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Abstract 
 

Silicon and silicon nitride are well-established platforms for advancing photonic integrated 

circuits (PICs). Although many critical components for PICs are available in standard 

foundry processes, a major challenge in these platforms is the realization of efficient and 

cost-effective on-chip lasers. Recent advances in the hybrid integration of rare-earth-doped 

oxide glasses offer a potential solution for achieving low-cost and monolithic lasers and 

amplifiers on these platforms. Among various oxide hosts for rare-earth ions, aluminum 

oxide (Al2O3) and tellurium oxide (TeO2) present attractive optical properties and ease of 

fabrication, making them suitable candidates for such applications. This thesis investigates 

the development of hybrid rare-earth-doped microlasers on silicon and silicon nitride 

photonic platforms, from introducing a new technique for fabrication of high-optical-

quality oxide thin films at low temperatures, to developing compact erbium-doped 

microresonator lasers by monolithically integrating erbium-doped tellurium oxide 

(TeO2:Er
3+) on silicon nitride waveguides. Furthermore, the hybrid integration of rare-

earth-doped microdisk lasers into an active silicon microsystem is demonstrated by 

incorporating on-chip microheaters to enable laser emission spectrum tuning. Chapter 1 

provides an overview of on-chip lasers in silicon photonics, focusing on materials and 

integration techniques explored in this work. Chapter 2 introduces plasma-assisted reactive 

magnetron sputtering as a reliable and wafer-scale-compatible technique for the deposition 

of high-quality oxide thin films for near-infrared applications. This method enables the 

fabrication of these films at low temperatures, which is critical for their integration with 

temperature-sensitive photonic substrates. Al2O3 and SiO2 thin films deposited using this 

technique exhibit minimal propagation losses, an important attribute for high-performance 

photonic devices. In Chapter 3, hybrid TeO2:Er
3+-coated microring lasers on the silicon 

nitride platform are demonstrated. These lasers show very low lasing thresholds and offer 

a promising approach toward affordable on-chip light sources for the telecom C-band. 

Chapter 4 provides the details of the integration of thulium-doped tellurium oxide 

(TeO2:Tm
3+)-coated microdisk lasers into an active silicon microsystem. Incorporating on-

chip microheaters facilitates active control over lasing amplitude and spectrum in both 

single and cascaded microdisk lasers. This capability enables laser emission tuning and 

stable operation, which are essential for applications such as powering multiple lasers on a 

chip with a single off-the-shelf diode laser. Chapter 5 presents the design considerations 

and challenges of achieving hybrid erbium-doped lasers on a silicon platform, detailing 

experimental results and providing insights into potential solutions for future 

advancements. Finally, Chapter 6 summarizes the key results of this work and proposes 

future research directions for advancing the integration of on-chip rare-earth-based light 

sources in silicon photonics.
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1. Chapter 1: Introduction 

1.1. Integrated Photonics 

Photonics is the science of generating, guiding, manipulating, and detecting light waves 

and photons [1]. Photonics technology enables these functions through a variety of 

components, such as lasers, optical fibers, modulators, and photodetectors. In conventional 

photonic systems, these components are typically discrete and connected via different 

mechanisms such as free-space or fiber couplings to create a complete optical circuit. 

However, in modern applications (e.g., new communication technologies, internet of things 

(IoT), or quantum computing), there is a growing demand for photonic-based solutions that 

are fast, compact, cost-effective, and energy-efficient [1]ï[3]. This demand has been a 

driving force for development of integrated photonics, a technology that enables the 

integration of optical components on a single chip to form a functional circuit, similar to 

electronic integrated circuits (ICs) in microelectronics [4]ï[7]. These optical components 

are interconnected by waveguides, allowing both passive elements (devices that operate 

without the need for an external power or an active control) and active elements 

(components that manipulate light using an external power) to function seamlessly on a 

single substrate. This integration improves the stability and reliability of optical systems by 

minimizing the need for alignment between separate components. The result is the creation 

of highly compact, robust, and miniaturized photonic circuits with large integration 

capacity for applications ranging from telecommunications and signal processing to lab-

on-a-chip sensing and light detection and ranging (LiDAR) systems [5], [6], [8]ï[10]. 

One of the key advantages of integrated photonics is its ability to overcome some of the 

limitations of electronics, particularly in heat generation and speed. By using light instead 
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of electrical signals, integrated photonics can enable faster and more efficient signal 

processing, offering significantly increased bandwidth in certain applications [7]. Unlike 

electrons, multiple streams of optical information can be transmitted simultaneously 

without interference. Additionally, this characteristic can results in lower energy 

consumption in comparison to electronics systems, making integrated photonics a more 

energy-efficient and environmentally friendly choice in some cases [5]. With the 

exponential growth in demand for high-speed data transmission and optical interconnects, 

integrated photonics is emerging as a crucial technology which combines the speed and 

bandwidth of optical communication with the compactness and efficiency of electronic 

chips. Additionally, while electronic devices heat up as current flows, photons can carry 

large amounts of information while typically releasing only a few percent of the transmitted 

energy as heat. This feature is especially important in specific applications, such as data 

centers, where it can significantly reduce the cooling requirements [2], [7]. 

Among various materials for developing photonic integrated circuits (PICs), indium 

phosphide (InP), lithium niobate (LiNbO3), silicon (Si), and silicon nitride (SiN) are the 

most widely used platforms, each offering different advantages and limitations [7], [8]. For 

instance, LiNbO3 is an excellent material for nonlinear optical applications, and InP 

supports the integration of high-performance active elements, such as amplifiers, lasers, 

and detectors in the 1.1ï1.6 ɛm spectral range [9]. On the other hand, pure III-V-based and 

LiNbO3 PICs are typically restricted to fabrication on small wafers (<150 mm), and III-V-

based waveguides show high propagation losses [11]. The optical properties of Si and SiN 

make them well-suited for passive functionalities; however, what makes these platforms 

unique is their compatibility with complementary metal-oxide-semiconductor (CMOS) 

manufacturing processes [4], [6], [11]. Silicon photonics leverages the well-established 

infrastructure developed for the semiconductor industry, which reduces its manufacturing 

costs and enhances its scalability and commercial viability compared to other platforms 

[7]ï[9]. The silicon platform also allows seamless integration of both optical and electronic 

components on the same chip, enabling the development of hybrid devices and more 

complex and multifunctional circuits [7]. 
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As explained, in integrated photonics, the choice of platform is not straightforward, as 

each offers distinct strengths. Accordingly, hybrid or heterogeneous integration of optical 

components from different platforms have become an important approach for optimizing 

the performance of PICs [8], [9]. 

1.2. Silicon And Silicon Nitride Photonics 

Silicon, the second most abundant element on Earth, is a cornerstone of the electronics 

industry, and it serves as the primary material for fabrication of ICs. Over the past two 

decades, silicon photonics has also emerged as one of the leading technologies for 

development of PICs, mainly due to its compatibility with CMOS fabrication processes and 

its transparency at wavelengths above 1.1 ɛm, particularly around 1.3 and 1.55 ɛm, which 

aligns with required wavelengths for long-haul telecom applications [6], [10]ï[12]. Silicon 

PICs are typically fabricated on silicon-on-insulator (SOI) wafers. By placing crystalline 

silicon layer on a silicon oxide buffer layer, the waveguide core is formed. A wide array of 

waveguide-based devices, including splitters, filters, (de)multiplexers, interferometers, and 

resonators, can be patterned through lithography and etching steps [13], [14]. The very high 

refractive index contrast between the silicon waveguide core and the silicon dioxide (SiO2) 

cladding makes SOI wafers an ideal platform for fabrication of compact PICs with high 

integration density and minimal crosstalk, because of tight light confinement in silicon 

devices [6], [7]. 

Although SOI has become the mainstream choice in silicon photonics, there is a growing 

interest in introducing alternative material systems that offer similar advantages, 

particularly high refractive index contrast and CMOS compatibility, while being 

transparent in the spectral bands where silicon is absorbing [4], [15]. Silicon nitride is the 

strongest candidate in this regard because of its broad transparency window from visible to 

mid-infrared wavelengths (400ï2350 nm) and its ultra-low optical losses (as low as 0.1 

dB/m). Moreover, the lower refractive index contrast of silicon nitride with SiO2 reduces 

optical sensitivity to fabrication errors, and its high optical bandgap prevents nonlinear 

losses, such as two-photon absorption (TPA) [12], [13], [15]ï[17]. As a result, this platform 
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would be ideal for photonic applications where low propagation losses and flexibility 

across visible and infrared bands are essential [7], [10], [15]. 

In the silicon nitride platform, the silicon core in the SOI system is replaced with a SiN 

layer, while the fabrication and patterning processes remain CMOS-compatible. This 

allows SiN waveguides to be seamlessly integrated with silicon waveguides on the same 

chip, enabling designers to leverage the advantages of both materials [13], [18]. Table 1.1 

summarizes key optical properties of silicon, silicon nitride and silicon dioxide. 

Table 1.1. Optical properties of silicon, silicon nitride and silicon dioxide (all values are in the C-

band (1530-1565 nm), except for the band gap and the transparency range)  [10], [13], [19]. 

 Si Si3N4 SiO2 

Bandgap (eV) 1.1 5.0 9.3 

Refractive index 3.48 ~2.0 1.44 

Transparency: Shortest ɚ (ɛm) 1.1 0.4 0.16 

Transparency: Longest ɚ (ɛm) ~9 ~8 ~2.5 

Thermo-optic coefficient (K-1) 1.86  10-4 2.45  10-5 0.86  10-5 

TPA coefficient (m/W) 9  10-12 0 - 

Kerr coefficient (m2/W) τȢτ  10-18 2.45  10-19 2.2  10-20 

Waveguide loss (dB/cm) 1-1.5 0.001-0.1 <0.1 

 

Despite the many advantages of the silicon platform, silicon cannot be used for efficient 

light emission, which is a vital function in integrated photonics [3], [11]. In silicon, as an 

indirect bandgap semiconductor, excited electrons in the conduction band need both energy 

and momentum changes for their transition to the valence band. This results in the release 

of energy as phonons rather than photons in the recombination process, and this 

characteristic makes silicon inefficient as a light emitter [5], [20]. Figure 1.1 shows the 

comparison of the band structure in InP and Si. In the InPôs direct band structure, electron-

hole recombination results in photon emission, whereas in the indirect band structure of 

silicon, recombination occurs with release of phonons. To address this limitation, various 

materials and method have been explored to develop high-performance on-chip light 

sources on silicon platform, which most important ones are briefly introduced in the 

following section, with more focus on solutions for telecommunication wavelengths. 
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Figure 1.1. Energy band diagrams and major carrier transition processes in indium phosphide 

(direct bandgap) and silicon (indirect bandgap) crystals [20]. 

1.3. On-Chip Light Emitters on Silicon and Silicon Nitride Platforms 

1.3.1. III-V-Based Lasers 

As previously noted, integration of favourable optical components from different platforms 

can enhance the efficiency of PICs. Following this approach, integration of III-V 

semiconductor materials, which are known for their superior light-emitting properties, has 

become the most widely adopted solution for introducing efficient on-chip lasers in silicon 

photonics [2], [3], [8], [13]. This approach brings high-performance light sources with 

excellent emission characteristics on Si and SiN platforms [21], [22]. 

There are three primary methods for integrating III-V materials into silicon photonics: 

direct mounting (hybrid integration), wafer bonding (heterogeneous integration), and 

hetero-epitaxial growth [2], [5], [8]. In hybrid integration, III-V laser chips or dies are 

fabricated separately and then aligned and bonded onto silicon photonic chips using 

techniques such as flip-chip bonding or transfer printing [3], [15]. Although this method is 

scalable for high-volume production, it requires very precise alignment of the III-V lasers 

onto the chip, which increase the overall complexity, manufacturing costs, and fabrication 
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time [2], [3]. In heterogeneous integration, III-V layers are transferred and bonded to the 

silicon substrate, either wafer-to-wafer or die-to-wafer, through physical or chemical 

bonding; however, the laser patterning and metallization processes are completed after the 

attachment [2], [3], [9]. Hetero-epitaxial growth follows a similar approach, but instead of 

bonding, III-V materials are directly grown on the silicon substrate [8], [9], [21]. This 

integration is highly susceptible to lattice mismatch and thermal expansion differences 

between silicon and III-V crystals, which can lead to crystalline defects and consequently 

non-radiative recombination centers in the laser structure [3], [5]. Precise alignment 

between the III-V laser and the Si/SiN waveguide is still very important in both 

heterogeneous and epitaxial growth integrations, necessitating high-precision lithography 

and etching [5], [11]. 

While the III-V material can provide the excellent laser efficiency, they cannot be 

integrated using standard CMOS-compatible fabrication technologies, which limits their 

cost-effectiveness. Ongoing research efforts aim to streamline these processes and reduce 

associated costs to make III-V integration more economically feasible, especially for 

low/mid-volume productions [3]. 

1.3.2. Monolithic Integration of Group IV Materials 

Similar to silicon, other group IV elements have indirect bandgaps, which make them not 

ideal for laser applications. However, recent advancements in developing germanium (Ge) 

and germanium-tin (GeSn) lasers on silicon have attracted significant attention due to their 

CMOS-compatibility. This possibility gives group IV materials-based lasers a big 

advantage over III-V-based lasers [2], [3], [11]. 

Germanium, with a smaller bandgap (~0.7 eV) than silicon, has a direct bandgap valley 

(ũ) very close to its indirect valley (L), allowing radiative recombination under certain 

conditions [2], [5]. When Ge is grown on a silicon layer, the mismatch in lattice structures 

and thermal expansion coefficients between Ge and Si induces thermal strain within the Ge 

lattice. The strain reduces the energy gap between the conduction and valance bands and 
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increases the likelihood of radiative recombination [11]. The bandgap shrinkage can also 

be achieved through doping mechanism in Ge (e.g., n-type doping with phosphorus); 

however, this technique often introduces a significant lattice damage and increases the 

absorption loss [2]. Another approach involves adding tin (Sn) to germanium to form GeSn 

alloys, which can convert the material into a direct bandgap semiconductor at high Sn 

concentrations (>6.5%) [2], [3], [5], [11]. These methods have led to remarkable progress 

in Ge/GeSn/SiGeSn lasers, but they cannot be efficiently used in practical applications due 

to their very high lasing threshold currents and difficulties in consistent performance at 

room temperature [3], [5], [8], [11]. 

In addition, pure silicon lasers based on the stimulated Raman scattering have been 

explored to enable lasing from silicon itself [5], [20], [23]. These lasers do not rely on direct 

bandgap emission and can be fabricated on SOI wafers using standard foundry processes 

without extra modification steps, but their efficiency is so limited by losses of TPA in silicon 

[3]. Similar to the other group IV lasers, the Raman lasers in silicon need more optimization 

to be used in real applications. 

1.3.3. Rare-Earth-Doped Lasers  

Rare-earth (RE) elements, particularly erbium (Er), have long been used in fiber optics 

amplifiers and lasers. Given the need for cost-effective light emitters in silicon photonics, 

RE-doped lasers have emerged as a promising solution for development of on-chip lasers 

in this platform by following the fiber optics principles [3]. Using low-loss amorphous 

hosts for RE ions, these lasers offer a straightforward integration process compared to III-

V or group IV-based lasers. They can be fabricated without the need for epitaxial growth 

or additional bonding and alignment steps, often achievable at wafer-scale through a single-

step deposition. This significantly reduces costs and complexity of the gain medium 

integration [2], [14]. Furthermore, RE-doped lasers can provide a broad gain bandwidth in 

a wide range of wavelengths, and they have the potential to exhibit narrow emission 

linewidths, with low noise and high thermal stability. These features make RE-doped lasers 

a suitable candidate as on-chip light sources in silicon photonics [3], [14], [24]. 
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In these lasers, a gain medium is integrated into a photonic cavity. Then, an external 

optical pump source, operating at an appropriate wavelength, excites electrons from their 

ground state to higher energy levels within the gain medium. In multi (>2)-level energy 

structures, when sufficient pump energy is provided, the population inversion is achieved, 

which allows light amplification by stimulated emission. Figure 1.2 illustrates a few 

examples of energy diagrams in rare-earth-doped silica fiber lasers with different energy-

level structures and the possible electron transitions in them for generating light at different 

wavelengths. For instance, according to the electron configuration of erbium, characterized 

by partially filled 4f orbitals shielded by filled 5s and 5p orbitals similar to other lanthanide 

elements, erbium ions are optically excited by using 980 or 1480 nm pump wavelengths, 

and emit photons in the C-band by relaxation of electrons from the metastable 4I11/2 and 

4I13/2 levels to the ground 4I15/2 state [24]. 

 

Figure 1.2. Examples of electron transitions in Er3+, Tm3+, Nd3+, and Yb3+ ions doped in silica 

fiber lasers, showing typical pump (blue) and emission (red) wavelengths. 

One drawback of rare-earth-doped lasers is the need for an external pump source, which 

limits their practicality in fully integrated systems and reduces their energy efficiency 

compared to electrically driven lasers [2], [3]. However, the availability of compact un-

cooled laser diodes and recent advances in photonics packaging have helped in achieving 

a system level compactness for this type of lasers [14]. 

The integration of RE-doped gain media on silicon substrates is typically achieved 

through two main approaches: multilayer and hybrid integrations. In multilayer integration, 
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the RE-doped layer forms its own distinct waveguide core, separate from the silicon 

waveguide. The optical mode transfers from the silicon waveguide into the RE-doped gain 

medium, and the laser emission couples back into the primary waveguide. In this approach 

light interacts with distinct materials at different stages [25], [26]. In hybrid integration, the 

RE-doped material is deposited on top of the silicon waveguide, allowing the optical mode 

to propagate through both gain medium and the silicon layer simultaneously. In this shared 

confinement, amplification happens as the mode is travelling through the waveguide [27], 

[28]. Figure 1.3A and B show examples of multilayer and hybrid integrations, respectively. 

 

Figure 1.3. Examples of rare-earth-doped gain layer integration approaches on silicon 

photonic platforms. (A) Multilayer integration: Structure of a monolithically integrated 

Al2O3:Er3+-Si3N4 amplifier, including a 3D schematic of the chip with an MMI-based 

multi/demultiplexer, and cross-sections of the adiabatic coupler showing mode intensity 

profiles at different positions [25]. (B) Hybrid integration: Fabrication of a quarter-wave 

phase-shifted DFB laser with a grating in buried Si3N4 and a Al2O3:Er3+ gain layer, showing 

the fundamental TE modes for 980 nm pump and 1550 nm signal [29]. 
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In both approaches, the flexibility in host materials selection and the ability to use 

various fabrication techniques for deposition of RE-doped gain media have allowed to 

simplify the integration process and eliminate the need for additional etching and alignment 

steps. For example, one effective monolithic hybrid integration technique is conformal 

coating, where the gain material is directly deposited on the silicon waveguide, without 

requiring intricate etching or polishing steps [3], [27], [30]. Additionally, thin film 

deposition techniques provide reasonably precise control over the thickness and doping 

concentration of the active material, enabling optimization of gain properties and enhancing 

the overall performance of on-chip lasers. 

1.4. Low-Loss Glass Host Materials for Rare-Earth Elements 

Several important factors must be considered for selecting a proper host material for RE 

ions in laser applications, including low optical loss, high thermal and mechanical stability, 

high RE ion solubility, low phonon energy, compatibility with the silicon platforms, and 

ease of integration [24]. RE-doped glass thin films are particularly attractive as gain media 

in this platform due to their compatibility with low-temperature deposition techniques, such 

as sputtering, atomic layer deposition (ALD), and plasma-enhanced chemical vapor 

deposition (PECVD). These methods provide a simpler and lower-cost fabrication 

processes for integration of the gain medium compared to complex techniques such as 

molecular beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD), 

which are commonly used for growing III-V semiconductors and crystalline structures such 

as LiNbO3 and Y3Al5O12 (YAG) [21]. 

Amorphous silica (SiO2), silicon nitride, alumina (Al2O3), and low-phonon fluoride and 

tellurite -based glasses are among the most important materials used as hosts for RE ions 

in integrated photonics. Gain layers formed with these materials offer a balance of optical 

performance and cost-effective fabrication, which makes them suitable for specific 

integrated optics applications [24].  
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1.4.1. Silica 

The development of silica-based optical fibers in the 1970s revolutionized 

telecommunications by enabling high-speed data transmission through optical signals. 

Over time, advances in fiber technology have led to extremely low losses at 

telecommunication wavelengths (less than 0.2 dB/km at 1550 nm) with silica fibers. 

However, even at such low loss levels, signal degradation over long distances remains a 

challenge, necessitating the use of optical amplification. Er-doped fiber amplifiers 

(EDFAs), which use the intra-4f transitions of Er3+ ions, has been a key solution to this 

problem, enabling efficient amplification in the ultra-low-loss window of silica fibers [31]. 

While silica has primarily been used in fiber-based systems, RE-doped silica has also 

been explored in integrated photonics. However, a main limitation is the concentration 

quenching effect in silica, which has a low solubility for RE ions. This low solubility leads 

to clustering and ion-ion interactions, limiting the amount of optically active ions that can 

be incorporated without a significant decrease in performance. This is not a major issue in 

fiber-based amplifiers and lasers, where long lengths of lightly doped fiber can be used. 

However, for on-chip amplifiers and lasers, achieving high gain over short distances is 

essential, making concentration quenching a significant challenge. Additionally, silicaôs 

very low refractive index restricts compactness and mode overlap with the gain medium. 

These make silica less ideal for applications where compact and high-gain devices are 

needed, and alternative materials with higher rare-earth solubility and refractive index may 

be more suitable [24], [31]. 

1.4.2. Silicon Nitride 

Silicon nitride is a versatile material in silicon photonics due its exceptional optical 

properties. Despite its limited solubility for RE ions and fairly high phonon energy (~1030 

cm-1), SiN has shown potential as a host for RE ions [32], [33]. Various techniques, such as 

reactive co-sputtering, have been employed for doping RE ions into SiN thin films [34], 

[35]; however, the co-sputtered RE-doped films often suffer from significant non-radiative 

transitions, which can reduce the gain efficiency in the fabricated devices [36]. 



 

 

  

Ph.D. Thesis ï Pooya Torab Ahmadi; McMaster University ï Engineering Physics 

12 
 

Recent advances have focused on ion implantation techniques to selectively introduce 

RE ions into SiN layers [36], [37]. By using this approach, fabricated devices have 

demonstrated highly efficient light amplification and lasing. Nevertheless, direct RE 

implantation can damage the structural integrity of the SiN layer, leading to increased 

optical losses. Therefore, to mitigate implantation-induced defects, high-temperature post-

implantation annealing (~1000ÁC) is typically required [36]. While this approach can 

effectively reduce background waveguide losses, it adds complexity to device fabrication. 

Overcoming this important challenge is essential for realizing RE-doped SiN on-chip light 

emitters in silicon photonics. 

1.4.3. Alumina 

Alumina offers several advantages over silica as a host material for RE ions in silicon 

photonics. Al2O3 has a higher refractive index than SiO2, which improves the optical mode 

confinement within the gain medium in silicon photonics platform and makes more 

compact photonic waveguide designs possible [3], [24], [38]. In addition to its superior 

thermal and mechanical stability, alumina has a wide transparency window from 150 nm 

to 5500 nm and shows very low optical losses in infrared, particularly in 

telecommunications C-band. Al2O3 also has a higher solubility for rare-earth ions than 

SiO2, which allows for higher ion concentrations [24], [38], [39]. These features enable 

stronger optical gain over shorter distances, which is essential for achieving efficient on-

chip amplification and lasing. RE-doped alumina thin films have been successfully used 

for introducing on-chip lasers and amplifiers with a range of ions, including neodymium 

(Nd3+) [40], ytterbium (Yb3+) [39], [41], [42], erbium (Er3+) [14], [16], [43]ï[45], thulium 

(Tm3+) [46], [47], and holmium (Ho3+) [48]. Furthermore, alumina glass has low phonon 

energy (~780 cm-1), which allows near- and mid-infrared transitions in RE ions that are not 

achievable in hosts such as silica with a higher phonon energy (~1100 cm-1) [49]. 

Low-loss amorphous Al2O3 can be deposited with a straightforward method like reactive 

magnetron sputtering on large wafers, which is critical for developing scalable PICs [38]. 

However, there is a key technical challenge in integrating Al2O3:RE
3+ with other active 
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photonic components on silicon substrates, as high temperatures are often required for 

deposition of low-loss Al2O3. This can degrade or damage temperature-sensitive materials 

in the active microsystems, such as metal layers or doped semiconductor regions [14]. To 

address this issue, considerable efforts have been made to reduce its deposition temperature 

while maintaining the optical properties of the film [29]. Such optimizations aim to ensure 

full CMOS compatibility of this integration without negatively affecting the device 

performance. 

1.4.4. Fluoride Glasses 

Fluoride glasses generally have very low intrinsic losses, and they are notable for their 

exceptionally low phonon energies, ranging between 400ï600 cm-1 (about half that of 

silica). This low phonon energy significantly reduces nonradiative decay rates from the 

excited states of RE ions, thereby expanding the range of accessible optical transitions that 

are not feasible to achieve in high-phonon-energy hosts. For example, fluoride glasses 

support the luminescence of praseodymium, neodymium, and thulium ions at wavelengths 

around 1.3 and 1.4 Õm, as well as erbium emissions at 2.7 Õm [24]. 

Despite these appealing optical properties, fluoride glasses are not widely employed in 

silicon photonics due to several limiting factors. A major drawback is their chemical 

fragility. The same characteristic that grants fluoride glasses their low phonon energies 

make them highly susceptible to chemical degradation, especially when exposed to 

moisture. They are also mechanically brittle, complicating their integration into photonic 

circuits that require durability during handling, dicing, and packaging. Their thermal 

expansion coefficients are not well-matched to silicon, which increases the risk of cracking 

or delamination during temperature fluctuations. Although some of these sensitivities can 

be mitigated to some extent by optimizing the glass composition and applying protective 

coatings, these extra steps add complexity to the fabrication process. Moreover, 

conventional thin film deposition techniques such as sputtering or chemical vapor 

deposition (CVD), widely used for oxides, are not easily adapted for fluoride glasses. As a 
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result, the fabrication of fluoride glass layers remains challenging and less compatible with 

the CMOS processes typically used in silicon photonics manufacturing [24]. 

1.4.5. Tellurite 

Similar to Al2O3, tellurite glasses offer a unique combination of optical and physical 

properties that make them highly suitable for integrated photonics applications. Tellurite 

has a relatively low phonon energy (~750 cm-1) and a broad transparency range from the 

visible (~350 nm) to the mid-infrared (~5 Õm) [24]. The big advantage of tellurite glasses 

is their high refractive index (~2.05 at 1550 nm), which causes strong light confinement 

within its waveguide structures [3]. This property, combined with their capacity to dissolve 

high concentrations of rare-earth ions makes tellurite an excellent medium for achieving 

high optical gain per unit length, which is crucial for amplifiers and laser systems [50]ï

[53]. With a large nonlinear refractive index (1.3Ĭ10-18 m2/W [54]) and significant Raman 

(3Ĭ10-12 m/W [55]) and Brillouin gain coefficients (1.7Ĭ10-10 m/W [56]), TeO2 is also a 

suitable material for use in nonlinear applications [57]ï[59], and Raman and Brillouin-

based amplifiers and lasers [24], [56], [60], [61]. 

Tellurite glasses can be deposited using methods such as sputtering at relatively low 

temperatures [28], [30], allowing the integration of TeO2:RE
3+ gain films with existing 

silicon photonics fabrication processes [3]. While tellurite glasses present a promising way 

for incorporating various functionalities in integrated photonic microsystems including 

rare-earth-based light emission and amplification, their use in integrated photonics is still 

relatively underexplored and need further research. 

1.5. Hybrid Al2O3:RE3+ and TeO2:RE3+-Coated Si and SiN Microlasers 

Interesting properties of Al2O3 and TeO2 as gain host materials for RE ions have made them 

highly appealing for the development of hybrid on-chip lasers. RE-doped alumina has been 

extensively employed in various on-chip laser configurations [16], [29], [41], [42], [44], 

[47], [62]. However, as noted earlier, alumina-based gain layers typically require high-

temperature deposition or annealing processes, which makes their integration into active 
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microsystems quite challenging in back-of-the-line stage. To overcome this limitation, 

developing low-temperature fabrication methods for low-loss alumina is critical to develop 

Al2O3:RE
3+-coated microlasers that are fully compatible with CMOS processes, paving the 

way for broader adoption in silicon photonics. 

On the other hand, TeO2 has emerged as a promising alternative, offering the advantage 

of low-temperature deposition methods that are compatible with CMOS technology. The 

deposition of low-loss TeO2/TeO2:RE
3+ thin films on silicon platforms at low temperatures 

(<150ÁC) using a single-step radio frequency (RF) (co)-sputtering process has been 

demonstrated in several studies [63]ï[67]. This deposition method is scalable and 

compatible with standard CMOS foundry processes, which enables monolithic and cost-

effective integration of RE-doped gain media into PICs. Using the conformal coating 

approach for hybrid integration of RE-doped tellurite on silicon and silicon platforms, our 

group has developed several Er and Tm on-chip lasers and amplifiers [27], [30], [68]ï[71]. 

Introducing reliable and cost-efficient lasers and amplifiers in the telecommunication C-

band (1530ï1565 nm) has been of great importance to respond to the ever-increasing 

demand for optical sources and amplifiers operating in this wavelength range [24]. By 

achieving net gain in TeO2:Er
3+-coated silicon nitride waveguides [69], we recently 

demonstrated the first Er-doped tellurite distributed Bragg reflector (DBR) laser on a wafer-

scale silicon nitride platform [30]. These lasers show a minimum lasing threshold of 13 

mW and a maximum efficiency of 0.36%. Cross-sectional schematics of the TeO2:Er
3+-

coated Si3N4 waveguide and DBR cavity structures, along with their respective gain and 

laser efficiency results, are shown in Figure 1.4A and B.  

The large structure of DBR lasers makes them highly sensitive to the thickness 

uniformity of the TeO2:Er
3+ layer; even slight variations in thickness can change the 

reflected wavelength within the DBR cavity, emphasizing the need for more compact 

cavities on this platform [72].  Microresonators offer a practical solution as they are among 

the simplest yet most efficient devices for creating compact on-chip lasers. A high-quality 

factor (Q-factor) microresonator cavity can confine the pump power effectively and build 
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up optical power needed for lasing in hybrid RE-doped lasers [2]. By optimizing the 

microresonator cavity design, reducing losses, and enhancing mode confinement with the 

gain medium, it is possible to achieve compact lasers on a similar hybrid platform. 

Additionally, microresonator lasers have low lasing thresholds, which is important for 

developing energy-efficient lasers [11]. 

Introducing Er lasers directly on silicon waveguides would be a very important step 

toward an all-silicon solution; however, the higher optical confinement and losses in silicon 

waveguides, compared to silicon nitride, make achieving net optical gain in these hybrid 

platform lasers extremely challenging [3], [5], [10], [13]. As a result, the realization of rare-

earth-doped lasers on silicon waveguides using the TeO2:Er
3+ gain medium remains 

difficult, and it requires further research and development efforts [14]. 

 

Figure 1.4. (A) Diagram of the TeO2:Er3+-Si3N4 waveguide structure for amplification of 

light in C-band with the gain measurement results in a 2.2 cm long waveguide [69]. (B) 

Diagram and the laser efficiency curve of the TeO2:Er3+-Si3N4 DBR laser [30]. 
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The 2 Õm wavelength regime has also attracted interest for future optical 

communications, mainly because of advancements in hollow-core photonic bandgap fibers, 

which offer reduced loss and nonlinearity, combined with the availability of active 

integrated photonic components in this communication window [3], [47]. Thulium, among 

rare-earth elements, has shown potential for broadband optical amplification in this 

wavelength range. Since silicon waveguides have lower intrinsic loss and reduced TPA 

around 2 Õm wavelength, both silicon and silicon nitride platforms have been used in our 

previous studies to achieve thulium lasers [27], [71], [72]. The results of these studies have 

shown lasing around 1.9 Õm on both platforms by using microresonators (Figure 1.5A) 

and DBR (Figure 1.5B) cavities coated with TeO2:Tm
3+ films. Integration of these lasers 

into the active silicon microsystems (e.g., by adding on-chip heaters) remains an area for 

further exploration to enable more advanced functionalities. Exploring thermal modulation 

or developing compact wavelength-division multiplexed (WDM) light sources can open up 

new possibilities for these lasers, such as multi-wavelength transmitters for optical 

communication or spectroscopic applications [14], [62]. 

 

Figure 1.5. Schematic and cross-sectional profile of TeO2:Tm3+-coated (A) silicon microdisk 

and (B) silicon nitride DBR lasers, with their emissions spectra and laser efficiency curves 

[27], [72]. 
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Hybrid TeO2:RE
3+-coated on-chip lasers can provide an efficient solution for integrating 

light sources in silicon and silicon nitride integrated photonic platforms and address their 

inherent limitations in light emission. Advances in microcavity design, rare-earth gain 

material deposition, hybrid integration techniques, and co-integration with active 

functionalities can facilitate the progress toward low-threshold and high-performance 

lasers in silicon photonics. Taking steps toward these objectives is primary goal of the 

studies presented in this thesis. 

1.6. Thesis Objectives 

Three objectives are pursued in this thesis. The first is to introduce a new technique for 

deposition of high optical quality alumina thin films at low temperatures (<150ÁC) with 

high deposition rates for batch and large-diameter wafer production on an industrial scale. 

This deposition technique, optimized for CMOS-compatible integration, significantly 

lowers the processing temperature compared to conventional methods, thereby increasing 

the versatility of Al2O3 integration in PICs. The second objective is to develop compact and 

cost-effective erbium-doped lasers through the monolithic integration of TeO2:Er
3+ layers 

on silicon and silicon nitride photonic platforms. This goal involves the design, fabrication, 

and characterization of various TeO2:Er
3+-coated microresonators on both platforms to 

realize such hybrid microlasers for operation in the C-band. The final objective is to 

demonstrate the integration of TeO2:RE
3+-coated monolithic lasers within active silicon 

photonic microsystems, exploring their potential for more practical on-chip applications. 

This work investigates thermal modulation techniques for the control over laser emission 

spectra and the development of WDM light sources through cascading microdisk lasers. 

1.7. Statement of Thesis Work 

This thesis consists of six chapters and presents a collection of research focused on 

advancing the development of low-loss oxide thin films at low temperatures for integrated 

photonic applications and RE-doped tellurium oxide on-chip lasers on silicon and silicon 

nitride photonic platforms. 
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Chapter 2 presents a published manuscript on a new low-temperature (<150ÁC) 

deposition technique for low-loss Al2O3 thin films using plasma-assisted reactive 

magnetron sputtering (PARMS). This work addresses the limitations of conventional high-

temperature deposition techniques by enabling CMOS-compatible integration of Al2O3 

films with high optical quality. The chapter begins with a brief overview of common 

alumina fabrication techniques. It then provides an in-depth description of the PARMS 

deposition process, followed by a comprehensive characterization of the optical and 

structural properties of the deposited films. A significant contribution of this work is its 

scalability, offering a pathway for industrial-scale production of amorphous oxide thin films 

for integrated photonics and optical coatings applications. 

Chapter 3 focuses on the demonstration of compact, monolithically integrated TeO2:Er
3+ 

microring lasers on a 100 nm silicon nitride platform. Beyond laser characterizations, this 

chapter discusses the design and fabrication of hybrid microring lasers and investigates the 

coupling parametersô effects on the efficiency and threshold of these on-chip lasers. This 

work provides valuable insights into optimizing coupling, required for development of 

efficient on-chip light sources. A manuscript detailing the results of this chapter is in 

preparation for submission. 

Chapter 4 presents a manuscript in preparation for submission that demonstrates the 

monolithic integration of hybrid TeO2:Tm
3+-coated silicon microdisk lasers in an active 

microsystem. This chapter explores thermal modulation of emission signal in microdisk 

lasers using a titanium nitride (TiN) microheater, followed by detailed analysis of 

modulation through heat distribution simulations and experimental measurements. This 

study is further extended by cascading microdisk lasers on a shared bus waveguide, with a 

demonstration of thermal modulation across multiple disks.  

Chapter 5 demonstrates the design consideration and challenges for achieving Er lasers 

on the silicon platform through the hybrid integration methods. This chapter evaluates the 

limitations and potential solutions for developing such lasers on silicon waveguides. A 

comprehensive study on design parameters for achieving net gain in the laser cavity is 
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presented, detailing the mode overlap and background loss characterizations to analyze 

how optimizing these parameters can improve the net gain. 

Finally, chapter 6 provides a summary of this thesis and an overview of the research 

conducted, highlighting the key findings and contributions of this research to the field of 

integrated photonics. It also provides a few suggestions for future work in this area. 

1.8. Summary of Publications and Contributions 

The following list includes publications, conference posters, and presentations resulting 

from this thesis: 
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P. Torab Ahmadi, H. C. Frankis, B. L. Segat Frare, H. M. Mbonde, B. Hashemi, N. 
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submission. 

P. Torab Ahmadi, M. A. M®ndez-Rosales, H. C. Frankis, B. L. Segat Frare, B. Hashemi, 

N. Majidian Taleghani, P. Edke, P. R. Selvaganapathy, A. P. Knights, P. Mascher, J. D. B. 
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microdisk cavity design for hybrid rare-earth-doped TeO2-coated Si on-chip lasers,ò, poster 
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2. Chapter 2 

Low-Loss and Low-Temperature Al2O3 Thin Films for 

Integrated Photonics and Optical Coatings 

Preface 

This chapter begins by highlighting the excellent properties of alumina for applications in 

PICs and optical coatings, providing a concise yet comprehensive overview of common 

chemical and physical deposition methods for alumina thin films. The limitations of each 

deposition method in achieving high-quality alumina at low temperatures are discussed, 

and plasma-assisted reactive magnetron sputtering is introduced as a promising technique 

for low-temperature deposition, particularly on temperature-sensitive substrates similar to 

those used in PICs. The experimental section outlines the deposition parameters, with 

detailed descriptions of the system setup and the used recipe. Following this, structural and 

optical analysis techniques used in the study are introduced, with results on stoichiometry, 

crystallinity, surface roughness, and propagation loss. The characterization results 

demonstrate the potential of this deposition technique to achieve outstanding optical 

properties and introduce a reliable technique for large-scale production of advanced optical 

coatings. Additionally, the successful application of this process to SiO2 films further 

illustrates its versatility for industrial-scale fabrication. The ability to deposit high-quality 

amorphous alumina films at low temperatures is especially important for back-end 

integration in silicon photonic platforms, without risking damage to temperature sensitive 

components. This technique can be also upgraded for co-sputtering of rare-earth ions, and 

it is anticipated that the PARMS technique will be used for fabrication of hybrid rare-earth-

doped lasers and amplifiers in future works. It is worth mentioning that in the remainder of 

the thesis, tellurite was used as a host for the rare-earth ions for developing microlasers, as 

explained in the introduction. 
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The content of this chapter is reprinted with permission from the publisher, cited as follows. 

The only modification to the original work is the addition of 2.4: SiO2 deposition with a 

PARMS system. 

ñLow-loss and low-temperature Al2O3 thin films for integrated photonics and optical 

coatingsò, Journal of Vacuum Science & Technology A; 42 (6): 063402 (2024). 

https://doi.org/10.1116/6.0003976 

Abstract 

Amorphous aluminum oxide (Al2O3) is a key material in optical coatings due to its notable 

properties, including a broad transparency window (ultraviolet to mid-infrared) and 

excellent durability. Moreover, its higher refractive index contrast relative to silica cladding 

layers and high solubility of rare-earth ions make it well suited for optical waveguides and 

the development of various functionalities in integrated photonics. In many coatings and 

integrated photonics applications, the substrates are temperature and stress sensitive while 

relatively thick (~1 Õm) alumina layers are required; thus, it is crucial to fabricate low 

optical loss alumina thin films at low deposition temperatures, while maintaining high 

deposition rates. In this study, plasma-assisted reactive magnetron sputtering, operated in 

an alternating current mode, is investigated as a reliable, straightforward, and wafer-scale 

compatible technique for the deposition of high optical quality and uniform Al2O3 thin films 

at low temperature. One-micron-thick amorphous Al2O3 planar waveguides, deposited at 

150ÁC and a rate of 23.3 nm/min, exhibit optical losses below 1 dB/cm at 638 nm and as 

low as 0.1 dB/cm in the conventional optical communication band. 

2.1. Introduction 

Optical thin film coatings play a pivotal role in a wide array of modern photonics 

applications. Such coatings are composed of nanoscale layers of materials with specific 

optical properties, offering precise control over light interactions within a certain 

wavelength range. Recent advancements in thin film technology allow for the fabrication 

https://doi.org/10.1116/6.0003976
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of sophisticated coating designs with considerable flexibility in adjusting the properties of 

the optical layers, facilitating applications ranging from spectroscopic filters and 

photovoltaics to sensors and biomedical devices [73], [74]. Integrated photonics is among 

the technologies that benefit from advancements in optical thin film coating techniques. 

Integrated photonics aims to create reliable compact optical circuits, mirroring the impact 

of electronic integrated circuits on the photonics industry. Achieving this objective 

necessitates the precise fabrication of individual photonic components with desired 

properties, typically requiring the use of expensive and sophisticated methods and 

processes [75]. Using existing complementary metal-oxide semiconductor (CMOS) 

fabrication facilities has been an effective approach for reducing the costs and complexities 

of fabricating these components [76]ï[78]. However, fabrication methods intended for use 

in this category are subject to particular constraints, including temperature sensitivity, 

material compatibility, cost factors, and fabrication speed. Additionally, industrial-scale 

production requires wafer-scale fabrication with high reproducibility, uniformity, and full 

automation [74], [79]. 

Among the multitude of materials used for the advancement of integrated photonics, 

amorphous aluminum oxide has attracted significant attention. Amorphous Al2O3 has 

excellent thermal, chemical, and mechanical stability. Its moderately high refractive index 

(~1.65 at 633 nm) with a contrast of approximately 0.2 compared to silicon dioxide , high 

rare-earth ion solubility, and a wide transparency window from ultraviolet to mid-infrared 

make it an ideal platform for the development of passive and active optical components in 

integrated photonics, including waveguides [80]ï[85], lasers [86]ï[88], and amplifiers 

[43], [89]. 

Various chemical and physical deposition methods have been used for the fabrication of 

amorphous Al2O3 optical thin film coatings, including sol-gel, chemical vapor deposition, 

pulsed laser deposition (PLD), atomic layer deposition and reactive sputtering. The films 

fabricated through sol-gel and CVD processes often exhibit relatively higher optical 

propagation losses and luminescence quenching due to the high amount of OHï introduced 
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during the fabrication process [43], [83], [86], [90]. Although liquid removal and film 

densification can be achieved through subsequent heat treatment, this often necessitates 

using high temperatures, which may not be acceptable for delicate or temperature-sensitive 

substrates [73], [84], [89], [91], [92]. Thus, the films fabricated with these methods are not 

usually suitable for use in many passive and active optical applications. In ALD, the thin 

film deposition process occurs through sequential exposure of a substrate to alternating 

gaseous precursors. Each precursor reacts with the surface in a self-limiting manner, 

enabling deposition of a single atomic layer at a time. Despite the presence of OH groups 

in ALD films, the superior film uniformity and density achieved through this technique 

result in high optical quality films with low propagation losses. However, its slow 

deposition rate, costly process, and high complexity make it less suitable for large-scale 

production, particularly for thick layers [73], [84]ï[86], [89], [93], [94]. High-quality thin 

films with controlled stoichiometry can also be achieved by using PLD. PLD employs laser 

pulses to ablate a target material within a vacuum chamber, and it is mostly considered a 

laboratory-scale technique. A small coating area with acceptable uniformity and low 

deposition rates are the most important challenges of this fabrication method [43], [74], 

[90]. 

Reactive sputtering has been established as a highly suitable method to deposit low loss 

Al2O3 films. In reactive sputtering of Al2O3, an aluminum metal target is bombarded by 

high-energy ions, and the collision between these ions and the target atoms results in 

material ejection. Subsequently, a chemical reaction between the ejected aluminum atoms 

and the reactive O2 gas inside the chamber leads to the formation of a compound Al2O3 film 

on the substrate [75], [86]. Although reactive sputtering also offers a reasonable level of 

control over the film properties, it is often considered less complex than PLD and ALD 

techniques. Reactive sputtering also typically provides higher deposition rates in contrast 

to PLD and ALD. Its relative simplicity aligns well with industrial production requirements 

and allows for appropriate integration with wafer-scale fabrication processes [86]. Among 

various reactive sputtering techniques, RF magnetron sputtering has become the most 

prominent method for fabrication of Al2O3 thin films with low optical propagation loss for 
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integrated photonics. Its ability to sustain a plasma state, without inducing a heavy charge 

buildup, helps in achieving uniform and high-quality optical thin films. Nonetheless, many 

studies on RF sputtering deposition of alumina thin films have indicated the need for 

deposition temperatures above 400ÁC or post-deposition annealing between 500 and 800ÁC 

to minimize the propagation loss of the film [43], [80], [81], [86], [90], [93], [95]ï[98]. 

This requirement can increase the complexity of fabrication and constrain its applicability, 

particularly when seeking compatibility with temperature-sensitive substrates. In an effort 

to fabricate CMOS-compatible Al2O3 thin films, Magden et al. demonstrated a substrate-

bias-assisted sputtering method for low-loss alumina deposition at a lower temperature of 

250ÁC by applying a high substrate bias of 90 W [29]. However, this method presents 

challenges, as even small temperature changes (Ñ20ÁC) can drastically increase film 

propagation loss due to cluster-void and nanocrystal formations at lower and higher 

deposition temperatures, respectively, potentially leading to reliability issues. Additionally, 

it should be noted that the highest deposition rate reported for low-loss alumina deposition 

in previous studies is below 6 nm/min, which may further limit its practical application in 

large-scale production [29], [43], [81], [90], [96]. 

Recently, plasma-assisted reactive magnetron sputtering has emerged as a promising 

deposition technique for optical thin film fabrication [99]ï[102]. Unlike conventional 

magnetron sputtering, which primarily relies on the Ar plasma around the magnetron 

sputtering gun for ion formation, PARMS uses an additional plasma source to activate both 

the reactive gas, such as O, and part of the Ar gas introduced into the deposition chamber. 

This supplementary plasma source enhances the reactivity and energy of the ions, 

promoting more efficient film formation. Furthermore, introducing a significant current of 

low-energy ions (< 100 eV) via this plasma source into the deposition process, along with 

maintaining a low process pressure, effectively counteracts the formation of voids and 

removes the adsorbed water molecules on the substrate [74]. This results in the fabrication 

of dense microstructures and smooth layers with minimal roughness, leading to low optical 

losses. Consequently, PARMS can achieve higher film quality at lower deposition 

temperatures compared to traditional reactive magnetron sputtering methods. Additionally, 
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the ion source can also be used as a simple and cost-effective method for substrate 

precleaning, which is often one of the important requirements for advanced optical thin 

film coatings. This process enhances the film adhesion to the substrate and minimizes 

defects in the deposited films [74], [100], [102], [103]. Despite the proven capabilities of 

PARMS for depositing low loss planar waveguides [99], there are few studies exploring its 

use for alumina deposition in waveguide applications. These studies report relatively high 

propagation losses, above 25 dB/cm at 633 nm and 4 to 10 dB/cm at 1550 nm, making them 

unsuitable for state-of-the-art waveguide applications [101]. 

In this work, an alternating current (AC) PARMS system is employed as an advanced 

fabrication technique for depositing low-loss Al2O3 thin films at low temperatures. 

Structural and morphological analyses were conducted to assess the crystallinity, 

stoichiometry, and surface roughness of the deposited Al 2O3 thin films. Additionally, 

various optical measurements were performed to determine the refractive index and 

propagation loss of the films across various wavelengths within the visible and near-

infrared regions. The results demonstrate the feasibility of fabricating low-loss amorphous 

alumina thin films with stoichiometric composition, very low surface roughness, high 

thickness uniformity, and high deposition rates at 150°C using this deposition method. This 

is promising for the fabrication of high optical quality thin film coatings on large 

temperature-sensitive substrates and the development of advanced optical devices in 

integrated photonics. 

2.2. Experiment 

2.2.1. Al2O3 Deposition with a PARMS System 

An Intlvac Nanochrome IV PARMS system was used in this study. A schematic of the 

deposition chamber with its key components is illustrated in Figure 2.1A. It comprises an 

ion source and two 6-inch diameter aluminum metal sputtering targets with 99.999% purity. 

The system uses a cryogenic pump for chamber evacuation, effectively reducing the base 

pressure to 1.2E-7 Torr. Sputtering was performed using a dual mid-frequency AC power 
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supply set at a power of 1300 W. The deposition process was carried out at a process 

pressure of 8E-4 Torr with high-purity argon at a flow rate of 80 sccm to create the plasma. 

A reactive environment for the formation of Al2O3 thin films on the substrate was 

established using a 99.993% pure O2 flow. In order to determine the optimum O2 flow rate 

for stoichiometric Al2O3 films, the targetôs bias response to the O2 flow rate was monitored. 

The substrate temperature during deposition was maintained at 150ÁC, and the substrate 

rotation speed was set at 30 rpm to promote uniform film growth. 

Pieces of a silicon wafer and a thermally oxidized silicon wafer, of suitable dimensions, 

were used as substrates. The substrates were cleaned by immersion in acetone for 2 minutes, 

subsequent rinsing with isopropanol, and drying using a nitrogen gas gun prior to loading 

them into the system. Before starting the deposition process, precleaning and outgassing 

steps were carried out to reduce contamination inside the chamber and on the substrate, 

particularly water molecules. In order to ensure the purity of the deposited films, the 

chamber was heated for 14 hours at 150ÁC after the first pump-down cycle to reduce the 

base pressure at room temperature from 1.5E-7 Torr to 1.2E-7 Torr by eliminating released 

gases (Figure 2.1B). This extended heating step is used to accelerate the initial outgassing 

following any chamber exposure to atmosphere for maintenance activities, such as target 

changes or cleaning, and is not required for subsequent deposition runs. In routine 

operations, where the chamber remains sealed and substrates are transferred via a load-

lock, the chamber was heated for 2 hours at 150ÁC before each deposition run until a 

pressure lower than 4E-7 Torr at 150ÁC was reached (Figure 2.1C). This careful outgassing 

procedure creates an optimal environment for the deposition of high-quality and low-loss 

coatings by removing moisture and contaminants introduced during the load-lock transfer. 

This step is particularly important in humid environments, and it can be optimized and 

shortened in cleanrooms with humidity and contamination controls. Finally, a 10-minute 

substrate precleaning step was performed with argon ions using the ion source. This 

precleaning step is optional and can be omitted from the deposition process when working 

with sensitive substrates. 
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Figure 2.1. (A) Schematic of the PARMS system using dual AC power supply (the positions 

of components are not-to-scale and are not indicative of their actual arrangement). (B) 14-

hour heating at 150ÁC after each pump-down cycle to enhance film purity by reducing the 

base pressure through the removal of released gases. (C) Outgassing by 2-hour heating at 

150ÁC before each deposition run to achieve optimal condition for the film deposition. 

To determine a suitable Al2O3 deposition recipe with the PARMS system, it is important 

to understand the fundamentals of dual AC reactive magnetron sputtering. In magnetron 

sputtering, a plasma is generated over the target surface by applying a negative bias to the 

target. The presence of a magnetic field confines the plasma close to the target's surface, 

enhancing the sputtering efficiency and the deposition rate. In this condition, positively 

charged ions of an inert gas, typically argon, from the plasma bombard the negatively 

biased target surface and cause the ejection of target material atoms. The ejected atoms 
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subsequently condense on the substrate and form a thin film. In direct current (DC) 

sputtering, applying continuous DC power to the magnetron targets can lead to charge 

buildup, which increases the likelihood of arcing during the sputtering process. Unlike DC 

magnetron sputtering, where a continuous DC power supply is used, AC magnetron 

sputtering involves alternating current. In dual AC magnetron sputtering, two magnetron 

targets are connected to an AC power supply, and the cathode and anode alternate between 

the two targets every half cycle. This alternating mechanism prevents charge buildup on 

the targets during the sputtering process, which results in a highly stable sputtering process 

free from arcing [73], [104], [105]. 

Reactive sputtering of Al2O3 thin films requires maintaining an appropriate flow of 

oxygen gas into the chamber, aside from the presence of the inert gas (argon), to create a 

proper condition for the Al 2O3 reaction [86]. The reactive gas, oxygen in this case, is not 

only consumed by the pump but also reacts with the growing film on the substrate and the 

newly exposed material on the chamber shields and the sputtering targets, where the 

material was deposited or etched. On the target, there is a competition between the rate of 

an oxygen reaction with the surface and the rate at which oxygen is sputtered off from the 

surface by argon ions. Once the oxygen pressure exceeds a critical point inside the chamber, 

the gettering capacity in the reaction chamber becomes saturated, and most of the target 

surfaces will be covered with an insulating oxide layer, known as target poisoning. The 

presence of this oxide layer on the target surface typically reduces the sputter rate and limits 

the exposure of fresh surfaces for a further reaction with oxygen. This creates a reinforcing 

feedback loop, causing the process to transition from a metallic mode to a poisoned mode. 

The tipping point between these two modes can vary depending on whether the process 

begins in the poisoned mode, where oxidation dominates the reaction, or in the metallic 

mode, where the speed of fresh material exposure prevails. This phenomenon is referred to 

as hysteresis, characterized by the dependency of the system's state on its history. The 

change in the sputter target surface condition can impact certain operational parameters by 

affecting the plasmaôs electrical properties, particularly the target bias voltage delivered by 

the power supply at a fixed sputtering power. The width of this hysteresis region is 
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associated with the competition between the oxygen consumed by the pump or reacted with 

freshly exposed surfaces. Understanding and controlling this phenomenon are crucial for 

ensuring the desired optical layer properties. Accordingly, the O2 flow rate and other 

process parameters were adjusted and monitored during deposition to prevent a reduction 

in the deposition rate and maintain overall film quality [86], [104], [106]. 

2.2.2. Thin Film Characterization 

2.2.2.1. Structure and Compositional Analyses 

To examine the composition of the deposited films, Rutherford backscattering 

spectrometry (RBS) with a 2.0 MeV 4He+ ion beam in a Cornell geometry and a dose of 2 

ɛC was employed. The RBS data were modelled using the SIMNRA software package to 

determine the composition ratio of the alumina thin films. X-ray diffraction (XRD) data of 

the Al2O3 thin films were collected using a Bruker D8 Discover XRD system with a 

DAVINCI design diffractometer equipped with a cobalt source (ɚavg=1.79026 Å) and an 

Eiger2 R 500K area detector. A coupled 2D continuous scan, with 0.02° steps and a scan 

speed of 0.3 seconds per step, was used to collect a 2ɗ scan range from 10Á to 90Á. The 

collected data were analyzed using Diffrac.EVA software. 

2.2.2.2. Optical Characterization 

For the determination of Al 2O3 film thickness and refractive indices, a J. A. Woollam M-

2000 variable angle spectroscopic ellipsometer (VASE) was used. Spectra were collected 

at angles of 55°, 60°, 65°, 70°, and 75° from the surface normal and analyzed using 

CompleteEASE software. The obtained data were modeled and fit to extract optical 

constants in the range of 400ï1680 nm. The optical propagation losses of the deposited 

amorphous alumina thin films on thermal oxide silicon wafers were measured using a 

Metricon 2010/M prism coupler at wavelengths of 638, 847, 1310, 1450, 1550, and 1650 

nm. Multiple loss measurements were performed on different regions of the wafer and the 

average value was taken.  
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2.2.2.3. Surface Topography Analysis and A Thickness Uniformity Measurement 

The surface roughness of an Al2O3 thin film deposited on a thermally oxidized silicon wafer 

was evaluated using Bruker Dimension Icon atomic force microscopy (AFM) in a tapping 

mode in air. The measurements were conducted by using an FESPA-V2 tip with a nominal 

frequency of 75 kHz and a stiffness of 2.8 N/m. Root-mean-squared roughness (Rq) values 

were determined by sampling three random 2.5 Ĭ 2.5 ɛmĮ areas on the surface and analyzed 

using Bruker Nanoscope software. To investigate the deposition uniformity, thickness and 

refractive index mappings were performed on a 3" silicon wafer using a Philips PZ2000 

ellipsometer equipped with a 633 nm laser. 

2.2.2.4. Mechanical Testing 

To evaluate the adhesion and abrasion resistance of the deposited alumina coatings, the 

films were tested according to specific industrial coating standards. In the adhesive test, a 

50 mm strip of a standard pressure sensitive adhesive tape was firmly applied across the 

surface of the test area. Then, the tape was swiftly removed with a rapid upward pull force, 

oriented approximately perpendicular to the test area. The coating passes the test 

successfully if no evidence of coating removal is observed after the tape removal. For 

severe abrasion resistance assessment, a designed pen shape brass tool equipped with a 

2 ρς lb spring was used. A specific eraser attached to the top of the tester was used to 

repeatedly rub the coated surface with 1-inch strokes for a total of 20 complete strokes, all 

confined to a single path. Following the abrasion test, the surface of the coating was cleaned 

with acetone and carefully inspected for any signs of material removal or scratches, which 

would indicate test failure. As a final step, a KLA Tencor P-16+ stylus profiler was used 

for thin film stress measurements. Pre-deposition and post-deposition scans were collected 

along a 6-cm length of the 3-inch silicon wafer, with a scan rate of 400 µm/s, a sampling 

rate of 15 Hz, and an applied force of 2.0 mg. The change in the substrateôs radius of 

curvature resulting from the film deposition was calculated with a fifth order polynomial 

fit . 
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2.2.2.5. Annealing Study 

To investigate the impact of annealing on the optical propagation loss of the amorphous 

alumina thin films, a sample was annealed at 400°C and 600°C for 4 hours under a 

continuous N2 gas flow, consistent with the reported crystallization temperature of alumina 

films, which is above 800°C [85], [103]. Optical propagation loss measurements, structural 

analysis, and surface roughness imaging were conducted on the annealed samples to 

examine potential effects of annealing on the Al 2O3 film properties. 

2.3. Results and Discussion 

As an initial step in optimizing the deposition process, the target bias voltage hysteresis 

curve was investigated to explore the dynamic interaction between the voltage of the 

aluminum targets and the O2 flow rate, providing insights into plasma behavior throughout 

the deposition process. Precisely selecting the O2 flow rate enables the control of 

stoichiometry, deposition rate, and the optical properties of the Al2O3 thin film, including 

the refractive index, optical transmission/reflection characteristics, and optical propagation 

loss within the film. The meticulous adjustment of the O2 flow is crucial for tailoring the 

film properties to meet specific requirements in different optical applications [90], [97], 

[107]. 

Figure 2.2A illustrates the hysteresis behavior of the aluminum target voltage observed 

across varying oxygen flow rates in the reactive sputtering process. The deposition rate 

calculation in the inset of this figure demonstrates a significant change within the hysteresis 

area, in transition from the metal side with a higher bias voltage to the oxide region with a 

lower bias voltage. Target surface oxidation at high oxygen pressures leads to different 

deposition rates at the same O2 flow rate within the hysteresis region, depending on the 

previous condition of the targets. For instance, at an oxygen flow rate of 14 sccm, two 

different deposition rates of 23.3 nm/min and 1.75 nm/min are observed. Thus, the target 

voltage serves as an indicator of the extent of oxidation on the targets. 
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Given the importance of achieving a high deposition rate, our focus was on directing the 

film deposition process toward the metal side of the hysteresis curve, characterized by a 

higher target voltage. However, a minimum oxygen pressure is essential for achieving a 

stoichiometric reactive environment. Therefore, due to the lower oxygen pressure in this 

particular region, the deposition process must be performed very close to the transition 

point, often referred to as the sputtering knee point [86]. This approach is essential not only 

to achieve a high deposition rate but also to attain a stoichiometric Al 2O3 thin film [90]. In 

this region, the target surface maintains its metallic nature, while there is a sufficient 

oxygen content to facilitate oxidic deposition. It is worth noting that deposition near the 

knee point can be challenging, as the deposition process can drift during the deposition. 

Nevertheless, in this study, relatively stable voltage behavior was observed at the oxygen 

flow rate of 14 sccm. Therefore, an automated proportional-integral-derivative (PID) 

control mechanism was not employed for adjusting the voltage by varying the oxygen flow. 

It is important to emphasize that for extended deposition processes, the implementation of 

PID control can enhance the stability of the deposition parameters throughout the process. 

This stability is crucial for achieving reproducible sputtered layers throughout the lifetime 

of the sputtering target, particularly in large-scale fabrication. 

RBS characterization of an Al2O3 thin film deposited at an oxygen flow rate of 14 sccm 

revealed that the deposited film has a close-to-stoichiometric composition, as depicted in 

Figure 2.2B. The analysis of the RBS spectra demonstrates a strong agreement between 

the experimental data and the simulated stoichiometric alumina composition, indicating a 

nearly ideal ratio of aluminum and oxygen atoms in the deposited film. In the RBS 

spectrum, the stoichiometry is determined by analyzing the peak intensities and their 

relative positions, which correspond to the scattering of ions from aluminum and oxygen 

atoms. Furthermore, XRD measurement, shown in the inset of Figure 2.2B, verified the 

amorphous nature of the deposited films. According to the XRD results, the Al2O3 thin film 

retains its non-crystalline state throughout the deposition process at 150°C. 
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Figure 2.2. (A) The hysteresis behavior of aluminum target voltage versus oxygen flow rate 

in the reactive sputtering process. The inset shows the deposition rate as a function of oxygen 

flow rate. (B) RBS experimental spectrum with corresponding simulation model fits for 

oxygen, aluminum, and silicon. Inset in B: XRD spectrum of Al2O3 thin film deposited at 

150ÁC with the O2 flow of 14 sccm showing the amorphous structure of the film. 

To evaluate the optical properties of the deposited alumina films, spectroscopic 

ellipsometry and prism coupling tests were conducted to determine their refractive indices 

and propagation losses over the visible and near-infrared wavelengths. Figure 2.3A shows 

the refractive index and the extinction coefficient of an Al2O3 film as a function of 
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wavelength in the range of 400ï1680 nm. The Sellmeier and the General Oscillator models 

were applied to the data obtained from VASE to analyze the optical constants of the 

alumina thin film. Comparing the dispersion curves generated by Sellmeier model with the 

refractive indices directly measured via prism coupling showed close agreement between 

the measured indices and the model outputs. 

 

Figure 2.3. (A) Refractive index and extinction coefficient of Al2O3 thin film as a function 

of wavelength in the range of 400ï1680 nm, measured with VASE and prism coupler. (B) 

Propagation losses of the Al2O3 thin film in the range of 638ï1650 nm measured by prism 

coupling method. (C) Impact of post-deposition annealing at 400ÁC and 600ÁC for 4 hours 

on propagation loss at 638 nm. (D) XRD spectra of the annealed alumina thin film at 400ÁC 

and 600ÁC for 4 hours. 
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As shown in Figure 2.3B, we obtain low-loss alumina thin films using the PARMS 

technique at a low temperature. These losses are comparable to those reported for alumina 

thin films deposited using other methods [43], [81], [83], [84], [86], [89], [96]. The film 

exhibits optical losses of approximately 0.67 dB/cm at 638 nm and as low as 0.1 dB/cm at 

1550 nm, which makes it a promising candidate for applications in the communication C-

band wavelength region. Importantly, these low propagation losses were obtained without 

any subsequent heat treatment, highlighting the practicality and efficiency of the PARMS 

approach in fabrication of high-quality optical coatings for temperature-sensitive 

substrates. However, for non-temperature-sensitive substrates, propagation losses can be 

further reduced through post-deposition annealing at elevated temperatures below the 

crystallization point [81], [86], [103]. Figure 2.3C illustrates that annealing at 400°C and 

600°C for 4 hours reduces the propagation loss at 638 nm to less than 0.2 dB/cm. XRD 

analysis (Figure 2.3D) confirmed that the films remain amorphous after annealing, with no 

discernible crystalline peaks. 

Figure 2.4 depicts the surface topography of the 1ɛm-thick alumina thin film before and 

after annealing. The AFM images and the height profile demonstrate a uniform and smooth 

surface, with an average roughness (Rq) of 0.238 nm in the as-deposited sample (Figure 

2.4A). In our previous study [99], we observed that annealing contributed to a reduction in 

the surface roughness of the deposited film, along with a weak correlation between the 

surface roughness and the propagation loss. Several studies have suggested that annealing 

reduces propagation loss by densifying the film, inducing stoichiometric changes, or 

relieving residual film stresses caused by deposition [81], [92], [93], [108]. However, these 

trends were not evident in the current study. The films annealed at 400 and 600ÁC exhibited 

no significant roughness changes in comparison with the as-deposited films (Figure 2.4B 

and Figure 2.4C). In addition, our observations did not show any significant alterations in 

film thickness or stoichiometry after annealing. Furthermore, thin film stress measurements 

on the as-deposited thin films ranged from 6 MPa (tensile) to ï19 MPa (compressive), 

indicating very low stress levels within the deposited films. Therefore, a more in-depth 
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investigation is needed to explain the specific mechanisms responsible for the impact of 

annealing on propagation loss. 

Given that one of the objectives in this study was the evaluation of the capability of 

using this method for industrial-scale coating applications, the mechanical and uniformity 

characteristics of the deposited films were of great importance. The deposited alumina thin 

films were inspected to assess their adhesion and abrasion resistance. These tests showed 

no evidence of coating removal in the adhesive test, and minimal material removal or 

scratches after a severe abrasion resistance assessment. Moreover, the thickness and 

refractive index mapping graphs presented in Figure 2.4D and Figure 2.4E show less than 

0.8% and 0.05% total thickness and refractive index variation across a 3" wafer located 

approximately at the center of the substrate, respectively, highlighting the high uniformity 

achieved during the deposition process. While a 3-inch wafer was used in this study, this 

deposition system is capable of handling a 10-inch wafer, up to seven 3-inch wafers, or 

three 4-inch wafers per run, with a thickness uniformity variation of less than 2% for 

various oxide and nitrides [109]. This makes the system well-suited for batch and large-

diameter wafer productions at an industrial scale. 
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Figure 2.4. 2D and 3D images of the surface morphology and the height profile across 2.5 

ɛm acquired by AFM for the (A) as-deposited Al2O3 film, (B) Al2O3 film annealed at 400ÁC 

for 4 hrs, and (C) Al2O3 film annealed at 600ÁC for 4 hrs. (D) Uniformity assessment of 

Al2O3 film thickness and (E) refractive index (overlaid on top of the measured film thickness 

mapping) measured across a 3-inch silicon wafer. 
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2.4. SiO2 Deposition with a PARMS System 

Silicon dioxide is among the key materials in both integrated optics and the optical coatings 

industry [110], [111]. In integrated photonics, SiO2 is widely used as a cladding material 

for silicon and silicon nitride waveguides due to its low refractive index (nSiO2 ~ 1.4) and 

excellent transparency in the visible and near-infrared regions [110], [112]. Moreover, 

thermal, mechanical, and chemical stability of SiO2, along with its ability to form smooth 

and defect-free films, make it a fundamental material in optical coatings industry for 

fabrication of anti-reflection coatings and interference filters [110]. Therefore, achieving 

high-quality SiO2 thin films is essential for various applications. 

To verify the capability of this technique for deposition of low-loss SiO2 thin films, the 

similar PARMS system was used, this time equipped with two turbo molecular pumps 

instead of a cryo pump. 36.2 and 90 sccm oxygen and argon flow rates were used to create 

a proper reaction environment during the deposition process at 120ÁC. By applying the 

2000 W power to the silicon targets, the deposition rate of 22.6 nm/min was achieved. 

Due to the low refractive index of SiO2, the propagation loss of the deposited thin film 

could not be measured using the prism coupling technique. To estimate the propagation loss 

of a deposited 1-micron-thick SiO2 film, a series of SiO2-coated 500 ɛm-radius silicon 

nitride microring resonators with 200 nm-thick and 2.0 ɛm-width waveguides were used to 

extract the optical loss from the quality factors of the microring resonators. The propagation 

loss (Ŭ) was calculated using the following relationship: 

‌ = 2“ὲg /‗ὗi  (2.1)

where ὲg is the group refractive index of the waveguide mode, ‗ is the wavelength, and Qi 

is the internal quality factor of the microring resonance. Based on the Q-factor 

measurements, the SiO2 thin film showed negligible excess loss (< 0.1 dB/cm) at 1550 nm 

wavelength, confirming the suitability of this technique in deposition of low-loss SiO2.  
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A serious challenge in SiO2 deposition, especially for near-infrared applications is the 

presence of OH bonds, which can introduce significant optical absorption, particularly 

around the 1380 nm wavelength [111]. This absorption is caused by hydrogen impurities 

trapped in the film during the deposition process. For instance, in conventional CVD 

processes, such impurities are often introduced by hydrogen-containing precursors such as 

silane (SiH4) or TEOS (Si(OC2H5)4). Removing these impurities typically requires high-

temperature annealing, which can be impractical for certain integrated photonics platforms 

due to material limitations or other thermal constraints [111]. In contrast to CVD, sputtering 

offers a significant advantage because it does not rely on hydrogen-based precursors, 

thereby using it reduces the risk of OH incorporation in the film. This makes sputtering a 

promising technique for producing low-loss SiO2 films with negligible amount of OH-

bonds. However, a detailed analysis would be necessary to evaluate the hydrogen content 

in the sputtered SiO2 films and its impact on the overall performance of SiO2 for different 

applications across relevant wavelengths. 

2.5. Conclusion 

Amorphous stoichiometric Al2O3 thin films with high optical quality have been fabricated 

by dual AC plasma-assisted magnetron sputtering at 150°C and a deposition rate of 23.3 

nm/min. The planar waveguide of the as-deposited film exhibits propagation losses of 0.67 

dB/cm at 638 nm and as low as 0.1 dB/cm across the conventional optical communication 

band, making it highly suitable for near-infrared applications, particularly in integrated 

photonics. Moreover, annealing of the deposited films demonstrates the potential for a 

further reduction in propagation losses. The deposited thin films exhibit acceptable 

adhesion and abrasion resistance, with minimal surface roughness (Rq~0.24 nm) and less 

than 1% thickness variation over a 3" wafer. This reliable and highly stable deposition 

technique shows great potential for large-scale production of advanced optical coatings, 

making it suitable for a wide range of applications.
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3. Chapter 3 

Erbium Microring Lasers in a Tellurium Oxide-Coated 

Silicon Nitride Photonic Platform 

Preface 

This chapter begins with an overview of motivations and challenges in integrating rare-

earth-doped lasers into silicon-based photonic circuits, followed by a discussion on the 

advantages of silicon nitride photonics for developing hybrid on-chip lasers. It then details 

the design, fabrication, and characterization of compact TeO2:Er
3+-coated microring lasers 

integrated onto a silicon nitride platform. Both passive and active characterizations of the 

microlasers are described comprehensively, serving as a standard procedure similarly 

followed in Chapters 4 and 5. From a design perspective, this chapter focuses on the 

optimization of coupling parameters in microring resonators, exploring the effect of coupler 

length particularly for achieving low-threshold and high-efficiency lasing. This work 

demonstrates the successful integration of erbium-doped tellurite hybrid microring lasers 

on silicon nitride waveguides, which is important in developing compact and energy-

efficient light sources for PICs for applications in the standard telecom C-band. Compared 

to previously shown DBR lasers in the same hybrid configuration, these lasers have less 

sensitivity to the rare-earth-doped TeO2 film thicknesses for more robust fabrication. This 

chapter is a manuscript currently under preparation for submission with the same title. 
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Abstract 

In this work, we demonstrate on-chip erbium microring lasers monolithically integrated by 

coating 100 nm-thick silicon nitride waveguides with an erbium-doped tellurium-oxide 

(TeO2:Er
3+) thin film. Laser emission at approximately 1532 nm was achieved by 

resonantly pumping these pulley-coupled microrings with a signal near 1475 nm. The 

lasing thresholds were found to be as low as 1.5 mW of on-chip pump power and single-

sided slope efficiencies of up to 0.45% were measured. These results present a promising 

pathway towards the compact and cost-effective monolithic fabrication of light sources for 

the telecommunication window on silicon nitride photonic platforms. 

3.1. Introduction 

Silicon nitride has become one of the dominant platforms of choice for high-volume and 

low-cost PIC design and fabrication [13], [17], [18]. Interest in Si3N4 photonics is primarily 

driven by its ultra-low waveguide losses (<1 dB/m) [13], [17], [18], [113], wide 

transparency range from visible to mid-infrared [114], [115], and compatibility with wafer-

scale manufacturing processes used in silicon photonic platforms [13], [17], [18]. Si3N4 has 

a medium-high refractive index (ὲ  ~ 2 at 1550 nm), which enables the development 

of compact devices that are not significantly prone to scattering losses caused by sidewall 

roughness [10], [12]. This is in contrast to silicon, which has a very high refractive index 

(ὲSi ~ 3.4 at 1550 nm), and makes Si3N4 devices less sensitive to fabrication variations [13]. 

These properties make Si3N4 suitable for various applications including communications 

[116]ï[118], biosensing [119]ï[123], spectroscopy [124], [125], and quantum computation 

[126], [127]. Moreover, although Si3N4 has about 20 times weaker third-order nonlinearity 

(2.4 Ĭ 10ī19 m2W-1 [128]) compared to silicon (4.4 Ĭ 10ī18 m2W-1 [129]), its large band gap 

(~ 5 eV) results in almost zero two-photon absorption over a wide wavelength range [12], 

[19]. This characteristic, combined with very low loss and large effective area in Si3N4 

waveguides, makes Si3N4 a good candidate for applications such as frequency comb and 

supercontinuum generation as well [130], [131]. 
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An ongoing challenge in silicon and silicon nitride photonic microsystems is the need 

for on-chip laser sources, which are difficult to achieve in standard silicon photonic material 

systems [2], [3], [11]. The primary reason behind it is the indirect bandgap of silicon, which 

restricts efficient emission in silicon-based lasers [20]. Currently, III/V material integration 

is one of the most widely used methods to incorporate lasers into on-chip photonic 

microsystems due to their direct bandgap [15], [22], [132], [133]. However, the fabrication 

methods to produce high-quality signal lasers in this material system and their following 

integration onto photonic microsystem platforms are complex, costly and not CMOS-

compatible [3], [115], [134]. Although other methods like using the Raman effect in silicon 

or using other group IV materials have shown promising results for achieving CMOS-

compatible integration of lasers on silicon, they still face significant challenges [3]. Raman 

lasers in silicon require high pump power, which complicates thermal management and 

affects the laser efficiency [2]. Similar to silicon, other group IV lasers, such as those using 

germanium, suffer from inherent indirect bandgaps. They typically require high threshold 

currents, precise operation temperature control, and strain engineering to improve their 

performance [2], [3], [11]. Another alternative method to achieve efficient, monolithic and 

CMOS-compatible on-chip lasing is to use rare-earth-doped devices, which can be optically 

pumped by an off-chip light source [2], [3], [135]. Rare-earth-doped lasers can provide 

reliable optical sources with benefits such as access to a broad range of wavelengths where 

diode lasers do not exist or have reduced performance, narrow linewidth lasing, low noise, 

and more thermally stable operation, similar to rare-earth-doped fiber laser technology [14], 

[135]. Furthermore, recent studies on the incorporation of rare-earth-doped amorphous 

alumina on silicon wafers through a single-step back-end-of-line process demonstrate the 

scalable and low-cost fabrication of these lasers [14], [44], [86], [136]ï[139]. 

Among various materials of interest for rare-earth-doped lasers, amorphous tellurium 

oxide stands out as a promising candidate due to its relatively high refractive index (ὲ  

~ 2.08 at 1550 nm [140]), high transparency from visible to mid-infrared wavelengths 

[141], and high rare-earth ion solubility [53], [142]. Most importantly, previous studies also 

showed the possibility of achieving low-loss amorphous TeO2 at low temperatures using 
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RF sputtering without the need for additional high-temperature annealing steps [63]ï[67]. 

This low deposition temperature makes TeO2:RE
3+, as a laser gain medium, particularly 

suitable for PICs with temperature-sensitive components such as metal contacts. 

In our previous work, we demonstrated amplifiers [143] and distributed Bragg reflector 

lasers [144] in the conventional telecommunication C-band by direct deposition of 

TeO2:Er
3+ layers on Si3N4 waveguides. This hybrid design leverages the wafer-scale and 

low-cost fabrication technology of low-loss Si3N4 PICs, and the gain medium is applied in 

a single-step deposition without requiring etching steps. Unlike the multilayer integration 

of rare-earth-doped materials, where the gain layer is typically separated from the 

waveguide by an oxide layer [14], [44], [137]ï[139], this design exposes the Si3N4 

waveguides directly to the rare-earth-doped layer [143]ï[145]. Therefore, this direct 

integration not only eliminates the need for precise layer alignment during the fabrication 

process, but also reduces losses associated with mode transitions between layers [10]. 

Additionally, the low refractive index contrast between TeO2:Er
3+ and Si3N4 layers ensures 

a large mode overlap with the gain medium, which is unattainable in the silicon-on-

insulator platform due to higher light confinement in silicon [143], [144]. An order of 

magnitude lower thermo-optical coefficient in Si3N4 (Ὠὲ ùdT = (2.45 Ñ 0.09) Ĭ 10ī5 

(RIUùÁC) [146]) compared to silicon also enhances the thermal stability of the rare-earth 

doped devices in this platform [12].  

In this work, building on our knowledge in fabricating high-Q silicon nitride 

microresonators in this hybrid platform [147], we developed monolithically integrated 

TeO2:Er
3+-coated 100nm-thick-Si3N4 microring lasers. Achieving uniform film deposition 

over large areas via sputtering is often difficult, and these compact microresonators address 

a key challenge of thickness-sensitive cavities, such as DBR lasers, which are highly 

sensitive to thickness variations due to their response dependency [148]. The results of this 

study can open new avenues for the development of efficient and cost-effective erbium-

doped glass lasers in PICs. 
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3.2. Design, Fabrication, and Material Characterization of TeO2:Er3+-

Coated Si3N4 Microrings 

The fabrication of Si3N4 waveguides and the TeO2:Er
3+ coating followed procedures similar 

to those described in references [149] and [65]. A set of microrings was fabricated using 

the LioniX multi-project wafer (MPW) process, based on the low-loss Si3N4 TriPleX 

waveguide technology [149]. The microresonators were patterned into a 2.0-Õm wide bus 

waveguide on a 0.1-Õm low-pressure chemical vapor deposition (LPCVD) Si3N4 layer. 

After the patterning process, the wafer was diced into individual chips through a stealth 

dicing method. The bus waveguide was pulley-coupled to a 500-Õm radius ring, with a 

nominal gap of 0.7 Õm between the interior walls of the Si3N4 bus and ring waveguides, 

designed to achieve an under-coupled condition at the target wavelengths. Coupler lengths 

ranging from 92 to 138 Õm, estimated to have signal outcoupling ratios low enough to 

achieve lasing based on similar simulations explained in [68], were used to characterize the 

effect of coupling length (Lc) on laser performance. In Figure 3.1A and B, the schematic 

design of the pulley-coupled structure and optical microscopic image of the fabricated 

devices are shown, respectively.  

Following fabrication at the foundry, the chips were coated with a 155-nm thick 

TeO2:Er
3+ thin film using a radio frequency reactive sputtering technique in a Lesker PVD 

Pro 200 deposition system, following the approach described in [65]. The deposition was 

carried out at 150ÁC and a process pressure of 3.0 mTorr, with a deposition rate of 6.2 

nm/min. Argon and oxygen flow rates were maintained at 12 and 5.4 sccm, respectively, 

with sputtering powers of 60 W for the tellurium target and 31 W for the erbium target. The 

film characterization showed an Er3+ concentration of 2.7Ĭ1020 ions/cmį and refractive 

indices of 2.076 at 638 nm and 2.015 at 1550 nm. This concentration was determined by 

absorption spectroscopy through a waveguide of known length, where the losses were fit 

to their corresponding absorption cross-sections (please see Appendix I) [64]. This method 

Figure 3.1C shows a cross-sectional schematic of the TeO2:Er
3+ coated microring in the 

coupling region, along with corresponding dimensions. Figure 3.1D illustrates the 
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fundamental transverse electric (TE) mode profiles in a 2-ɛm-wide waveguide, coated with 

a 155 nm of TeO2:Er
3+ layer, at approximate pump and emission wavelengths of ɚpump = 

1470 nm and ɚemission = 1550 nm, respectively, simulated using a finite element method 

mode solver (Rsoft FemSIM). According to the calculations shown in Figure 3.1E, about 

30% of the light for both pump and emission signals is confined in the TeO2:Er
3+ gain layer. 

 

Figure 3.1. (A) Schematic design of a waveguide-resonator pulley-coupled structure. (B) 

Optical microscope image of the fabricated 500-Õm radius microring resonator. (C) Cross-

sectional schematic view of the TeO2:Er3+-coated Si3N4 microring in the coupling region, 

along with relevant dimensions. (D) Simulated fundamental TE mode profiles in the 2-Õm 

wide 100-nm-thick Si N  waveguide coated with a 155-nm TeO2:Er3+ layer, at approximate 

pump (1470 nm) and emission (1550 nm) wavelengths. (E) Fractional optical intensity 

overlaps of the TE mode and effective indices at 1470 and 1550 nm in Si3N4 microring and 

TeO2:Er3+ gain layer. 
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3.3. Passive Microresonator Characterization  

Each ring was first characterized passively using a tunable 1450 ï 1640 nm laser source in 

a fiber-chip transmission coupling setup. Particular focus was placed on results around 

1470, 1530, and 1630 nm wavelengths in order to identify important parameters affecting 

the laser performance, including pump power build up, roundtrip signal outcoupling loss, 

and background waveguide loss in the resonator, respectively. These measurements were 

performed using very low transmission power to ensure that the transmission spectra 

remained unaffected from the excitation of erbium ions. TE-polarized transmission 

measurements were used to characterize the resonant spectrum of the ring, with an example 

for a device with a 116-Õm-long coupler shown in Figure 3.2. Resonant modes of the 

device found in the sweep were then fit with a Lorentzian line shape used to extract the 

internal and external Q factors of the ring (Figure 3.2D). These Q factors were 

subsequently used to determine the waveguide loss and ring/bus coupling properties at the 

different resonant wavelengths. 

 

Figure 3.2. TE-polarized passive transmission spectra of a 500-Õm microring with a 116-Õm-long 

coupling length shown for (A) 1470ï1476 nm, (B) 1530ï1536 nm, and (C) 1620ï1626 nm ranges. 

(D) Lorentzian fit of a resonant mode used to calculate the internal Q-factor. 
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Above 1620 nm wavelength, the waveguide is expected to have negligible erbium-

related absorption loss, making it an effective wavelength to determine the background 

optical propagation loss of the ring [143]. At this wavelength all five rings were found to 

have internal Q factors of around 9Ĭ105, which corresponds to non-erbium related 

waveguide losses of 0.3 dB/cm for the devices. It was assumed that this background 

waveguide loss remains approximately constant across all wavelengths of interest, with any 

increased loss measured at other wavelengths attributed to erbium-related absorption. For 

instance, at a wavelength of 1535 nm, where the internal Q factors of the rings were 

measured to be near 2.5Ĭ105, corresponding to 1.3 dB/cm of propagation loss, 1.0 dB/cm 

of loss was assumed to result from erbium absorption. However, at this wavelength, the 

major property of interest relevant to lasing performance is the roundtrip signal outcoupling 

loss, which can be calculated based on rings external Q factor. The measured external Q 

factor values around 1530 nm, which varied between 1.5Ĭ106 to 4.2Ĭ106 depending on 

pulley coupler length, were then converted to the ring/bus power coupling ratio (ə) using 

the following equation:

ə ρ ÅØÐ
Ȣ Ȣ
,  (3.1) 

where ng is the group index, L is the round-trip length, ɚ is the wavelength, and Qe is the 

external Q factor [150]. The coupling ratio presents the fraction of optical power coupled 

from the bus waveguide into the ring resonator per round trip. It is a critical parameter in 

determining the efficiency of light transfer between the ring and the bus waveguide, 

influencing the performance of the device in terms of loss and resonance behavior. The 

calculated coupling ratio was subsequently used to determine the signal outcoupling loss 

of the rings. For example, at a pulley coupler length of 116 Õm, an external Q factor of 

1.6Ĭ106 was used to estimate a 0.016 coupling ratio, corresponding to 0.068 dB of roundtrip 

signal loss from the coupler. For laser cavities, it is important to maintain sufficiently low 

signal coupling strength, otherwise, the ring will be unable to produce the roundtrip gain 

necessary to overcome the losses and achieve lasing. In other words, the fraction of light 

coupled out of the ring must not be so high that it prevents the buildup of sufficient light 
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intensity inside the ring. The trends in measured coupling ratio and coupling loss versus 

pulley coupler length are plotted in Figure 3.3A (with the data fitted as guides to the eye, 

not based on actual simulation fits), showing that the coupling ratio reaches near zero at 

pulley lengths of 98 Õm and 138 Õm and increases to a maximum of 0.016 at 116 Õm. 

At the pump wavelength of 1470 nm, the internal Q factor was measured to be 4.0Ĭ105, 

corresponding to a wavelength loss of 0.9 dB/cm, of which 0.6 dB/cm is expected to result 

from erbium-related absorption. However, when large pump powers are generated within 

the ring cavity, erbium ions will be excited, leading to a change in waveguide loss at this 

wavelength. Therefore, to better estimate the loss coefficient (Ŭ) at this wavelength the 

following formula can be used: 

Ŭ = Ŭbg  (Ŭsignal ɀ Ŭbg) (1- I%), (3.2)

where Ŭbg is the waveguide background loss, Ŭsignal is the loss at the signal wavelength, and 

I% represents the erbium ions inversion ratio. Based on the absorption and emission cross-

sections of TeO2:Er
3+ at this wavelength, it was calculated that about 75% inversion ratio 

is expected for large pump powers. Devices were then assumed to have a background loss 

of approximately 0.4 dB/cm when subjected to pump powers large enough to achieve 

lasing. For different pulley coupler lengths, the external Q factors of the rings were again 

converted to ring/bus power coupling ratios, allowing to estimate the pump build-up factor 

(ὄ for the ring using the assumed saturated background loss, calculated as [150], [151]: 

ὄ
Ὧ

ρ  ‌Ͻὸ
  

(3.3) 

where, ‌ is the attenuation coefficient, Ὧ is the field coupling coefficient, and ὸ = Ѝρ ὑ 

is the field transmission coefficient (please see Appendix II). For example, with a 116-Õm-

long coupler, a pump build-up factor of almost 32 was estimated, indicating that the pump 

power circulating around the ring is expected to be 32 times greater than the input power 

from the bus waveguide. This ability of the ring cavity is an important aspect in enabling 

laser devices with low pump power thresholds. It seems that the build-up factor reaches a 
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maximum when the coupling coefficient is optimally balanced with the attenuation 

coefficient, where the coupling efficiency is neither too weak, which would result in poor 

coupling, nor too strong, which would lead to excessive loss. As shown in Figure 3.3B 

(with the fitting used as a guide to the eye), the pump power build-up factor was calculated 

for all five rings, with three of the rings found to have build-up factors of 24 times or greater. 

However, for the 92 and 138-Õm-long couplers, the near zero crossover ratio greatly 

reduced the expected build-up factor to only about 4 times, which was expected to 

significantly reduce the effectiveness of these devices. the reason for this low coupling 

ratios observed for the 92 and 138-Õm-long couplers remain unclear. Typically, we would 

expect a gradual, monotonic increase in the coupling ratio up to the optimal coupling 

length, but the behavior observed for these coupling lengths deviates from the usual trend. 

This unusual behavior may be related to fabrication issues, such as thickness variations in 

the coupler region, which needs to be clarified through further investigation to identify the 

underlying cause. 

 

Figure 3.3. (A) The coupling ratio and signal outcoupling loss at 1535 nm as a function of 

pulley coupler length. (B) The coupling ratio and pump power build-up factor of pump signal 

at 1470 nm as a function of pulley coupler length, showing that three of the rings achieve 

build-up factors of 24 or greater. 
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3.4. Microring Laser Characterization  

3.4.1. Measurement Setup 

Microring laser characterization measurements were made using the optical setup shown 

in Figure 3.4. A tunable light source, operating around a 1470 nm wavelength was run 

through two stages of a semiconductor optical amplifier (SOA), able to boost the optical 

pump power up to 65 mW. The amplified light was then passed through a set of polarization 

paddles to convert the light to a TE-polarized state. The polarized light was then launched 

onto the chip by aligning a 2.5 Õm spot size lensed fiber to the edge facet of one of the 

micro-ring lasers bus waveguides. A similar fiber was aligned to the output of the bus 

waveguide to capture transmitted pump light and any on-chip lasing emission. The light 

received by the output fiber was directed through a 1470/1550 nm wavelength WDM to 

separate the pump light and the laser emission, with the transmitted pump power measured 

on a photodetector. The signal arm of the WDM was connected to a free space 1500 nm 

edgepass filter to remove any residual pump signal. The filtered signal was then separated 

using a 50/50 (3dB) splitter, with one arm connected to a photodetector to measure the total 

power of laser emission, while the other was connected to an optical spectrum analyzer 

(OSA) to detect the laserôs wavelength spectrum. 

Initially, the SOAs were set to deliver a low pump power of approximately 0.01 mW to 

the chip. The wavelength of the tunable laser was then manually tuned into a resonant mode 

of the ring by monitoring transmitted pump power. Once the wavelength was tuned to a 

resonant mode, the pump power launched onto the chip was incrementally increased by 

increasing the power through the SOAs, while the OSA and laser power meters were 

monitored to detect any sign of lasing. If lasing occurred, the measured laser power at the 

detector was recorded, and the pump power was further increased in steps. As the fiber-

chip coupling loss was found to be approximately 3 dB per facet for all waveguides of 

interest, the launched pump power was considered to be 3 dB less than the pump power 

that was incident upon the chip from the end of the lensed fiber. The incident pump power 
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for the different amplification settings was characterized by launching the pump light 

directly into a photodetector. 

 

Figure 3.4. The active setup used to characterize the TeO2:Er3+-coated Si3N4 microring lasers. 

To calculate the on-chip lasing power, the losses introduced between the chip and 

photodetector were estimated. Assuming negligible gain or loss in the short section of the 

bus waveguide after the laser, the losses were attributed to fiber-chip coupling (estimated 

at 3 dB) and transmission losses through the WDM, edgepass filter, and 3 dB splitter (found 

to be 7.5 dB in total). Therefore, the on-chip laser power was estimated to be 10.5 dB higher 

than the power measured at the photodetector. To account for any amplified spontaneous 

emission (ASE) generated along the bus waveguide by the optical pump reaching the 

photodetector, an ASE power measurement was made. To measure ASE, the pump laser 

was tuned off-resonance, so as not to introduce lasing, and the pump power was 

incrementally increased, with any power measured at the photodetector recorded. These 

values were then subtracted from the power measured at the photodetector for the same 

pump power during laser characterization to correct for the ASE. 

3.4.2. Laser Characterization 

Each of the five microring devices were characterized using the measurement setup and 

method described in the previous section. Among the five ring cavities tested, three 

demonstrated lasing performance. The 92 and 138-Õm-long coupler devices, which were 

expected to have only about 4 times pump power buildup in the resonator, did not show 
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lasing. A sample of the measured on-chip laser power spectrum for the three lasing rings is 

shown in Figure 3.5A, where multiple emission modes can be observed within the 

wavelength range of 1530 to 1535 nm (mostly attributed to longitudinal cavity modes). 

Preferences in emission wavelength are likely due to minor differences between coupling 

optimization of the various coupler lengths.  

 

Figure 3.5. (A) On-chip laser power spectrum for the three lasing microring devices with 104, 

116, and 126 Õm coupling lengths, showing multiple emission modes within the wavelength 

range of 1530 to 1535 nm. Measured single-sided on-chip laser power versus on-resonance 

pump power launched down the bus waveguide, with lines used to fit for lasing threshold and 

slope efficiency, for rings with coupler lengths of (B) 104 Õm (C) 116 Õm, and (D) 126 Õm. 

In addition to the lasing spectra, the on-chip laser output power versus launched pump 

power was measured. The results for the three lasing cavities are presented in  Figure 3.5B, 

C, and D for the rings with coupling length of 104, 116, and 126 Õm, respectively. Each set 
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of data was fit with a linear relationship to calculate lasing thresholds and single-sided slope 

efficiencies. The result indicate that all cavities have lasing thresholds near or less than 3 

mW of pump power launched into the bus waveguide, with thresholds of 2.9, 2.5, and 1.5 

mW for the 104, 116, and 126-Õm-long pulley-coupled devices, respectively. The ability to 

achieve these low lasing thresholds is predominantly made possible by the large pump 

enhancement factors. Furthermore, single sided-slope efficiencies reached up to 0.45% for 

the 116-Õm-long pulley coupled ring, with other rings having calculated single-sided slope 

efficiencies of at least 0.35%. The devices were able to reach total single-sided output 

powers of about 122, 132, and 106 ÕW at pulley coupler lengths of 92, 116, and 126 Õm, 

respectively, for a maximum launched pump power of 32.5 mW down the bus waveguide. 

Given the symmetric nature of the ring resonator, an equivalent level of signal lasing power 

is expected to be emitted towards the edge facet from which the pump was launched. This 

was confirmed by running a similar experiment with the lasing power detection setup 

implemented on the same side as the pump. Therefore, the double-sided slope efficiencies 

and total output powers are expected to be twice that of the single-sided values just reported. 

 

Figure 3.6. (A) Laser efficiency and (B) threshold as a function of signal coupling ratio (at 

1535 nm) for TeO2:Er3+-coated 500 Õm-radius Si3N4 microring lasers with 104, 116, and 126 

Õm coupling length. The dashed lines represent polynomial fits to the experimental data, 

highlighting the trends in threshold and efficiency. 

Using the cavity coupling information determined through passive measurements and 

the characterized laser performance, an approximate optimization of coupling parameters 
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can be made by using the trends shown in Figure 3.6. Lasing is expected to begin once the 

round-trip gain in the cavity exceeds the round-trip loss, and the laser efficiency depends 

on how effectively the laser signal is coupled back into the bus waveguide. Figure 3.6A 

shows that improving the signal extraction efficiency, which is directly linked to the 

coupling ratio, can enhance the slope efficiency. However, it is evident that increasing the 

coupling ratio also negatively affects the pump power build-up factor. Therefore, beyond a 

certain point, the laser efficiency is expected to decline as excessive coupling ratio reduces 

the pump power enhancement in the cavity. Figure 3.6B also demonstrates that lasers with 

lower coupling ratios show lower lasing thresholds, which can be related to lower coupling 

losses in these cavities. More investigations will help to validate these findings; however, 

the results clearly underscore the importance of careful optimization of the coupling ratio 

for achieving efficient lasers by balancing the trade-off between maximizing pump power 

build-up and ensuring sufficient signal extraction. Additionally, laser efficiency can be 

further enhanced by improving various cavity properties, such as optimizing the erbium ion 

concentration, increasing mode overlap with the gain medium, and minimizing background 

losses. Exploring these optimizations will help in achieving more efficient microlasers. 

3.5. Conclusion  

This study demonstrates the development of hybrid on-chip TeO2:Er
3+-coated microring 

lasers on a silicon nitride platform, providing a promising approach for the monolithic 

integration of light sources for telecommunication wavelengths in silicon nitride photonic 

circuits. The lasers exhibit high-performance characteristics, including low lasing 

thresholds between 1.5 to 3 mW, single-sided slope efficiencies ranging from 0.35% to 

0.45%, and emission in the C-band (1530 to 1535 nm). These results are primarily enabled 

by the low background optical waveguide loss of the structure and the large internal optical 

gain, highlighting the effect of the pulley-coupler in achieving a suitable pump build-up 

and signal outcoupling. The findings of this research underscore the potential of rare-earth-

doped lasers in creating low-cost, efficient, compact, and scalable on-chip light sources for 

integrated photonics applications.
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4. Chapter 4  

Thermal Adjustment of Laser Signal Emission in Single 

and Cascaded Hybrid TeO2:Tm
3+-Coated Silicon 

Microdisks 

Preface 

This chapter presents the first demonstration of monolithic integration of rare-earth-doped 

tellurite microdisk lasers within an active silicon photonics microsystem. By discussing 

both advantages and challenges of integrating such lasers, it highlights the importance of 

active emission control for applications using single and cascaded laser configurations. The 

experimental section details the design and fabrication processes of these microlasers, 

equipped with TiN heaters under an oxide-open window layer, which enable thermal 

resonance tuning and straightforward integration of the TeO2:Tm
3+ gain material on the 

active silicon photonic chip. The results and discussion section starts with a comprehensive 

study of thermal tuning in fabricated lasers, involving heat distribution simulations and 

experimental validation of modulation behavior in single microdisks. The results include 

several examples of effective signal amplitude modulation, which demonstrates the 

capability of this setup to actively adjust the laser emission as a proof-of concept. The 

modulation technique is further tested on double and triple cascaded lasers on a shared bus 

waveguide, highlighting the potential for powering multiple lasers using a single pump 

source and dynamically altering laser emission patterns. These outcomes represent a 

significant step forward in the development of adjustable light sources in active silicon 

photonic microsystems and pave the way for their potential applications in future systems 

operating near 2 ɛm, such as wavelength-division multiplexing sources for communication 

and sensing. A manuscript based on these findings is currently being prepared for 

submission. 
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Abstract 

Hybrid rare-earth-doped microcavities have recently emerged as promising monolithic 

lasers in silicon photonic platforms, offering compatibility with CMOS fabrication, broad 

gain bandwidth, narrow emission linewidth, and high thermal stability. On-chip control 

over resonant pumping and the laser emission is crucial for optimizing the performance of 

these lasers in complex integrated photonic systems. In this work, we demonstrate 

monolithic integration and thermal tuning of rare-earth-doped microdisk lasers in an active 

silicon photonics platform. This study investigates the effects of heating on TeO2:Tm
3+-

coated silicon microdisk laser emission and demonstrates that microheaters can effectively 

adjust the amplitude and spectrum of the emission. This approach was extended to 

cascaded-microdisk lasers to show its potential for use in wavelength division multiplexed 

light sources. Incorporating microheaters into these lasers allows for tuning multiple lasers 

onto the same pump wavelength and eliminates the need for additional filtering systems in 

WDM lasing sources. Precisely adjusting the lasing amplitude and emission wavelength 

enhances the functionality and efficiency of these lasers, enabling them to be tailored to 

meet specific application requirements in integrated photonic circuits. 

4.1. Introduction 

Silicon photonics (SiPh) has emerged as a highly efficient and cost-effective platform in 

photonic integrated circuits, offering considerable compactness, low power consumption, 

and compatibility with large-scale CMOS fabrication processes [3], [27], [152], [153]. 

While various passive and active functionalities have been demonstrated on the SiPh 

platform, the indirect band gap of silicon imposes a serious limitation on the development 

of efficient light sources [3]. To overcome this challenge, researchers have explored 

multiple approaches to introduce light sources based on various materials into SiPh 

microsystems. As the successful operation of complex integrated circuits depends on the 

seamless interaction between various optical and electrical components, integrating light 

sources into active systems is of great importance [2], [20], [154]. 
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Among different approaches which have been used to overcome siliconôs limitations in 

light generation, rare-earth-doped lasers on silicon have shown great potential as on-chip 

light sources due to their wide gain bandwidths across various wavelengths, narrow 

emission linewidths, low noise, and high thermal stability [3]. In our previous work, we 

demonstrated the first rare-earth-doped lasers fabricated directly on silicon using a single-

step sputter deposition process at room temperature, operating at a wavelength of 1.9 ɛm 

[27], [68]. The microdisk cavities of these lasers were fabricated on a sub-micrometer SOI 

wafer using standard foundry processes. The simple geometry, compact size, and low lasing 

threshold of such microdisk lasers make them highly suitable as on-chip light sources in 

integrated photonics applications [27], [155]. Furthermore, these lasers are fabricated and 

operate at room temperature, ensuring full compatibility with other active devices and metal 

contacts from the CMOS line [3], [27]. 

The ability to tune the emission signal of on-chip lasers in real-time is an important 

advancement, and it has become an important focus in ongoing research efforts [2], [20], 

[154]. Furthermore, one of the characteristic features of hybrid microdisk lasers is their 

multimode laser emission due to the broad gain spectrum and the presence of multiple high-

quality factor modes supported by the microdisk cavities [155]. Depending on the 

application requirements, multimode emission can offer advantages such as higher output 

power and wavelength versatility, or pose challenges related to coherence and mode 

competition. Therefore, gaining active control over emission characteristics of these lasers 

is essential to tailor their performance in diverse applications [155]. Techniques such as 

pump engineering, also known as selective pumping, has been employed as a conventional 

method to control the lasing frequency and amplitude in specific applications, when one 

has access to a tunable laser as an optical pump source [155]. By changing the pump 

frequency and power of a tunable optical pump source, a particular lasing mode can be 

selected. However, the effectiveness of this approach requires a good understanding of 

mode profiles within the cavity and the gain medium, and it has limited capability in 

adjusting the laser emission [155]. Thermal tuning, as another method, provides a more 

flexible approach. It has been extensively used in integrated photonics and for manipulating 
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the phase and intensity of the light [156]. The high thermo-optic coefficient of silicon 

(dnSi/dT = 1.8 Ĭ 10
ī4 Kī1 at 300 K, measured at 1550 nm) makes it particularly effective 

for thermally altering the optical properties of SiPh devices, widely used in devices such as 

thermo-optic modulators and optical switches [157]ï[159]. Various types of heating 

structures, including integrated metallic and doped silicon-based microheaters, have been 

commonly used for active thermal tuning and modulating optical responses of photonic 

devices through a Joule heating process (also known as Ohmic or resistive heating) [156]. 

This heating, achieved by passing an electrical current through the microheaters, enables 

precise control over the temperature [158]. Although generating Ohmic heat inside the 

silicon waveguide is also possible by thickening it to a wider width and locally doping it, 

employing external heaters offer greater flexibility by allowing for independent design of 

the heating elements and the waveguides [158]. 

In this work, we present the first demonstration of monolithic integration of a single and 

cascaded hybrid rare-earth-doped tellurite-coated microdisk lasers with active heater 

control on a SiPh platform. By using an oxide-open window layer on the microdisk and 

positioning a metallic microheater adjacent to the windowôs contour, we leverage the 

advantages of CMOS-compatible monolithic integration on the silicon platform. The 

thermal adjustment capability was successfully tested, allowing independent tuning of the 

emission properties of the rare-earth-doped microdisk lasers, regardless of the pump 

condition. This simple active integration significantly enhances the practicality of optically 

pumped lasers for a variety of applications in SiPh microsystems, compared to previous 

optically pump on-chip lasers which require additional complex fabrication steps [160]ï

[162]. For instance, the ability shown here in this work to precisely control the emission 

signal amplitude in cascaded lasers can be used in high-performance communication 

systems, where WDM light sources are crucial for increasing data transmission rates [62], 

[163]. The incorporation of microheaters could also eliminate the need for an additional 

filtering system in WDM sources. Moreover, the stable and adjustable emission 

characteristics open new possibilities for quantum photonics applications, where precise 

control over light sources is essential [5], [164]. The demonstrated thermal tuning 
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capabilities may also be applied in optical sensing, as accurate wavelength control is 

usually needed for detecting specific chemical or biological agents [5], [165].  This work 

paves the way for new practical on-chip light sources and highly integrated SiPh systems 

for a wide range of technological applications. 

4.2. Design and Fabrication of Silicon Microdisks with a TiN microheater 

Figure 4.1A shows the designed silicon microdisk structure with a radius of 20 ɛm and a 

silicon device layer height of 220 nm, featuring a titanium nitride microheater partially 

surrounding it. The silicon chips were fabricated by Advanced Micro Foundry (AMF) using 

its commercial process on a wafer-scale SOI platform. Deep ultraviolet 193 nm lithography 

was used to pattern the silicon microdisks and waveguides on a 2-ɛm-thick silicon dioxide 

ï buried oxide (BOX) ï layer. Subsequently, the chip was coated with a 3-ɛm-thick layer 

of SiO2, serving as a top cladding for the silicon waveguides. The TiN microheater was 

embedded within the top cladding layer, positioned 2 ɛm above the silicon layer (Figure 

4.1B). The 120 nm-thick heater covers 120Á of the microdisk circumference, using the 

available space efficiently. Heating is achieved by passing an electric current through the 

top metal contact pads to the TiN strip via electrical connections.  

To enable the deposition of a thin layer of the gain medium on the silicon microcavity, 

it is essential to align the necessary post-processing steps with standard foundry fabrication 

procedures. Creating a localized oxide window on the cavity provides a practical solution 

for seamlessly integrating these lasers into complex PICs. Following the foundry's design 

rules including minimum feature sizes and necessary gaps between different layers, the 

oxide opening allows the incorporation of additional features, such as microheaters 

adjacent to the silicon cavity, without interfering with the gain medium deposition on top 

of the cavity. Therefore, to accommodate a thin film layer of thulium-doped tellurium 

dioxide (TeO2:Tm
3+) on the microdisk and the coupling region, an oxide-open window was 

incorporated into the top SiO2 cladding, exposing only the necessary part of the silicon 

device underneath for the deposition of TeO2:Tm
3+ layer. 
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After receiving the fabricated chips, the devices were coated with 350 nm of TeO2:Tm
3+ 

through a one-step thin film deposition procedure at room temperature using RF reactive 

magnetron sputtering. The deposition process was carried out using a Lesker PVD Pro 200 

system under a reactive atmosphere containing 12 sccm of Ar and 5.8 sccm of O2 gases, 

with a process pressure of 2.9 mTorr. RF powers of 60 W and 50 W were applied to 3-inch 

metallic tellurium (Te) and thulium (Tm) targets, respectively. A refractive index of 2.07 

and an optical propagation loss of 0.5 Ñ 0.1 dB/cm at 1500 nm were measured for the 

deposited TeO2:Tm
3+ thin film using a J. A. Woollam M-2000 variable angle spectroscopic 

ellipsometer and a Metricon 2010/M prism coupler. A thulium ion concentration of 3.6 Ĭ 

1020 ion/cm3 was calculated for the deposited film using Rutherford backscattering 

spectrometry. Figure 4.1C displays the coated area with the TeO2:Tm
3+ film inside the 

oxide-open window and provides a cross-sectional view of the coupling region between the 

microdisk and the bus waveguide, along with their corresponding dimensions. As shown, 

the bus waveguide, with a width and a coupling length of 400 nm and 40 ɛm, respectively, 

is pulley-coupled to the microdisk with a coupling gap of 300 nm. Optical microscope 

images of the fabricated devices, including a single disk and cascaded microdisks on a 

shared bus waveguide, are presented in Figure 4.1D. The dimensions of the double-

cascaded microdisks  align with those presented in Figure 4.1B and Figure 4.1C, except 

for the second disk, which has a radius of 20.4 ɛm. Similarly, the triple-cascaded microdisks 

have radii of 20, 20.2, and 20.4 ɛm. 
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Figure 4.1. (A) Top view drawing of a pulley-coupled silicon microdisk and TiN 

microheater. (B) Simplified cross-sectional schematic showing the relative location of the 

TiN heater and silicon layer on the BOX layer. (C) Top view and cross-section drawing of a 

TeO2:Tm3+-coated silicon microdisk laser, illustrating the dimensions in the coupling region. 

(D) Optical microscope images of fabricated microdisk structures. 
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4.3. Experimental Setup 

To characterize the passive and active properties of the microdisk resonators and the 

thermal tuning efficiency of the microheaters, the experimental setup depicted in Figure 

4.2 was used. Optical transmission measurements were conducted using an Agilent 8164A 

tunable laser within the wavelength range of 1510ï1640 nm. Controlling the polarization 

of the light via fiber polarization pedals, the light was coupled to the chip by a tapered 

optical fiber with 2.5-ɛm-diameter spot size. Then, the output signal was collected from the 

chip using the same fiber and directed to a photodetector. The thermal tuning efficiency of 

the TiN microheater was also measured using a direct current probe station. For the laser 

characterization measurements, the tunable laser was connected to a high-power L-band 

erbium-ytterbium-co-doped fiber amplifier (Optilab EYDFA-L-37-1) to amplify the pump 

light. The pump signal was then coupled into the chip, and the emitted signals from the 

microdisk lasers were collected using the tapered fiber. These emitted signals were 

separated from the residual pump signal by a 1600/1900 nm WDM. The residual pump 

signal was guided to a power meter to monitor the pump coupling, while the on-chip laser 

emission signal was sent to a free space 2000 Ñ 250 nm band pass filter (Thorlabs FB2000-

500) to remove any remaining residual pump signal. The filtered signal was directed to an 

optical spectrum analyzer (OSA, Thorlabs OSA205C) to record the laser emission 

spectrum and power. The effect of heat on the laser emission spectrum was studied by 

applying heat through on-chip TiN microheaters through the DC probes. 

 

Figure 4.2. Experimental setup used for measuring passive optical transmission and 

characterizing on-chip microdisk laser features, equipped with DC probes for thermal tuning 

and laser emission modulation tests. Components specific to the laser characterization, 

including the L-band EYDFA amplifier, the free space bandpass filter, and the OSA are 

enclosed in green dashed boxes. 
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4.4. Simulated Optical and Thermal Properties of the Microdisk 

Figure 4.3A compares the fundamental polarized TE mode profiles of the TeO2:Tm
3+-

coated silicon microdisk and waveguide at the approximate pump and emission 

wavelengths (ɚpump = 1600 nm and ɚems = 1800 nm), simulated by the finite element method 

mode solver (Rsoft FemSIM). As shown, the mode overlap with the TeO2:Tm
3+ layer 

increases at higher wavelengths. Figure 4.3B presents the calculated the fundamental mode 

overlaps in the silicon and the TeO2:Tm
3+ layers at 1600 nm and 1800 nm. At the pump 

wavelength of 1600 nm, 75% of the optical power is confined within the silicon microdisk 

resonator, while about 15% travels in the TeO2:Tm
3+ layer. For the laser emission 

wavelength of 1800 nm, the mode overlap with the TeO2:Tm
3+ layer on the microdisk 

increases to approximately 18%. 

As shown in Figure 4.1A, a pulley structure was used to enhance the coupling efficiency 

between the bus waveguide and the microdisk resonator [68]. To gain deeper insight into 

the impact of the coupling length on power transition from the bus waveguide into the 

microdisk cavity and to find the optimal coupling length, the Ansys Lumericalôs 2.5D 

variational finite-difference time-domain (varFDTD) solver model was used to simulate the 

TE field propagation in the coupling region (illustrated in Figure 4.3C). In this simulation, 

the area on the far side of the microdisk, outside the defined simulation window, was 

designated as a perfect absorption region. This configuration ensures that only the coupling 

strength from the bus waveguide into the microdisk is considered, without accounting for 

round-trip interference conditions. Additionally, perfectly matched layer (PML) boundaries 

were employed, indicating that the simulation does not accurately model the device as a 

resonator. Instead, the simulation aims to provide a figure of merit for comparing different 

coupler lengths. 

To calculate the power coupling cross-over ratio, the confined power inside the bus 

waveguide before and after coupling region, and the power inside the microdisk cavity were 

monitored for various coupling lengths from 0 to 50 ɛm at 1600 and 1800 nm. Figure 4.3D 

shows that the cross-over ratio of the emission signal has the highest value around a 
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coupling length of 40 ɛm. The cross-over ratio of the emission signal starts to drop after 40 

ɛm coupling length as light within the microdisk cavity starts coupling back to the bus 

waveguide, decreasing the cross-over ratio. The cross-over ratio for the pump wavelength 

shows a small peak near a coupling length of 35 ɛm, but overall exhibits an increasing 

trend. These pulley structures resemble directional couplers with two key differences due 

to the microdisk cavity: non-zero curvature, and multimode propagation within the cavity. 

The curvature of a waveguide modifies the shape of the evanescent tail of any sustained 

mode, effectively altering the coupling between the microdisk cavity and the bus 

waveguide, and hence the power transfer behaviour. While the bus is a single-mode 

waveguide, the microdisk cavity can sustain multiple modes due to its larger cross-sectional 

width, which distributes the optical power across several modes. As the coupling length 

increases, a back-and-forth power transfer effect, akin to a directional coupler, becomes 

noticeable. However, over the simulated range, the power transfer to the cavity is generally 

increasing. This occurs because the multimode nature of the microdisk cavity and the 

waveguide curvature influence the directionality of power transfer. Lastly, the tendency of 

more efficient coupling for larger wavelengths can also be appreciated by the overall larger 

cross-over ratio for the emission wavelength compared to the pump wavelength. Given the 

fairly monotonic increase of the pump power to the disk by increasing the coupler length, 

the importance of collecting maximum lasing signal power from the disk, and the design 

constraints, particularly the presence of a microheater on the other side of the disk, a 40 ɛm 

coupling length was selected for this design. Figure 4.3E presents more details on the 

cross-over ratio between the bus waveguide and the microdisk across different 

wavelengths, ranging from 1550 to 1950 nm, for various pulley coupler lengths. As shown 

in Figure 4.3F, an opposite trend is observed for the power ratio versus wavelength within 

the disk. 
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Figure 4.3. (A) Electric field profile of the fundamental TE mode obtained using a finite-element 

method mode solver for the TeO2:Tm3+-coated silicon microdisk and bus waveguide at 1600 nm 

(approximate pump wavelength) and 1800 nm (approximate laser emission wavelength). (B) 

Fractional optical intensity overlaps and the effective indices for the fundamental TE mode in the 

microdisk at 1600, 1800 and 1900 nm wavelengths. (C) Simulated propagation of the electric field 

along the 20 ɛm radius microdisk with a 400 nm-wide pulley coupler bus waveguide and 300 nm 

coupling gap at a wavelength of 1600 nm for a 40 ɛm-long coupler. (D) The cross-over ratio of the 

coupler calculated for different coupling length from 0 to 50 ɛm at potential pump (1600 nm) and 

emission (1800 nm) wavelengths. (E) Cross-over ratio between the bus waveguide and the 

microdisk for various pulley coupler lengths, over a wavelength range from 1550 to 1950 nm. (F) 

Power ratio versus wavelength within the microdisk for different coupling lengths, measured using 

a monitor positioned along the disk's horizontal symmetry line. 
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To characterize the performance of the TiN microheater, it is essential to evaluate how 

changes in heater temperature affect the optical mode in the hybrid TeO2:Tm
3+ silicon 

microdisk, as expressed by the thermo-optic coefficient (dneff/dT). The applied voltage to 

the heater generates an electrical current, resulting in ohmic power and an increase in 

temperature. This heating raises the temperature of the microdisk, leading to a change in its 

effective index via the thermo-optic effect [156]. Table 4.1 presents the thermo-optic 

coefficients and thermal conductivities of Si, SiO2, TeO2, and the effective thermo-optic 

coefficient of the fundamental TE mode in a TeO2:Tm
3+-coated 20 ɛm silicon microdisk 

resonator at a wavelength of 1550 nm at 300 K. The thermo-optic coefficient of the 

microdisk resonator is determined by simulating the effective index of the devices at 

different temperatures and calculating the corresponding slope (physical dimension 

changes of the microdisk due to thermal expansion are not considered in these calculations 

due to their minimal effect) [158], [166]. 

Table 4.1. Thermo-optic coefficients and thermal conductivities of the different materials in the 

hybrid microdisk structure and the calculated effective thermo-optic coefficient of the 

fundamental TE mode inside the TeO2:Tm3+-coated silicon microdisk. 

Material Thermo-optic coefficient 
▀▪

▀╣
 (Kï1) Thermal conductivity (

ἥ

ἵȢἕ
 

Si 1.8 ρπ-4 [158] 139 [167] 

SiO2 8.66 ρπ-6 [158] 1.38 [156] 

TeO2 2.3 ρπ-5 [166] 2 [168] 

TeO2:Tm3+-coated Si microdisk 1.75 ρπ-4 - 

 

The silicon layer significantly impacts the overall thermo-optic coefficient of the 

microdisk because it exhibits an order of magnitude larger thermo-coefficient compared to 

SiO2 and TeO2. As a result, it is expected that the microdisk shows very high tuning 

efficiency. However, to isolate the mode and avoid an absorption of light by metals in the 

heater in the near-infrared spectrum, a thick 2 ɛm SiO2 layer is deposited between the heater 

and the waveguide to serve as an isolation layer. This considerable distance, coupled with 

the low thermal conductivity of SiO2, hinders heat dissipation from the heater to the 

waveguides, resulting in low tuning efficiency and slow response [156]. Figure 4.4A and 

B depict the top and cross-sectional views of the heat distribution simulation results (using 
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Ansys Lumericalôs HEAT) from the TiN heater at 30 mW applied power adjacent to the 

microdisk with respect to SiO2 and TeO2:Tm
3+ layers. The simulation confirms that only a 

small portion of the generated heat reaches the microdisk. Figure 4.4C shows a passive 

optical transmission spectrum of TE-polarized light and the effect of heating on the 

microdisk resonator on the resonance wavelength. The tuning efficiencies of all tracked 

resonances are estimated in Figure 4.4D by measuring the resonance shift versus the 

applied power to the heater, resulting in an average tuning efficiency of 8.8 Ñ 1.9 pm/mW 

(please see Appendix III). 

 
Figure 4.4. (A) Top and (B) cross-sectional views of the heat distribution simulation results from 

the TiN heater at 30 mW applied power. (C) Optical transmission spectrum of TE-polarized light 

in the microdisk, showing the tracked resonances without applied heat. The inset displays the 

thermally induced shift of the 1610.8 nm resonance at 0, 40, and 83 mW applied powers. (D) 

Estimated tuning efficiencies for all tracked resonances from 1590 to 1620 nm wavelengths, 

including statistical figures of merit (mean, standard deviation, and mean fit error). The inset shows 

a sample of the dataset used to determine each datum. 
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4.5. Thermal Tuning and Cascading Demonstration 

4.5.1. Tuning of a Single Microdisk 

The passive TE-polarized transmission spectrum of the same 20 ɛm TeO2:Tm
3+-coated 

microdisk resonator on another chip in the range of 1595ï1625 nm is shown in Figure 4.5A 

(the modes were labeled using the method described in Section 5.3.1). This wavelength 

range was chosen based on the absorption cross-section of thulium ions and the maximum 

available power of the EYDFA [169], [170]. The microdisk was optically pumped at room 

temperature, with a launched power of 80ï100 mW (corresponding to the EYDFAôs current 

set at 4.2 A, which its output power varied with wavelength), to observe potential laser 

emissions. Figure 4.5B shows the corresponding laser emission wavelengths at different 

pump wavelengths, observed on the OSA. These lasing emissions typically occur at 

frequencies where the cavity supports high-Q modes within the gain spectrum of the laser 

medium [155]. As evident from this figure, lasing occurred at most of the pump resonance 

frequencies, and both single-mode and multimode lasing were observed from the microdisk 

in this pump power range, depending on the pump wavelength and competition between 

different lasing modes in the cavity.  

In the next step, different lasers were selected for heater tuning experiments, to study 

experimentally the effect of applied heater power on the emission spectrum. Figure 4.5C 

illustrates how applying heat via the microheater adjusts the amplitude of the microdisk 

laser emission at 1795 nm, and entirely suppress this emission at a power of 15 mW. The 

same approach can be used to modulate the amplitude of the multimode laser emission 

signals. Figure 4.5D illustrates how increasing the microheater power up to 33.5 mW can 

suppress the laser emission signals one by one. The suppression of laser emission with 

applied heat is primarily attributed to the thermo-optic-induced resonance detuning of the 

cavity modes. Since the pump signal is amplified using the EDFA, it has a broad bandwidth 

caused by generated ASE after amplification, and this contributes to a gradual decrease in 

the microdisk laser emission amplitude during heating. As the cavity resonance shifts by 

applying heat, some wavelengths within the pump bandwidth remain coupled to the cavity, 
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allowing for partial lasing until the resonance moves entirely out of the pump range. This 

gradual suppression mechanism is consistent with our observations of amplitude reduction 

prior to complete suppression of laser emission. As expected, due to the platform's slow 

heat diffusion, the heat modulation cycle and the corresponding responses from the silicon 

microdisk were not rapid [158], [171]. However, the modulation process demonstrated high 

stability, as tested by an experiment in which the microheater was cycled on and off every 

10 seconds over a 5-minute period. 

Multimode emission, frequently observed in microdisk lasers, occurs when two or more 

high-Q resonance modes in the gain medium are simultaneously amplified, leading to 

lasing at multiple wavelengths. As shown in Figure 4.5B, selective pumping can be 

considered as an approach for changing the laser emission pattern by adjusting the pump 

wavelength and its power levels [155]. However, achieving single-mode emissions from 

microdisk lasers via this technique can be unattainable across the entire emission range and 

it is typically limited to specific pump wavelengths. Additionally, higher pump power levels 

may lead to amplify more emission signals and diminish the likelihood of obtaining single-

mode emission. As another solution, reducing the radius of the microdisk to achieve single-

mode emission often results in impeding laser emission, as it simultaneously increases bend 

losses in the resonator. The proposed thermal modulation method offers a more flexible 

solution to change the laser emission spectrum without altering the pump condition. As 

shown in Figure 4.5E, applying power of 9.7 mW to the heater can transform multimode 

emissions into single-mode emission. This gradual transformation happens because a 

certain lasing mode experience a more significant detuning, allowing the remaining mode 

becomes dominant [155]. It is crucial to carefully control the microheater temperature 

during this process, as exceeding a certain threshold can suppress all lasing emissions from 

the microdisk, as seen at a power of 16.2 mW. This approach can be used to achieve a 

dominant lasing mode by suppressing other emission signals, providing a flexible means 

of lasing mode control, while prior knowledge of the laser emission modes profiles is not 

strictly required. 
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Figure 4.5. (A) Passive transmission spectrum of TE-polarized light for a 20-ɛm radius 

TeO2:Tm3+-coated silicon microdisk. (B) Mapping of the microdisk laser emission 

wavelengths when pumped over the range of 1595ï1625 nm and pump power of 80-100 

mW. Amplitude modulation of (C) single-mode and (D) multimode laser emission signals 

by applying heat via TiN microheater. (E) Transition from multimode to single-mode 

emission in the microdisk as a result of adjusting heating. The top insets in Figures C, D, and 

E illustrate the pump and emission wavelengths corresponding to each experiment. 
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4.5.2. Tuning of the Cascaded Microdisks 

The signal amplitude modulation can also be used to control coarse WDM light sources, 

where maximizing data transfer per unit area is required. In such scenarios, it is essential 

to cascade the right number of light sources and modulate their signal amplitudes as needed 

[163]. Microdisk lasers are excellent candidates for cascading due to their compact form 

factor and the possibility to efficiently pump them via a shared bus waveguide. Figure 4.6A 

shows the transmission spectrum of TE-polarized light from a double-cascaded microdisk 

structure. To assess the performance of the cascaded lasers and obtain the emission map 

across the pump wavelength range of 1595ï1625 nm, both disks were optically pumped 

using the same bus waveguide. In Figure 4.6B, emission wavelengths of the double-

cascaded microdisk are shown, which exhibit more emission signals compared to a single 

disk. To analyze discrete laser emission modulation in cascaded microdisk lasers, specific 

regions were identified where each laser emits only at a single wavelength, considering the 

used pump power. Figure 4.6C indicates the amplitude modulation of the microdisk lasers 

emissions in their respective emission ranges. By applying powers of 79.7 and 93.3 mW to 

the heaters of the first and second microdisks, respectively, the emission from each laser 

can be selectively deactivated. 
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Figure 4.6. (A) Passive transmission spectrum of TE-polarized light in of a double-cascaded 

microdisks with radii of 20 and 20.4 ɛm. (B) Emission map of a double-cascaded microdisks, 

pumped over the range of 1595ï1625 nm. (C) Laser emissions modulation in the double-cascaded 

microdisks by applying heat via a TiN microheater. The top inset shows the possibility of selective 

emission deactivation in the second microdisk using the same approach. (D) and (E) Mode 

hopping in the laser emission of the 20 ɛm microdisk induced by temperature increase. 
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Mode hopping is a common phenomenon in microcavity lasers that can be induced by 

changes in laser cavity temperature [163]. Heating a cavity resonator can cause abrupt 

switches from one longitudinal mode to another. Each longitudinal mode corresponds to a 

distinct allowed frequency in the laser cavity, and changing the effective index of the 

microdisk by applying heat leads to a competition among these modes inside the cavity. 

Consequently, depending on the coupling loss rates of the cavity modes, this competition 

can cause shifts in laser emission wavelength in accordance with the cavityôs free spectral 

range (FSR) [163]. Therefore, to ensure stable emission, it is essential to assess the 

susceptibility of laser emissions to mode hopping during thermal modulation. Examples of 

this effect are shown in Figure 4.6D and Figure 4.6E. In Figure 4.6D, at a heat power of 

32.4 mW, the dominant mode starts shifting from 1808 nm to 1799 nm. At 34.1 mW, a 

balanced dual-mode emission is observed under the same pumping condition. Finally, by 

applying 37.7 mW of heat power, the lasing mode completely transitions to 1799 nm. This 

transition is reversible, and upon removing the heat, the lasing wavelength returns to 1807 

nm. It is also important to note that the emission from the second microdisk remains 

unchanged throughout, indicating a lack of both optical and thermal crosstalk between the 

two cavities. 

Expanding the cascade of lasers on a shared bus waveguide introduces more complexity 

to the emission pattern. Figure 4.7A shows the optical transmission spectrum of TE-

polarized light from a triple-cascaded microdisk laser with radii of 20, 20.2, and 20.4 ɛm. 

The plot of the emitted lasing signals in Figure 4.7B shows multiple emissions from 1790 

to 1940 nm, corresponding to various resonances in the optical transmission spectrum. 

Intricate patterns of these emission signals can be seen in Figure 4.7C and Figure 4.7D. 

Balancing the intensities of different emitted modes is challenging; however, under specific 

pump conditions, single-mode emissions can be achieved from the cascaded microdisks. 

Figure 4.7E illustrates the thermal modulation effect on the 20- ɛm disk of the triple-

cascaded structure. Given the challenge of controlling multiple devices with a simple heat 

probing station, wire bonding the metal contact pads could significantly improve control 

over microdisk emissions. 
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Figure 4.7. Diagrammatic summary of the behaviour of a triple-cascade microdisk laser. (A) 

optical transmission spectrum of TE-polarized light in the triple-cascaded microdisk laser 

with radii of 20, 20.2 and 20.4-ɛm. (B) Laser emission signal pattern of the triple-cascaded 

microdisk laser, pumped in the range of 1590 to 1625 nm. (C) and (D) Multimode emission 

lasing signals form the triple-cascaded microdisk laser at different pump wavelengths. (E) 

Amplitude modulation of a lasing signal from a 20 ɛm microdisk of the triple-cascaded 

microdisk laser using different heat powers. 
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4.6. Conclusion 

In this work, we presented the first demonstration of monolithic integration of rare-earth-

doped tellurite-coated microdisk lasers with active thermal control on a silicon photonics 

platform. By designing an oxide-open window on the silicon microdisk and positioning a 

TiN microheater adjacent to its contour, we leveraged the thermo-optic effect in silicon to 

actively adjust the laser emission spectrum. The same method was extended to cascaded 

microdisk lasers, all powered by a single optical pump source, highlighting its potential to 

be used as coarse WDM light sources without a need for bulky tunable pump sources or 

additional filtering systems to select between emitted signals. The ability to dynamically 

adjust the lasing pattern of these lasers on silicon platform offers a practical solution for 

integrating adjustable on-chip light sources needed in variety of applications, such as in 

silicon microsystems.
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5. Chapter 5 

Toward Erbium-Doped Lasers on Silicon Waveguides  

Preface 

The successful realization of thulium-doped lasers on silicon in our previous studies has 

demonstrated the feasibility of hybrid integration to advance on-chip light sources on the 

silicon platform using CMOS-compatible fabrication techniques. Building on this progress, 

the development of hybrid erbium-doped lasers directly on silicon waveguides would be a 

significant milestone, as erbiumôs emission aligns with the telecommunication wavelengths 

in the C-band. While compact and cost-efficient on-chip erbium lasers have been 

successfully demonstrated on the silicon nitride platform in this thesis, realizing such lasers 

on an all-silicon platform is very challenging. Siliconôs high loss at C-band and its high 

refractive index, which complicates effective mode overlap with the gain medium and 

increases scattering losses, limit the process of obtaining sufficient gain from the Er-doped 

layer in this hybrid structure. Thus, to address these challenges, there is a need for 

innovative approaches that maximize gain while maintaining cost-effective and a 

straightforward integration process. This chapter explores methodologies, design 

considerations, and strategies necessary to overcome siliconôs material limitations, enhance 

optical gain, and realize erbium-doped lasers on silicon waveguides. By examining these 

factors and leveraging insights from previous studies, this chapter provides a valuable 

insight for future advancements in hybrid erbium-silicon lasers. 
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5.1. Introduction 

The explosive growth in data traffic, driven by the internet, mobile communications, and 

cloud computing, has significantly increased the demand for faster and more efficient 

communication technologies with greater flexibility, processing capacity, and bandwidth 

density, while simultaneously emphasize on reducing cost, power consumption, and 

footprint [172], [173]. Silicon photonics is a proper solution for addressing these needs by 

leveraging the advantages of the mature CMOS production infrastructure. The seamless 

integration of optical and electronic components on a single silicon chip, with just a few 

square millimeters size, has enabled fabrication of high-performance systems with efficient 

energy utilization, high production throughput, and the miniaturization necessary to meet 

the growing demands of modern data communication networks [174], [175]. 

Among the various wavelength bands used in optical communication, the conventional 

C-band (1530ï1565 nm) offers the lowest attenuation in standard silica-based single-mode 

optical fibers, allowing long-distance data transmission with minimal signal loss [24], 

[176]. Figure 5.1 shows the loss spectrum of silica fiber including the attenuation due to 

the Rayleigh scattering and absorption of hydroxyl and Si-O bonds in the near infrared. 

Additionally, this wavelength window exhibits low dispersion, which makes it ideal for 

preserving signal integrity over long distances. These features combined with the 

availability of high-performance erbium-doped fiber amplifiers in this wavelength range, 

have established the C-band as a key window for ultra-long-haul transport networks [176]. 

One the other hand, siliconôs high refractive index and transparency above 1.1 ɛm 

wavelengths make it well-suited for creating compact and high-performance PICs in the C-

band. 

While the silicon-based photonic platform has shown its potential for monolithic 

integration of many passive (e.g., wavelength and mode (de)multiplexers [177]ï[179], 

splitters/combiners, and couplers [180]) and active (e.g., high speed electro-optic 

modulators [181]ï[183] and photodetectors [184], [185]) functionalities, achieving 

efficient monolithic on-chip lasers on silicon remains a major challenge [2], [11]. This 
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limitation arises from the fundamental properties of silicon, which is an indirect bandgap 

semiconductor with a bandgap energy of 1.12 eV. In an indirect bandgap material, the 

conduction band minimum and valence band maximum are located at different points in 

momentum space, which needs an additional phonon interaction for radiative 

recombination of electrons and holes, as previously illustrated in the silicon energy diagram 

in Figure 1.1. This process significantly limits the efficiency of photon generation in 

silicon, whether through electrical injection or optical pumping [186]. 

 

Figure 5.1. Silica optical fiber attenuation versus wavelength at near infrared [176]. 

As mentioned in Chapter 1, while various strategies have been proposed to address the 

challenge of integrating light sources on silicon, wafer-level or die-level transfer of III-V 

layers or devices, via wafer bonding or pick-and-place methods, are still the most common 

and practical solutions. However, these methods require delicate fabrication and precise 

alignment, which increases process time and assembly costs [187], [188]. 

The successful demonstration of TeO2:Tm
3+-coated silicon microdisk and TeO2:Er

3+-

coated silicon nitride microring lasers [27], [30], [68], with a cost-effective one-step post-

processing method and no need for further on-chip alignment, has motivated us to explore 

an all-silicon solution with a similar approach for fabrication of erbium lasers in the 

telecommunication C-band. However, the optical characteristics of silicon makes achieving 
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a sufficient gain for lasing from an erbium-doped medium significantly more challenging 

[13]. The main issue in development of hybrid erbium lasers on silicon is the high intrinsic 

optical loss of silicon compared to silicon nitride, particularly in the C-band. The 

propagation loss of a standard single-mode silicon waveguide with ~0.5 ɛm width and 

~0.22 ɛm height at ɚ=1550 nm is about 1-2 dB/cm, which is considerably higher than the 

loss in silicon nitride [189], [190]. While the high index contrast is beneficial for compact 

designs, silicon devices need exceptionally smooth surfaces and precise fabrication to 

minimize scattering [13]. The high refractive index of the silicon waveguide core (~3.48 at 

1550 nm) compared to the typical claddings (e.g., air with 1.0, SiO2 with 1.4, and TeO2 

with 2.0 at 1550nm) makes silicon photonic devices highly sensitive to surface scattering 

losses caused by sidewall roughness from lithography [13], [191]. In addition, silicon 

exhibits two-photon absorption (TPA) and free carrier absorption in the C-band, further 

increasing optical losses. TPA, a nonlinear process where two photons are absorbed 

simultaneously, generates free carriers (electrons and holes), which not only reduce optical 

power but also induce heat, degrade signal quality, and raise the lasing power threshold [2], 

[13]. Compensating for these losses with sufficient gain from the erbium-doped coating is 

difficult in our hybrid platform due to the limited interaction between the tightly confined 

optical mode within the silicon core and the erbium ions in the surrounding coating (e.g., 

TeO2:Er
3+), diminishing the effectiveness of the erbium-doped layer to provide sufficient 

gain. Increasing the erbium concentration for stronger emission is not always an ideal 

solution, as it can lead to concentration quenching, where clustered erbium ions interact 

non-radiatively, reducing overall gain [2], [192]. 

This chapter explores the challenges and experimental attempts to achieve erbium-doped 

lasers directly on silicon waveguides using the same approach that proved successful in our 

previous studies. While an erbium-doped laser on silicon has not yet been realized, this 

study provides valuable insights into the limitations and potential solutions for 

development of such lasers on silicon. 
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5.2. Design Considerations 

Building on our successful development of thulium microdisk lasers on silicon [27], [68], 

microdisks were chosen as the primary design focus for this study. Microdisk resonators 

are a class of optical cavities that confine light in circular geometries. In these resonators, 

light propagates in a form of whispering gallery mode (WGM) through total internal 

reflection along the periphery of the thin disk [193]. This property makes them ideal for 

applications requiring high-quality factor resonators with a small footprint. In the context 

of hybrid rare-earth-doped coated resonators, this geometry plays a crucial role in enabling 

interaction between the circulating WGMs and the active rare-earth-doped layer (acting as 

a gain medium) on top of the silicon disk through the evanescent field. 

For the TeO2:Er
3+-coated silicon microdisk laser to operate, the total roundtrip gain must 

exceed the total roundtrip losses in the cavity. The gain is entirely dependent on interaction 

between the pump signal in the silicon cavity and the erbium ions doped in the TeO2 coating 

layer. When an erbium-doped microdisk is optically pumped at a suitable wavelength (e.g., 

980 nm or 1480 nm), erbium ions in the active layer are excited to higher energy states. 

These ions relax to the metastable 4I13/2 level, where they can remain for a relatively long 

period (on the order of hundreds of microseconds to a few milliseconds) before undergoing 

radiative decay to the ground state (4I15/2), emitting photons at around 1.53 Õm [194], [195]. 

The emitted photons are partially confined within the resonator, where they circulate in the 

WGMs, stimulating further emission from other excited erbium ions. This process leads to 

the buildup of optical gain within the resonator.  

The gain coefficient (Ç) can be calculated as [27]: 

Ç = I% Ͻ ũ Ͻ ůem Ͻ NRE  (5.1) 

¶ I% is the population inversion ratio, representing the proportion of erbium ions in an 

excited state that can contribute to stimulated emission. 
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¶ ũ is the confinement factor, which quantifies how much of the optical mode interacts 

with the gain medium. 

¶ ůem (cm2) is the emission cross-section of the rare-earth ions, representing the 

probability of stimulated emission at a specific wavelength. 

¶ NRE (ions/cm3) is the concentration of rare-earth ions.  

The optical losses in the hybrid microdisk lasers can be broadly divided into rare-earth 

ions absorption (Ŭabs) and background losses (Ŭbg) [72], [195]. The absorption loss occurs 

when unexcited rare-earth ions in the ground state absorb photons at the lasing wavelength, 

preventing them from contributing to the lasing process. Similar to the calculation of 

emission gain, absorption loss is determined using the absorption cross-section (ůabs) and 

the concentration of unexcited ions in the ground state:

‌  = (1 - I%) Ͻ ũ Ͻ ůabs Ͻ NRE (5.2)

In highly inverted media, where the pump power and the rare-earth ions concentration 

are optimized, the rare-earth ions absorption loss is low since most of the ions are in the 

excited state, and the number of ions in the ground state available to absorb photons is 

minimal. When an erbium gain medium is pumped with a 1470 nm source, it operates as a 

quasi three-level system and the electrons are excited to the upper Stark levels of the 4I13/2 

manifold. Under this condition, the inversion ratio is typically limited to approximately 

80% depending on the pump wavelength and the materialôs absorption and emission cross 

sections [196]. 

Background loss refers to the combination of various factors that contribute to the 

overall optical loss in the microdisk laser, except the absorption by the rare-earth ions. The 

key sources include: 

1. Material absorption: This loss is related to the inherent absorption of light in 

different materials regardless of extrinsic factors such as fabrication imperfections or 

impurities. In silicon-based photonic devices, this absorption is mostly related to the 
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silicon intrinsic losses [189], [190]. However, in hybrid devices, other materials such 

as TeO2 and SiO2, also contribute to the material absorption according to the 

percentages of mode distribution in these layers. Since silicon and SiO2 are fabricated 

by the foundry, our main focus over the past years has been on reducing TeO2 

absorption by optimizing the stoichiometry. Significant progress has made in our group 

for optimizing TeO2 deposition method and consistently achieving low-loss films [28], 

[197]. 

2. Surface roughness and imperfections: Surface roughness at the waveguide 

boundaries, particularly at silicon-dielectric interfaces, leads to scattering losses. These 

roughness and imperfection on the silicon surface are typically introduced during 

fabrication steps such as lithography and etching processes [191]. This is exacerbated 

in high-index contrast materials, such as SiO2-clad silicon waveguides, where small 

imperfections on the sidewalls can cause significant scattering [13]. In the hybrid 

microdisk laser platform, the lower refractive index contrast between TeO2 and silicon 

compared to SiO2 reduces the scattering loss [28]. Additionally, having no internal 

sidewalls in microdisks further reduces the scattering loss compared to microring 

resonators. 

3. Bend radiation loss: In microdisk lasers, the light is confined in a circular 

resonator, and bending loss occurs as light propagates along the curved waveguide. 

This loss is more pronounced in smaller-radius resonators due to a tighter curvature, 

which reduces the light confinement in the cavity [189], [198]. Optimizing the device 

geometry, including the microdisk radius and thickness, can minimize the bending 

radiation loss while maintaining a compact and efficient design. Our previous studies 

have demonstrated that in hybrid TeO2-Si microdisks with a silicon height of 220 nm 

and a TeO2 coating thickness of about 300 nm, the bending radiation loss is negligible 

for devices with a radius of 20 ɛm [27].  

Minimizing background losses is essential to achieve net optical gain. Strategies for 

mitigating these losses include improving fabrication techniques, optimizing materials, and 
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careful designing of the resonator. The background loss can be estimated by measuring the 

internal Q-factor, as a key performance metric for microresonators [199]. The Q-factor 

represents the ability of the resonator to store optical energy, calculated as:

Q = 
 

   
 =  (5.3)

Where Qi is the internal or unloaded quality factor, and Qe is the external or coupling quality 

factor. A high Q-factor indicates low energy loss, which is essential for creating a lasing 

condition. The background loss can be calculated using the internal Q-factor of the 

resonator [68], [199]: 

Ŭbg = 
 

 
(5.4)

where ng is the group index and ɚ is the resonance wavelength. The group index can be 

calculated from the FSR of the resonator and the length of the cavity (L): 

ὲ = 
 Ͻ
  

(5.5)

and 

L = 2́R (5.6)

where R is the resonator radius. Therefore, the background loss is given by: 

Ŭbg = 
 Ͻ  Ͻ

 (5.7)

As a result, the net gain can be estimated using the following equation [27], [199]:

Ç  = I% Ͻ ũ Ͻ ůem Ͻ NRE  Ŭabs  Ŭbg, (5.8)

and lasing can occur once a positive net gain is achieved. This equation provides an 

approximation of the net gain inside the cavity to simplify the analysis of hybrid microdisk 

lasers performance. However, parameters such as coupling ratio to the bus waveguide, 
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which plays a critical role in introducing sufficient pump power into the cavity and 

optimizing signal outcoupling, are also very important, which can directly impact the 

performance of these lasers, as demonstrated in Chapter 3, Section 3.3. 

Given the inherent challenges of the silicon microdisk for achieving gain in this hybrid 

platform, such as its high intrinsic loss and refractive index, these issues remain difficult to 

address with simple solutions. As a result, here we only focused on optimizing specific 

design aspects to improve gain, particularly by enhancing the optical mode overlap with 

the erbium-doped layer, a critical parameter for achieving efficient lasing. One promising 

approach involves using thinner silicon microdisks, which provide larger mode overlap 

with the gain medium, thereby potentially increasing the net gain. In this work, we varied 

the silicon microdisk thickness by fabricating them in commercially available 90 nm, 150 

nm, and the standard 220 nm layers. This approach enabled us to evaluate how microdisk 

thickness influences the optical mode overlap and the resulting gain. 

5.2.1. Fabrication Process 

The silicon chips used in this study were fabricated using the AMF commercially 

available SOI platform, as detailed in Section 4.2. To investigate the effect of microdisk 

thickness on potential lasing, microdisks with radii of 20 Õm and 40 Õm were designed 

with varying thicknesses. The microdisks were coupled to straight bus waveguides with a 

height of 220 nm and a width of 450 nm, using a simple point coupling structure. The 

coupling gaps ranged from 0.4 Õm to 1.4 Õm. Edge tapers were employed at the input and 

output stages of every waveguide structure to facilitate efficient fiber-to-chip coupling. 

These edge tapers with 75 Õm in length and a 180 nm tip width (corresponding to the 

foundryôs minimum feature size) were seamlessly connected to bus waveguides of 

equivalent width. Figure 5.2A illustrates dimensions of the designed microdisks, coupling 

gaps, bus waveguide, and edge tapers. 
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Figure 5.2. (A) Cross section of the designed microdisks with a point coupling structure, 

along with the corresponding dimensions and the design of the edge couplers. (B) 

Fundamental TE mode profiles in a 20 Õm-radius TeO2:Er3+-coated silicon microdisks and 

corresponding mode overlap calculations for 20 and 40 Õm-radius microdisks, with 

thicknesses of 90, 150, and 220 nm, at an approximate emission wavelength of 1530 nm. 

Following the fabrication of the silicon microdisks, the next step involved the deposition 

of the erbium-doped TeO2 active layer onto the resonators, using the same methodology 
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described in Chapters 3 and 4. The deposition process required precise control of 

parameters such as thickness, uniformity, and erbium doping concentration. To achieve 

erbium-doped microdisk lasers, the active layer must be thick to increase the mode 

confinement in TeO2 layer and provide sufficient optical gain, but thin enough to avoid 

excessive mode radiation and absorption losses. Moreover, the erbium ion concentration 

should be high to ensure potential net roundtrip gain. Therefore, a 300 nm TeO2:Er
3+ 

coating with quite high erbium concentration was deposited at 150ÁC using RF reactive co-

sputtering. The deposition was carried out under a reactive atmosphere containing 12 sccm 

of Ar and 5.4 sccm of O2 gases and a process pressure of 3.0 mTorr. RF powers of 60 W 

and 33 W were applied to 3-inch metallic tellurium (Te) and erbium (Er) targets, 

respectively. The resulting film exhibited refractive indices of 2.075 at 638 nm and 2.015 

at 1550 nm, and a background propagation loss of 0.5 Ñ 0.1 dB/cm at 1310 nm. The erbium 

ion concentration in the deposited film was determined to be 4.1 Ĭ 1020 ions/cm3 by 

absorption spectroscopy. 

5.2.2. Simulated and Measured Microdisk Properties 

To evaluate the mode overlap with the gain medium in microdisks, electric field profile of 

the fundamental TE mode for the laser wavelength was calculated using a finite-element 

method mode solver (RSoft FemSIM). Figure 5.2B, shows the fundamental TE profile at 

1530 nm and the corresponding electric field profile calculations for 90, 150 and 220 nm-

thick silicon microdisks, each coated with a 300 nm TeO2:Er
3+ layer. Based on theoretical 

calculations using a finite element bend eigenmode solver, in the microdisk with 220 nm 

height, both 20 ɛm and 40 ɛm radii have negligible bending radiation lossess at pump and 

laser wavelengths. As a result, internal Q-factor of this microdisk is mostly limited by the 

absorption and scattering losses rather than bending radiation losses. However, in thinner 

microdisks the bending radiation losses is higher than 0.1 dB/cm and can negatively impact 

the Q-factor. Moreover, as is evident from this figure, the mode overlap with TeO2:Er
3+ 

layer increases considerably by thinning the microdisk. Specifically, the mode overlap 

roughly doubles when the thickness decreases from 220 nm to 150 nm and triples when 

further reduced to 90 nm. This increased overlap allows for higher gain in the active layer. 
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Additionally, the mode overlap shows minimal change when the disk radius increases from 

20 ɛm to 40 ɛm. Therefore, with other parameters remaining constant between the two disk 

sizes, it is expected that the gain coefficient remains almost similar for both microdisk radii. 

On the other hand, thinning the microdisk reduces the mode overlap with the silicon layer, 

leading to decreased mode confinement within the disk. This directly affects the loss 

coefficient by increasing scattering and radiation losses. To better understand this, the 

internal Q-factors for these resonance cavities were estimated based on measurements 

explained in Section 3.3 at wavelengths above 1600 nm, where erbium ions absorption is 

negligible. An example of the transmission spectra for 40 ɛm disk at different thicknesses 

with corresponding Lorentzian fits for extraction of the Q-factors are presented in Figure 

5.3.  

 

Figure 5.3. The transmission spectra for the 40 ɛm microdisks at (A) 90 nm, (B) 150 nm 

and (C) 220 nm thicknesses and demonstration of Q-factors extraction using Lorentzian fits. 






























































