SIMS IV, Ion-TOF, Münster, Germany) with 

liquid metal ion gun Bi+ operated at 25 keV, and Cs+ ion sputtering operated at two keV in dual-

beam mode. Fig. 6 shows the SIMS analysis of SiON film with an N2O flow rate of 30 sccm.  The 

exponential increase of the intensity of all elements in the SiON film is caused by the alteration of 

material conductivity with the measurement depth.  From the analysis of all films, it is apparent 

that the concentration of oxygen-based elements (O-, O2-, SiO-, SiO2-) increases with increasing 

N2O flow rate, and the concentration of nitrogen-based elements (SiN-, SiNO- and SiNO2-) 

decreases with increasing N2O flow rate, as expected [43]. 
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Fig. 6: SIMS analysis of the SiON film with an N2O flow rate of 30 sccm [43] 

 

The standard deposition of SiON films by the PECVD process introduces hydrogen (H) as 

a component from SiH4 and NH3 into the SiON film. The hydrogen concentration level is crucial 

from the absorption peak point of view at λ = 1550 nm. Thus, it would be helpful to estimate the 

hydrogen concentration level. One way of the hydrogen concentration estimation is to compare 

the relative hydrogen concentration regarding the N2O flow rate. Fig. 7 a) shows the relative 

concentration of hydrogen as a function of the N2O flow rate, where 100% intensity is measured 

at an N2O flow rate of 0 sccm (Si3N4 sample). The relative hydrogen concentration is not linear 

and decreases with increasing N2O flow rate, which is apparent since the overall concentration of 

gases that contain hydrogen (SiH4, NH3) decreases with increasing N2O flow rate [43].  

  

Fig. 7: a) Relative hydrogen (H) concentration as a function of N2O flow rate, b) Refractive index at 1550 nm as a 

function of the O/(O + N) concentration ratio [43] 
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Fig. 7 b) shows the refractive index at λ = 1550 nm as a function of the O/(O + N) 

concentration ratio. The blue squares represent the data acquired from the SIMS measurements, 

and the line represents a refractive index calculation according to the Bruggeman effective medium 

approximation (EMA) method [43,44,45]. 

From Fig. 7 b), it is clear that the refractive index decreases with increasing oxygen 

concentration in the SiON film. Therefore, to gain more accurate results of the O/(O + N) 

concentration ratio acquired from SIMS measurements, a multiplication of 0.7*O was used as an 

ionization coefficient for oxygen.  

The SiN, SiON, SiOx films' surface roughness was analyzed using Atomic Force 

Microscopy (AFM, XE-100, Park Systems, Suwon, Korea) in tapping mode. The root mean square 

(RMS) surface roughness of the SiN, SiON, SiOx films are shown in Table 2. It is clear that the 

N2O flow rate does not affect the RMS surface roughness. Furthermore, even the highest measured 

RMS surface roughness should not introduce additional propagation losses into the SiON 

waveguides since it is much lower than half of the wavelength of the transmitted optical signal 

(1550/1.6 = 969/2 = 484.5 nm).  

Table 2. RMS Surface roughness (nm) of SiN, SiO, SiON films [43] 

Material film N2O flow rate (sccm) 
RMS Surface 

roughness (nm) 

SiN 0 50.95 ± 2.28 

SiON1 30 70.24 ± 2.89 

SiON2 60 16.33 ± 2.07 

SiON3 125 59.77 ± 3.79 

SiON4 250 36.53 ± 1.82 

SiON5 500 54.55 ± 1.95 

SiO2 710 33.68 ± 2.94 

 

After the structural analysis of various SiON films, a 2500 nm thick SiON film was 

deposited on a standard 100 mm (4 in) polished Si wafer with (100) crystal orientation, a thickness 

of 525 ± 20 µm, and 10 µm of thermal oxide on the surface. The gas mixture for the fabrication of 

this SiON film was 200(SiH4):20(NH3):130(N2O): 600(N2) sccm, with the other parameters being 

the same as in the previous depositions [43].  

The thickness, refractive index, and their uniformities of the SiON film were measured by 

Micro-spot spectroscopic reflectometry (FilmTek 2000M, SCI, Carlsbad, CA, USA). 

Nevertheless, the Cauchy model proved insufficient for the analysis because the difference 
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between the measured and simulated spectral reflectance was too significant. Thus, Scientific 

Computing International (SCI) model was used for the analysis. 

Fig. 8 shows the AFM topography image of the analyzed SiON film with the image size of 

10 × 10 µm2. In order to highlight the surface roughness, the z-axis was magnified 20 times. As a 

result, the RMS surface roughness of the SiON film is approximately 5.32 ± 0.46 nm. This 

roughness is much lower than the RMS surface roughness measured in the previous experiment, 

which is beneficial for the fabrication of SiON waveguides. 

 

Fig. 8: Topography of 10 × 10 µm2 image of a thick SiON film [43] 

 

Fig. 9 shows the thickness and the uniformity of thickness of SiON film on the whole wafer. 

N represents the number of points measured on the wafer. From Fig. 9, it can be seen that the 

thickness of SiON film ranges from 2470 nm to 2522 nm, the uniformity of thickness is ≈1.05%, 

and the average thickness is ≈2505 nm, almost equal to the thickness goal of 2500 nm. It is clear 

that the thickness of the SiON film is highest in the center of the wafer and decreases from the 

center of the wafer to the edges [43]. 

 

Fig. 9: Thickness and uniformity of thickness of a thick SiON film obtained by Micro-spot spectroscopic 

reflectometry, where N is the number of points measured on the wafer [43] 
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Fig. 10 shows the distribution of the refractive index of SiON film at λ = 1550 nm on the 

whole wafer. N represents the number of points measured on the wafer. The refractive index 

distribution is relatively even, with only the edges of the wafer having a refractive index slightly 

higher than the center of the wafer. The refractive index is in range from n = 1.588 to n = 1.598 

with the average value of n = 1.594. This refractive index value is relatively close to the desired 

value of n = 1.6. The uniformity of the refractive index of the SiON film is 0.3%.  The difference 

could be caused by the inaccuracies of the reflectometry measurement [43]. 

 

Fig. 10: Distribution of refractive index of a thick SiON film across a 100 mm wafer obtained by Micro-spot 

spectroscopic reflectometry [43] 

 

After the deposition, the effect of annealing on the SiON film was investigated.  The RTA 

was used to investigate the impact of temperature on reducing absorption peaks of hydrogen bonds. 

The temperatures and times used and the state of the SiON film after annealing are shown in Table 

3. The SiON wafer was cut to 18 mm x 18 mm square samples for this experiment.  

Table 3 Temperatures and Times of RTA 

Temperature (°C) Time (s) State of the SiON film 

700 15 Fractured 

650 15 Fractured 

600 15 Fractured 

550 15 Fractured 

500 15 Not fractured 

500 20 Slightly fractured after two 

days 

500 25 Fractured after two days 

500 30 Fractured 
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The temperature of 500°C is too low, making RTA unusable for the annealing of the SiON 

films. Therefore, additional optimization of the SiON film annealing using the conventional 

annealing technique is required.  

 

Mask fabrication for ICP/RIE etching of SiON waveguides 

 

Two different masks were investigated: a very thick photoresist mask and a hard metal 

mask fabricated using a lift-off process.  

Since the proposed waveguide structures are relatively large with a thickness of 2.5 µm 

and a width of 2.3 µm, a very thick photoresist mask is sufficient to fabricate the SiON waveguide 

core. However, the resolution of the very thick photoresist mask is not as good as the hard metal 

mask. ICP/RIE etching of SiON waveguide in an Oxford PlasmaLab 100 etching chamber using 

a very thick photoresist (thickness h~5000 nm) is shown in Fig. 11. The ICP/RIE etching 

parameters were CF4 = 50 sccm, O2 = 0 sccm, RIE = 200 W, p = 50 Torr, and t = 30 min. Due to, 

already mentioned, poor etching resistance, ICP plasma could not have been used, making the 

etching process much slower than the other two methods. Also, the resolution and the angle of 

sidewalls are very poor.  

 

Fig. 11: ICP/RIE etching of SiON waveguide core film using a thick photoresist mask 

 

The hard metal mask fabricated using the lift-off process yielded much better resolution 

than the thick photoresist mask. First, the SiON films were cleaned in acetone, isopropyl alcohol, 

and deionized water. Then the SiON film was coated with negative photoresist ma_N 1420 (micro 

resist technology GmbH, Berlin, Germany) and exposed with i-line filter photolithography in 

MA/BA 6 exposition chamber for 40 s. Then it was developed with MA-D 5335 Developer (micro 



 

24 
 

 

resist technology GmbH, Berlin, Germany) with two different development times: 60 s and 120 s, 

shown in Fig. 5.34 and 5.35, respectively.  

After the photolithography process, the substrate was coated with 100 nm thick aluminum 

film using a thermal evaporation deposition platform (PRO Line PVD 75, Kurt J. Lesker Company, 

Jefferson Hills, PA, USA). Thermal evaporation was conducted at 10-6 Torr pressure with a 

deposition rate of 0.2 nm/s. The resist was then stripped with TechniStrip Micro D350, leaving the 

desired aluminum trace pattern for etching.  

The aluminum waveguide pattern after the lift-off of photoresist with 120 s development 

time is shown in Fig. 12. It can be seen that the entire pattern has been correctly transferred from 

the photoresist to the aluminum with relatively smooth edges. 

 

Fig. 12: Aluminum pattern of a delay line after the lift-off of the photoresist with 120 s development time 

 

ICP/RIE etching optimization of SiON waveguide core film 

 

 SiON films were etched in an inductively coupled plasma reactive ion etching (ICP-RIE) 

chamber (Oxford Instruments Plasmalab 100, Abingdon, UK) using CF4 gas. The impact of the 

oxygen (O2) flow rate and source power (ICP) on etch rate and profile of SiON waveguides were 

investigated. In all cases, the flow rate of CF4, pressure, and bias power were set to 50 sccm, 

5mTorr, and 50W, respectively. The flow rate of O2 was set to 0, 2.5, and 5 sccm, and source 

power was set to 1000, 1200, and 1500 W for each O2 flow rate, making it nine different samples. 

The etch time was set based on etch rate to remove the 2.5 µm thick SiON film from the uncovered 

surface. The profile angles were estimated with SEM (JSM-7500F, JEOL Ltd., Tokyo, Japan), and 

etch rate was estimated with a surface profilometer (DekTak 150, Veeco, Plainview, NY, USA). 

SEM images of etch profiles of all nine samples are shown in Fig. 13 [46]. 
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Fig. 13: SEM etch profiles obtained at: a) 1000W and 0sccm, b) 1000W and 2.5sccm, c) 1000W and 5sccm, d) 

1200W and 0sccm, e) 1200W and 2.5sccm, f) 1200W and 5sccm, g) 1500W and 0sccm, h) 1500W and 2.5sccm, i) 

1500W and 5sccm [46] 

 

Table 4 shows etch rate and profile angle for various O2 flow rates and source power 

combinations. As shown in Table 5.4, profile angles were similar in all cases in the range of 87 to 

90°, unaffected by either source power or O2 flow rate [81]. All these profile angles are satisfactory 

for the SiON waveguides and should not increase propagation losses in any way. As Table 4 

shows, etch rate continuously increases with increasing source power due to enhanced plasma 

density but slightly decreases with increasing O2 flow rate. This decrease can be explained by the 

fact that the SiON film already contained enough O2, and adding additional O2 lowered free 

fluorine (F) through gas-phase recombination [46].  

After analyzing the ICP/RIE etching, the most suitable parameters selected for the etching 

of SiON waveguides were the CF4 flow rate of 50 sccm, pressure 5 mTorr, bias power 50W, source 

power 1000 W, and O2 flow rate 0 sccm. 
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Table 4 The effect of source power and O2 flow rate on etch rate and profile angle [46] 

 

 

Deposition and characterization of SiOx passivation film 

 

SiOx passivation film was deposited using the PECVD process in a parallel plate 

configuration reactor (Oxford PlasmaLab 80+, Oxford Instruments, Abingdon, UK). The 

precursor gas mixture contained SiH4 (10% in Ar) and N2O. The target thickness and refractive 

index were 5µm and n = 1.48, respectively. 

The impact of total gas flow rate, N2O/SiH4 ratio, and power on the refractive index, growth 

rate, and uniformity of the deposited SiOx film thickness were investigated. The temperature and 

the pressure were set to 300°C and 1000 mTorr in all cases.  

The values of the total flow rate, N2O/SiH4 ratio, and power P used are shown in Table 5. 

Table 5.5 also shows the deposition rate, uniformity of thickness, and refractive index of the SiOx 

films. Refractive index, thickness, and uniformity were measured by Micro-spot Spectroscopic 

Reflectometry (FilmTek 2000M, SCI, Carlsbad, CA, USA). The average RMSE between 

calculated and measured reflectance for all samples was RMSE = 0.9783. The thickness of all 

samples was ≈5 µm. 

From Table 5, it is possible to determine that the refractive index of the SiO2 passivation 

film slightly decreases with increasing power. On the other hand, the deposition rate slightly 

increases with increasing power. This is because at higher power, the ionization of the gases during 

the deposition process is better, and the grown oxide does not have voids or particles [41]. 

Therefore, the refractive index value tends towards the one of thermal oxide as the power increases. 

source power (W) O2 flow rate (sccm) etch rate (nm/min) profile angle (°) 

1000 0 319 88 

1000 2.5 297 90 

1000 5 290 90 

1200 0 365 88 

1200 2.5 358 89 

1200 5 345 90 

1500 0 439 89 

1500 2.5 426 90 

1500 5 415 87 
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Table 5 Parameters used in SiOx deposition and growth rate, uniformity of thickness, and refractive index of 

the SiOx films 

SiH4 

(sccm) 

N2O 

(sccm) 

N2O/SiH4 

ratio 

Total Flow 

Rate (sccm) P (W) 

Deposition 

Rate (nm/min) 

 

n 

Uniformity 

(%) 

85 710 8.353 795 20 64.74 ± 1.72 1.478 ± 0.006 0.90 ± 0.08 

85 710 8.353 795 40 81.88 ± 3.25 1.476 ±0.003 0.48 ± 0.13 

85 710 8.353 795 100 84.59 ± 2.26 1.471 ±0.005 0.55 ± 0.18 

64 535 8.353 599 100 62.55 ± 1.03 1.485 ± 0.004 0.87 ± 0.10 

108 900 8.353 1008 100 116.12 ± 4.17 1.464 ± 0.006 0.79 ± 0.15 

62 740 12 802 100 62.55 ± 0.89 1.497 ± 0.005 0.67 ± 0.17 

162 650 4 812 100 147.36 ± 5.08 1.458 ± 0.003 0.70 ± 0.16 

 

The refractive index also decreases with increasing total flow rate, while the deposition 

rate increases with increasing total flow rate. This is explained by the fact that a lower total flow 

rate yields a dense SiOx film due to a high transit time of the reactants during a deposition process, 

characterized by a higher refractive index, as explained by the Lorentz-Lorentz equation, which 

indicates that the refractive index increases with increasing density and vice-versa [41].  

The deposition rate decreases with increasing N2O/SiH4 ratio because the quantity of Si 

ions decreases. The refractive index increases with increasing N2O/SiH4 ratio. This increase can 

be explained by the fact that at a high N2O/SiH4 ratio, more Si-O bonds are formed, while at a low 

N2O/SiH4 ratio, more Si-H bonds are formed [41]. 

From Table 5, it can be seen that the effect of power, total gas flow rate, and N2O/SiH4 

ratio on uniformity of thickness of SiOx passivation film is minimal, and the value of uniformity 

is under 1% for all samples. Therefore, after examining all analysis results, the parameters for 

deposition of SiOx passivation film were chosen to be an N2O/SiH4 ratio of 8.353, a total gas flow 

rate of 795 sccm, and power P = 20 W. 

 

Verification of the fabricated SiON waveguide 

 

In order to verify the functionality of SiON waveguides, the wafer with fabricated 

structures had to be broken into smaller parts so that the wave can be guided into the tapers. One 

of the samples used to verify the functionality of SiON waveguides is shown in Fig. 14. 
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Fig. 14: a) Sample used for the verification of the functionality of SiON waveguides. b) The IR camera 

image of the light coming out of the SiON waveguide highlighted by a red circle 

 

The verification process involved coupling a wave with a wavelength of 1550 nm into the 

taper of the SiON waveguide and capturing the wave coming out of the end of the waveguide using 

an IR camera (XEVA 320, Xenics nv, Leuven, Belgium). In order to couple the wave into the 

waveguide precisely, a fiber alignment machine (FL300, ficonTEC Service GmbH, Achim, 

Germany) was used. The optical fiber that guides the signal from the source to the SiON waveguide 

was single mode with a 9 µm2 diameter core.  

The IR camera image of the wave coupled out of the SiON waveguide is shown in Fig. 14 

b) demarcated by a red circle. By moving the input optical fiber by 2 µm to left or right, the light 

in the red circle diminished, and by moving it another 2 µm, it disappeared, which confirms that it 

was, in fact, a waveguiding effect. An attempt to measure the output signal of the SiON waveguide 

was also made by removing the IR camera and aligning a second optical fiber, serving as a light 

sensor, with the output of the SiON waveguide. However, no signal was detected except noise. 
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Conclusion 

 

The basic theory on MWP and IMWP, their advantages and drawbacks, and their applications 

in modern technology were studied in this work. In addition, the fabrication of optical waveguides 

and other optical components and complex structures in multiple material platforms was also 

studied. After extensive research into the material platforms for the fabrication of IMWP optical 

waveguides and other components, SiON was chosen as a suitable candidate for implementing 

photonic integrated circuits with a middle refractive index contrast for the visible and near-infrared 

region. 

Simulations were done to find the physical dimensions of the strip optical waveguide and 

the optimum refractive index of the SiON optical waveguide core film for fabrication of the single-

mode strip waveguide without the polarization mode dispersion. After examining the results of the 

simulations, a waveguide with a thickness of 2.5 µm and width of 2.3 µm was selected as the most 

suitable candidate for the fabrication of SiON waveguide for integrated optical communications 

and other optical components. The most suitable candidate for visible light sensor systems was a 

waveguide with the dimensions of 0.65x0.65 µm2, since this is the largest dimension that satisfies 

both conditions. 

After the simulations, a photomask for fabrication was designed in the RSoft CAD 

Enviroment™ program. The photomask contained SiON waveguides with various components 

such as delay lines, Y Couplers, MZIs, and MMI couplers. 

Subsequently, the fabrication process of SiON optical waveguides was investigated. Using 

technological processes at the Slovak University of Technology, each fabrication process step was 

characterized and optimized to achieve the parameters obtained by simulation. 

SiON films were deposited by PECVD technological process. The dependency of various 

parameters, such as refractive index, deposition rate, surface roughness, chemical composition, on 

the N2O gas flow rate was investigated. The gas mixture of 200:20:130:600 sccm (SiH4: NH3: 

N2O: N2) was deemed the best for the target value of the refractive index of the SiON film. 

RTA was used to investigate the impact of temperature on reducing absorption peaks of 

hydrogen bonds of the SiON film. However, no experiments provided favorable results due to the 

high stress of the SiON film and further optimization is required.  

Two different types of masks, a very thick photoresist mask and a hard metal mask 

fabricated using lift-off process, were investigated for ICP/RIE etching of SiON film. Aluminum 

hard mask fabricated using lift-off process has shown better resolution and fewer faults than the 

thick photoresist mask.  
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The impact of the oxygen (O2) flow rate and source power (ICP) on etch rate and profile 

of SiON waveguides were also investigated. After a set of experiments, the SiON waveguide 

etched with the flow rate of O2 set to 0 sccm and source power set to 1000 W was selected as the 

most suitable. 

Finally, the impact of total gas flow rate, N2O/SiH4 ratio and power on the refractive index, 

growth rate, and uniformity of the SiOx passivation film thickness was investigated. The SiOx 

passivation film deposited with an N2O/SiH4 ratio of 8.353, the total gas flow rate of 1000 sccm, 

and power P = 100 W showed the most suitable refractive index. 

Verification of fully fabricated SiON waveguides was done by coupling a wave into a taper 

of SiON waveguide and using an IR camera to capture the wave coupled out at the end of the 

waveguide. After comparing the image from the IR camera with the image of a 1:8 SiON splitter 

with 6x6 µm2 dimensions commercially fabricated in China, it was concluded that the SiON 

waveguide does guide the wave with a wavelength of 1550 nm. 
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Main gains of dissertation thesis related to defined objectives 
 

• New knowledge has been gained in the preparation of SiON waveguide core film and SiO2 

passivation film for optical waveguides utilizing the PECVD process. 

• New knowledge has been gained in the characterization of SiON waveguide core film and 

SiO2 passivation film for optical waveguides through the analysis of measured data obtained 

using various devices and techniques such as spectroscopic ellipsometry, micro-spot 

spectroscopic reflectometry, AFM, and SIMS. 

• SiON waveguides were designed and simulated with specific dimensions and refractive index 

contrast to serve as single-mode waveguides with zero PMD at the wavelength of 1550 nm 

for communication applications. 

• SiON waveguides were designed and simulated with specific dimensions and refractive index 

contrast to serve as single-mode waveguides at the wavelength of 632 nm for sensor systems. 

• Optimization of the steps of the fabrication process of the SiON waveguides was achieved by 

analyzing the dependencies of the SiON waveguide properties on various processing 

parameters, such as N2O flow rate during deposition, development time during etching mask 

preparation, or O2 flow rate and source power during ICP/RIE etching.  

• SiON waveguides for the waves of 1550 nm wavelength were fully fabricated and verified by 

coupling a wave into the taper of the SiON waveguide and using an IR camera to capture the 

wave coupled out of the waveguide exit. 
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