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Silicon photonics has rapidly become one of the most promising photonic integration 

platforms. Especially, microring resonator (MRR) plays a pivotal role in silicon 

photonics and has been widely used for electro-optic (E-O) modulators and wavelength 

filters due to its small footprint, low energy consumption, and high quality factor (Q-

factor). Recently, indium-tin-oxide (ITO) has emerged as a new material that can be 

integrated with silicon MRRs using a metal-oxide-semiconductor (MOS) structure, 

which can offer significantly enhanced E-O effect and better energy efficiency. 

However, the performance is limited by the relatively low electron mobility, which 

induces relatively high optical loss and degrades Q-factor. This thesis focuses on the 

demonstration of high Q-factor MRR driven by high mobility transparent conductive 

oxide (TCO) material. In the first part, a passive MRR is optimized by fabrication and 

theoretical design, which achieves a high Q-factor of 20,000. Next, a MRR with a 

titanium-doped indium oxide gate has been demonstrated to obtain a tunability of 42 

pm/V with a high Q-factor above 3,600. Besides, a new method has been developed to 



 

 

characterize the optical frequency free carrier mobility in the accumulation layer of the 

MOS structure. At the end of the thesis, different MRRs driven by high mobility TCO 

materials are compared. The simulation results indicate that an ultra-high tunability of 

906 pm/V and a high Q-factor above 6,700 can be potentially achieved with slotted 

waveguide MRR. 
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1 Introduction 

1.1 Silicon Photonics 

The network traffic is exponentially increasing as our information and computation 

technology develop. From 2015 to 2020, the global data center traffic is already grown 

from 4.7 to 15.3 zettabytes per year [1]. Conventional data transmission with existing 

electric wiring will not be able to overcome the heavy data traffic soon due to the 

limitation of the low bandwidth. Instead, optical interconnection, especially silicon 

photonics, becomes one of the promising photonic integration platforms due to many 

advantages. First, silicon is transparent to the telecommunication wavelength with 

ranges in near-infrared and mid-infrared, which can achieve low loss waveguide [2], 

[3]. Second, unlike most conventional optical devices that are made from III–V-based 

compounds such as indium phosphide (InP), gallium arsenide (GaAs), or the electro-

optic crystal lithium niobate (LiNbO3) [4], silicon photonics is compatible with 

developed complementary metal-oxide-semiconductor (CMOS) fabrication process. 

Hence, silicon photonics is showing great potential in large-scale integration with a 

small footprint, high bandwidth, and low cost. 

1.2 Silicon Microring Resonator and Microring Modulator 

Among many silicon photonic components, microring resonator (MRR) is unique 

and popular because of its various application. Many kinds of research have investigated 

it in MRR, such as all-optical switch [5], sensor [6], modulator [7]. A basic structure of 



2 
 

 

MRR consists of a straight silicon waveguide and a ring. The details of the MRR will 

be introduced in chapter 2. 

A Silicon microring modulator (MRM) plays a pivotal role in future optical 

interconnect systems because of the small size and low energy consumption. Most of 

the existing MRMs are based on reversed PN junctions [8], [9], but they have relatively 

low electro-optic (E-O) modulation efficiency. The typical reversed PN junction MRM 

can provide only less than 40 pm/V tunability. To overcome this problem, MRR with 

an integrated III-V-on-Si metal-oxide-semiconductor (MOS) capacitor demonstrated a 

much higher E-O efficiency of 55 pm/V [10]. Very recently, an indium-tin-oxide (ITO)-

gated MOS MRR has been published, which has high E-O efficiency of 271pm/V [11] 

using HfO2 insulator and a narrow microring waveguide.  However, the quality factor 

(Q-factor) is limited to 1000 due to the high optical loss from the ITO gate. In order to 

improve the Q-factor, high mobility transparent conductive oxide (TCO) materials are 

preferred since they can significantly reduce the free carrier optical absorption [12]. The 

principle and simulation setup of TCO-gated MOS MRR will be discussed in chapter 3. 

High mobility TCO materials such as titanium-doped In2O3 (ITiO) can 

experimentally reach 105cm2V-1s-1 by a simple RF sputtering process [13]. In chapter 

4, a MRR based on ITiO/SiO2/Si MOS capacitor has been experimentally 

demonstrated, which achieves an improved Q-factor above 3600 with a big resonance 

wavelength shift of 450 pm. Besides, a new method has been developed to characterize 

the optical mobility in the accumulation layer of the MOS structure. At the end of 
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chapter 4, the analysis shows that a high tunability of 330 pm/V with a high Q-factor 

greater than 5000 is feasible. 

In chapter 5, to further improve the performance of TCO-gated MOS MRR, the 

different structures of MRRs driven by high mobility conductive oxide capacitor have 

been compared. The simulation result indicates that an ultra-high tunability of 906 pm/V 

and a high Q-factor above 6700 can be potentially achieved with slot MRR. 
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2 Silicon Passive Device 

2.1 Silicon Passive Device Fabrication 

In this thesis, the devices are fabricated on the silicon on insulator (SOI) wafers, 

which has a 250 nm silicon top layer and a 3 μm buried oxide layer. Two steps of 

electron beam lithography (EBL) and reactive ion etching (RIE) processes are applied 

to get the devices. First, the ZEP520A resist is spin-coated on the top of SOI wafer, and 

EBL is used to pattern the devices, such as a bus waveguide and a MRR. Using RIE 

etches 200 nm silicon top layer, and it remains a 50 nm silicon slab, which will be used 

for the active device (chapter 4). Second, repeat previous steps, using EBL and RIE 

etches the grating coupler regions, which has a 70 nm etch depth. Figure 1 shows the 

details of the fabrication process flow chart. 

 

Figure 1: Fabrication process flow chart for the passive silicon MMR. (1) spin resist 
(2) EBL+Development (3) RIE (4) spin resist (5) EBL+Development (6) RIE 

ZEP520A p-Si SiO2

(1) (2) (3)

(4) (5) (6)

Bus 
waveguide

Microring
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2.2 Silicon Waveguide and Grating Coupler 

2.2.1 Design and Principle 
SOI wafer can act as an optical fiber, in which the light can propagate in a silicon 

waveguide. A silicon layer is used as a core, and a buried oxide layer is used as the 

cladding. For light wavelength at 1550 nm, the refractive index of silicon and silicon 

dioxide (SiO2) are 3.467 and 1.444, respectively. Because it has a high index contrast 

on SOI, it can make a compact footprint with a CMOS fabrication process. Therefore, 

each chip can consist of a large number of devices. 

The thickness of silicon on the SOI wafer is only a few hundred nanometers, so 

coupling the light from fiber to silicon waveguide is a big challenge. Edge coupling has 

been used to get high coupling efficiency [14], [15]. However, the devices need to be 

close to the edge of a wafer, and it has poor tolerance to misalignment. Hence, the 

grating coupler is one of the popular ways to couple the light into the silicon waveguide, 

and the fibers can be mounted on the top of the SOI wafer. As Figure 2 shown, the 

grating is formed with periodically notching the silicon layer, and the grating period can 

be obtained by [16]: 

Λ = #$%
&'($$)'*+,-./0

                                                  (1) 

where Λ is the grating period. 𝜆23 is the free space wavelength. neff is an effective 

index. ntop is the refractive index of the top cladding. θ is the tilt angle of the fiber. 
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Figure 2: Schematic of the grating coupler 
 

2.2.2 Measurement of Grating Couplers  
In the testing setup, the tilt angle of fibers θ is 8°, and figure 3 shows the 

experimental transmission spectra with a different granting period. The fiber to fiber 

coupling efficiency is around -16 dB. When the period is at 590 nm, the center of 

wavelength is at 1550 nm, which is the telecommunication wavelength that commonly 

used.   

 

Figure 3: Experimental transmission spectra of the grating couplers with different 
periods and a waveguide width of 400. 

Si

SiO2

θ {Λ Top

Optical fiber

(not to scale) 
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2.3 Silicon Microring Resonator 

2.3.1 Design and Principle 
As figure 4 shown, a MRR consists of a straight bus waveguide and a loop optical 

waveguide, which is a ring shape. Since it is a resonator, when the optical wave in the 

looped waveguide has a phase shift that equals 2π times an integer, it has a resonance. 

In other words, the resonance wavelength 

𝜆345 =
&'($$6
7

, 	𝑚 = 1,2,3…                                          (1) 

where 𝜆345 is the resonance wavelength. neff is an effective index. L is the circumference 

of a ring. 

The quality factor (Q-factor) is used to determine the sharpness of the resonance: 

𝑄 − 𝑓𝑎𝑐𝑡𝑜𝑟 = 	 #%(G
HIJK

                                              (2) 

where FWHM is full width at half maximum.  

The Q-factor depends on not only the loss of the resonator but also the coupling 

between the bus waveguide and the ring. Therefore, the gap between the bus waveguide 

and the ring is also critical in the design. When the gap is too small, the ring is over 

coupling. In contrast, when the gap is too large, the ring is under coupling. In both over 

coupling and under coupling, the intensity trough is not as deep as in the critical 

coupling [17]. In critical coupling, the transmission at resonance wavelength decreases 
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to zero, so the highest Q-factor happens at this condition. Therefore, the critical coupling 

can be achieved by adjusting the gap between a straight waveguide and a ring. 

 
Figure 4: Schematic of a MMR. It consists of a straight waveguide and a ring 

waveguide. 
 

2.3.2 Measurement of Microring Resonator  
In order to be at critical coupling, the MRRs have fabricated with several different 

gaps on the same SOI wafer. The MRR has a radius of 6 μm and a waveguide width 

(wgw) of 400 nm. Figure 5 shows the normalized transmission spectrum of the 

measurement, and the Q-factor can be determined by equation (2). Figure 6 shows the 

changes in Q-factor by adjusting the gaps. When the gap is 250nm, it has the highest Q-

factor of 20k. However, when the gaps are larger or smaller than 250nm, the Q-factors 

starts to decrease. This experimental result clearly explains that critical coupling plays 

an essential role in getting high Q-factor. 

input output
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Figure 5: Experimental normalized transmission spectrum of a MMR with a radius of 
6 μm and a wgw of 400 nm 

 

 

Figure 6: Experimental Q-factor as a function of the gap. A microring resonator has a 
radius of 6 μm and a wgw of 400 nm. It sweeps gaps to get the critical coupling 

condition. 
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2.4 Silicon Subwavelength Microring Resonator 

2.4.1 Design and Principle 
One more design is combining MRR with subwavelength grating, called 

subwavelength microring resonator (SWMR). SWMRs have been widely used for 

optical sensing [18]–[20]. A subwavelength grating consists of periodically arranged 

dielectric particles with dimensions much smaller than the wavelength [21]. However, 

the conventional rectangular silicon SWMR has a high bending loss, so using 

trapezoidal silicon blocks can reduce the loss [22]. Furthermore, using trapezoidal shape 

SWMR to improve Q-factor has been published [18], [19].  

Since Q-factor depends on the loss of a ring, low bending loss is needed for the 

high Q-factor. Besides, the geometry of the silicon block affects the bending loss of a 

ring so it can get a high Q-factor by optimizing the size of the silicon block. FDTD 

solver, which will be introduced more details in chapter 3.3, is used to sweep the Lin and 

Lout of the trapezoid to get the high transmission (low bending loss), as figure 7 shown.  

In order to reduce the bending loss, the radius of SWMR is increased to 8 μm. 

Figure 8 shows the simulated transmission result of quartered SWMR. Too larger Lin 

(or Lout) is not considered because the SWMR needs to have enough gaps between each 

silicon blocks to make it as an active device in the future. The black star in figure 8(a) 

indicates that the SWMR with a wgw of 450 nm and Lout/Lin of 180 nm/220 has a 

simulated Q-factor of 1100 by the calculation of simulated transmission. To further 

improve the Q-factor, Figure 8(b) shows the SWMR with a wgw to 650 nm, and Lout/Lin 

of 120 nm/210 nm has a simulated Q-factor of 7400, which is indicated by a black star. 
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Figure 7: Schematic of SWMR built with trapezoidal silicon blocks  
 
 

 

Figure 8: Simulated transmission of quartered SWMR with a period of 300 nm and a 
radius of 8 μm. The black stars indicate the conditions with high Q-factors and 

suitable gaps for active devices. A SWMR has a wgw of (a) 450 nm (b) 650 nm. 
 

2.4.2 Measurement of Subwavelength Microring Resonator 
The two different SWMRs have been fabricated on SOI wafers. Figure 9 shows 

the experimental normalized transmission spectra of the SWMR with a radius of 8 μm 

and a period of 300nm. A SWMR with a wgw of 450 nm has an experimental Q-factor 

of 710, and a SWMR with 650 nm has the experimental Q-factor of 5400.  

The experimental Q-factors are lower than the expected Q-factors. Simulation 

results show the Q-factor is very sensitive to the geometry of the silicon block even 

though it only has a 10 nm difference. For example, at a wgw of 650 nm, when the 

Lin Lout

wgw

(a) (b) 
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Lout/Lin is at 120 nm/210 nm, it has a high simulated Q-factor of 7400. However, if it 

only reduces Lin from 210 nm to 200 nm, the simulated Q-factor will decrease to 4000, 

and the small error might happen in the fabrication process. Therefore, the SWMR can 

potentially obtain a high Q-factor of 7400 by optimizing the fabrication process. 

 

 

 

Figure 9: Experimental normalized transmission spectra of the SWMR with a radius of 
8 μm and a period of 300nm. (a) A SWMR has a waveguide width of (a) 450 nm (b) 

650 nm. 
 

(a) 

(b) 
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3 TCO-Gated MOS Microring Resonator Simulation Setup 

3.1 Design and Principle 

In this chapter, the tunable MRR is designed with a MOS capacitor, which consists 

of a TCO layer, an oxide layer, and silicon. As figure 10 shown, applying a negative 

bias on the TCO gate induces free carrier accumulation. Electrons accumulate in the 

TCO layer, and holes accumulate in the p-type silicon layer.  

The behavior of the devices can be described by the Drude model [23]: 

𝜀(𝜔) = 𝜀P −
Q,R

Q(QSTU)
                                          (1) 

where 𝜀P is the high frequency dielectric constant, Γ is a damping frequency, and 

𝜔WX =
YZ[R

\]7∗                                                       (2) 

where Nc is the free carrier concentration, q is the electron charge,	𝜀_ is the permittivity 

of free space, and m* is the electron effective mass. 

As the free carrier concentration Nc increasing, the permittivity decreases, and it 

causes the reduction of the refractive index. Besides, the resonance wavelength depends 

on the effective index (chapter 2.2.1), so the resonance wavelength has a blue shift when 

a negative bias applies. 
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In TCO-gated MOS MRR, two simulation methods are used. One is finite-

difference-eigenmode (FDE) solver in Lumerical MODE software, and the other one is 

the 3D-finite-difference-time-domain (FDTD) solver in Lumerical FDTD software. 

 

Figure 10: Cross-sectional view of TCO-gated MOS MMR with TCO/oxide/Si MOS 
structure. When a negative bias is applied, electrons and holes accumulate at 

TCO/oxide and Si/oxide interfaces, respectively. 
 

3.2 FDE Solver 

For FDE solver, the quantum model is applied [24]. The free carrier concentration 

distribution with different applied negative bias in the accumulation layer is imported 

from Silvaco, and the loss of bent waveguide and effective index can be simulated. The 

resonance shift can be calculated by: 

Δ𝜆 = 	 a&($$
&($$

𝜆345                                                 (3) 

where neff is the effective index, and λres is the resonance wavelength. 

The Q-factor can be calculated from the loss with [25]:  

 

TCO
Oxide

Si Vg
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𝑄 − 𝑓𝑎𝑐𝑡𝑜𝑟 = 	 b&c6√3e	
#%(G(fg3e)

                                          (4) 

where a is the single-pass amplitude transmission, which is related to the loss α [1/cm] 

as a2 = exp(-αL). r is the self-coupling coefficient. L is the circumference of a ring. ng is 

the group index. 

3.3 FDTD Solver 

For FDTD solver, due to the time consumption about computing and the memory 

limitation of hardware, the free carrier concentration distribution cannot be imported 

into FDTD because it needs an extremely fine mesh. Therefore, a uniform concentration 

model is applied [24]. Since the permittivity change caused by the plasma dispersion is 

proportional to the change of free-carrier concentration, namely, Δε ∝ ΔNc [26]. The 

free carrier concentration is still imported from Silvaco, and total accumulated free 

carriers induced by different applied voltages can be obtained by integral. Finally, the 

total accumulated free carriers are uniformly distributed on the entire TCO layer. 

Figure 11 shows that it simulates only a quarter of the microring. The single-pass 

amplitude transmission can be calculated from: 

𝑎 = 	 ij+k*
jl'
m
X
                                                    (5) 

where Iout/Iin is the transmission of quartered microring. Therefore, Q-factor can be 

calculated with equations (4) and (5). 
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The electric field and permittivity are exported from Lumerical, and the resonance 

shift can be calculated by [27]:  

Δω = −Q
X
∫ap|r|Rst
∫ p|r|Rst

                                                (6) 

where E and ε are electric field and permittivity, respectively.  

 

 

Figure 11: Schematic of FDTD simulation setup. It simulates the transmission of the 
quartered bent waveguide. 
 

3.4 Comparison of two simulation methods 

In chapter 3.2 and 3.3, two simulation methods are introduced. In this chapter, the 

same device will be simulated by FDE and FDTD solvers. In the simulations, the MRR 

consists of a radius of 6 μm and a wgw of 400 nm. Besides, it has a waveguide height 

of 250 nm and a slab height of 50 nm. The TCO-gated MOS MRR has a 10 nm thick 

HfO2 oxide layer and a 10 nm thick TCO layer. In the simulations, a cadmium oxide 

(CdO) is used for the TCO material, which has mobility of 300 cm2V-1s-1 [12]. Besides, 

the doping levels of p-Si and CdO used in the simulation are 1 × 1017 and 1 × 1019 cm−3, 

input

output

Silicon rib waveguide

Silicon slab
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respectively. Figure 12 shows that FDE solver (solid lines) and FDTD (dashed lines) 

have close results, which errors are within 7%. 

 

Figure 12: Comparison between FDE and FDTD solvers. FDE solver (solid lines) and 
FDTD solver (dashed lines). Simulated Q-factor (blue lines, left y-axis) and resonance 

shift (red lines, right y-axis). 
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4 Silicon microring resonator driven by TCO capacitor 

4.1 Active Device Fabrication  

In this chapter, the tunable silicon MRR is designed with a MOS capacitor, which 

consists of ITiO, SiO2, and silicon. The device has been fabricated on a SOI wafer. First, 

passive MRR follows the same fabrication process, which is mentioned in chapter 2.2.1. 

It consists of a radius of 6 μm and a wgw of 400 nm, Next, an 18 nm thick SiO2 layer is 

formed by dry oxidation at 1000°C. The SiO2 on the silicon contact region is etched by 

hydrofluoric (HF) acid. Then, 17 nm ITiO is deposited by RF sputtering, followed by a 

liftoff process and patterned by EBL with the resist ZEP520A. The ITiO gate is 

deposited by RF-sputtering, which has a mobility of 26 cm2V-1s-1 measured by Hall 

measurement. Finally, the Ni/Au electrodes are thermally evaporated and patterned by 

regular photolithography. The top view of the fabricated ITiO-gated MRR is shown in 

figure 13, and the fabrication process flow chart is shown in figure 14. 

 

Figure 13: Optical image of the fabricated ITiO-gated MOS MRR. The ITiO gate, which 
is highlighted by the black dashed line, covers the active region of the microring except 
the coupling region to the bus waveguide. 

ITiO
gate
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Figure 14: Fabrication process flow chart for the silicon active MMR. (1) silicon 
passive MMR (2) Thermal oxidation (3) RF sputtering followed by a liftoff process 

and contact region is etched by HF acid (4) Thermal evaporation 
 

4.2 Measurement of Microring Modulator 

Figure 15(a) shows the experimental spectra of the normalized transmission with 

different negative biases. Q-factor and resonance wavelength shift as a function of the 

applied bias is plotted in figure 15(b) that the solid lines represent the experimental 

result, and the dashed lines represent the simulated result. When the applied bias is 

beyond -2V, the resonance shift is almost linearly proportional to the applied bias, and 

it has an average wavelength tunability of 42 pm/V, which is very close to the simulated 

tunability of 45 pm/V. The Q-factor is still higher than 3600 when it has a cumulative 

resonance wavelength shift of 450pm. Experimental and simulation Q-factors have 

errors within 3%.  

p-Si SiO2 ITiO Ni/Au

(1) (2)

(4)(3)
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Figure 15: Experimental results of ITiO-gated MOS MRR. (a) Normalized transmission 
spectra with different gate biases. (b) Experimental and Simulated results with a 
mobility of 26 cm2V-1s-1. Experimental Q-factor (solid blue line, left y-axis) and 
resonance shift (solid red line, right y-axis). Simulated Q-factor (blue dashed line, left 
y-axis) and resonance shift (red dashed line, right y-axis). 
 

4.3 Analysis of Optical Mobility 

In figure 15(b), the experimental Q-factor degrades more slowly after -8V. Since the 

device is operated in accumulation mode, understanding the optical properties of the 

material in the accumulation layer is essential. The ellipsometry with the Drude model 
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has been used commonly to estimate optical mobility. However, it is susceptible to 

surface imperfections [28], so the optical mobility may not be accurate by ellipsometry 

for thin film, especially in the accumulation layer. Therefore, a new method has been 

designed to estimate optical mobility in the accumulation layer. 

First, FDE solver (chapter 3.2) is used in this simulation setup, and a uniform 

concentration model is applied. Since the TCO-gated MOS MRR is operated in 

accumulation mode, so when a negative bias is applied, it induces the accumulation 

layer. As figure 16 shown, the uniform concentration accumulation (Nacc) layer is 

designed as 1nm [24] in this simulation.  

The Q-factor and resonance shift are simulated by changing Nacc and mobilities in 

the 1nm accumulation layer. Figure 17 shows the simulated Q-factor with respect to the 

free carrier mobility and the resonance wavelength shift. The experimental resonance 

shift and Q-factor are used to derive the in-device optical mobility, and it shows a trend 

of increasing mobility as the gate bias increases. 

 

Figure 16: Schematic of the simulation setup with uniform concentration accumulation. 
The accumulation layer is induced when a negative bias is applied to the ITiO gate. 
Assume the accumulation layer thickness is 1 nm. 

ITiO
SiO2

Si Vg

1nm
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Figure 17: Simulated Q-factor versus free carrier mobility and resonance wavelength 
shift. 
 

4.4 Further Improvement 

To further improve the device performance, A mobility of 66 cm2V-1s-1 was achieved 

by adding substrate heating at 450°C during the ITiO sputtering process in our RF 

sputtering tool. However, this high temperature causes decomposition of the resist in 

the liftoff process. RIE is planning to be used instead of the liftoff process for the 

fabrication of the ITiO-gated MOS MRR. Moreover, the resonance wavelength shift is 

proportional to the capacitance per unit active volume [26], so the wavelength tunability 

can be improved by replacing the 18nm SiO2 with 10nm HfO2 oxide layer. Figure 18 

shows the simulated result that it will achieve a high wavelength tunability and a high 

Q-factor with high mobility ITiO. It has a high wavelength tunability of 330 pm/V, and 

the Q-factor will still be greater than 5000 even when it has a resonance shift of 1.3nm.  
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Figure 18: Simulation of Q-factor and resonance wavelength shift with 10nm HfO2 
oxide layer: comparison between different free carrier mobilities. Q-factor (solid line, 
left y-axis) and resonance shift (dashed line, right y-axis) as a function of applied gate 
bias. 
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5 Optimization of Microring Design for High Performance 

5.1 Improvement from High mobility TCO Gate 

There are various TCO materials have been published. For example, ITO has 

mobility around 25 cm2V-1s-1 [29]. ITiO has a mobility around 100 cm2V-1s-1 [13]. CdO 

has a mobility around 300 cm2V-1s-1 [12]. In order to further improve the performance 

of TCO-gated MOS MRR, high mobility TCO materials are preferred since they can 

significantly reduce the free carrier optical absorption [12].  

In chapter 5.1, the FDE solver is used for comparing the performance of microring 

modulator with different mobilities TCO materials. Figure 19 shows the simulation 

results with different mobilities TCO materials. This simulation clearly confirmed the 

significance of high mobility TCO materials. 

 

Figure 19: Simulated Q-factor and resonance shift with three different TCO materials. 
Q-factor (solid line, left y-axis) and resonance shift (dashed line, right y-axis) as a 
function of applied gate bias. 
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5.2 Improvement from Different Structure of Microrings 

High mobility TCO materials can further improve Q-factors as a result of chapter 

5.1. Not only Q-factor but also the resonance shift can be enhanced to achieve high 

performance. As chapter 4.4 mentioned, the resonance shift can be increased by using a 

10 nm HfO2 oxide layer. Therefore, the 10nm CdO layer, which has a high mobility of 

300 cm2V-1s-1 and a 10 nm HfO2 oxide layer, will be applied in chapter 5.2 to achieve 

better Q-factors and the resonance shift. Besides, different structures of MMRs will be 

compared in this chapter. 

5.2.1 Traditional Microring Resonator  
The MRR (Traditional MMR) has been widely used, and it is also discussed in 

previous chapters. From equation (6), the resonance shift depends on the change of 

permittivity and electric field intensity, so increasing the overlapping factor with the 

TCO layer will help the TCO-gated MOS MRR to improve the resonance shift. 

Therefore, the resonance shift can be enhanced by optimizing wgws. Figure 20 shows 

the resonance shift as a function of wgw at -1V. At a wgw of 300 nm, it can achieve the 

highest resonance shift. 

 In previous chapters, only the wgw of 400 nm is used for MRR. Figure 21 shows 

the TCO-gated MOS MRR with a wgw of 300 nm can achieve a high resonance shift of 

562.5 pm/V. Since it is using CdO as the gate material, which has high mobility, it 

remains a Q-factor of 8000 after the 2nm resonance shift. Besides, figure 22 shows the 

cross-sectional view of the mode profile of MRR with wgws of 300 and 400 nm. 
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Figure 20: Simulated resonance shift as a function of wgw when -1V bias is applied. 

 

Figure 21: Simulated Q-factor and the resonance shift with different wgw of traditional 
MRR. Q-factor (solid line, left y-axis) and resonance shift (dashed line, right y-axis) as 
a function of applied gate bias. 
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Figure 22: Simulated cross-sectional electric field intensity (|E|2) distribution of TCO-
gated MOS MRR with wgws of 300 and 400 nm. 

 

5.2.2 Subwavelength Microring Resonator 
As the discussion in chapter 2.4, SWMR has been widely used for optical sensing, 

and it consists of periodically arranged silicon blocks. This feature of SWMR can be a 

benefit for improving the overlapping factor because TCO materials can be filled in the 

gaps between each silicon blocks. Therefore, it will have more overlapping with TCO 

layers. Since the oxide and TCO layers will be put on each silicon block, and the 

geometry of each block will influence the bending loss of the grating waveguide. In 

order to get a better Q-factor, we have used the FDTD solver to re-sweep the size of 
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each block with HfO2 and CdO layers. Finally, each silicon block has a wgw of 650 nm 

and Lout/Lin 150/220 nm. Also, the period of the grating waveguide is 280 nm. 

Besides, as chapter 5.2.1 mentioned, the overlapping factor can be improved by 

reducing the wgw for traditional MRR, so we have designed the other SWMR that each 

silicon block has a wgw of 500 nm, Lout/Lin of 170/220 nm. 

Figure 23 shows the simulation results of the two different wgws. Both designs 

can achieve a higher resonance shift than the traditional MRR because of the 

improvement from the overlapping factor. A wgw of 650 nm has a lower propagation 

loss, so the Q-factor is higher than a waveguide width of 500 nm. However, the 

resonance shift between these two designs does not have a big difference. Figure 24 

shows the top view of mode profiles of TCO-gated MOS SWMR, and the mode of both 

designs is mostly concentrated on the inner radius, so the resonance shift does not have 

significant improvement by optimizing the wgw.  

 

Figure 23: Simulated Q-factor and the resonance shift with different wgws of SWMR. 
Q-factor (solid line, left y-axis) and resonance shift (dashed line, right y-axis) as a 
function of applied gate bias 
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.  

Figure 24: Simulated top view of electric field intensity (|E|2) distribution of TCO-

gated MOS SWMRR 

 

5.2.3 Slot Microring Resonator 
The other popular design for optical sensing is the slot waveguide. Silicon slot 

waveguide and slot microring resonator (SLMR) have also been widely used for optical 

sensing [30]–[34]. SLMR can be used to achieve a high resonance shift, and the 

principle is similar to SWMR, as chapter 5.2.2 mentioned. The overlapping factor can 

be improved by filling TCO materials into the gap between silicon waveguides. The 

wgw is fixed at 450 nm to keep a high Q-factor because the wider wgw can reduce the 

propagation loss. Two different slot widths between the silicon waveguides, which are 
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60 nm and 120 nm, are compared in this simulation. Figure 25 shows the simulation 

result of varying slot widths. When the waveguide has a slot width of 60nm, it has an 

ultra-high tunability of 906.7 pm/V. It still can keep a high Q-factor above 6700 after a 

2 nm resonance shift.  Figure 26 shows the cross-sectional mode profile of TCO-gated 

MOS SLMR. Most of the mode is concentrated at the slot region, so when the slot is 

smaller, it can get a better overlapping factor. Hence, a smaller slot can improve the 

resonance shift.  

 

 

Figure 25: Simulated Q-factor and resonance shift with different slot width of SLMR. 
Q-factor (solid line, left y-axis) and resonance shift (dashed line, right y-axis) as a 

function of applied gate bias. 
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Figure 26: Simulated cross-sectional electric field intensity (|E|2) distribution of TCO-
gated MOS SLMR with slots of 60 and 120 nm. 

 

5.2.4 Comparison 
Three different structures of microring resonators for E-O modulator have been 

compared in chapter 5.2.1 to 5.2.3. Ideally, the performance needs both high Q-factor 

and high resonance shift. However, simulation results show there is a tradeoff between 

Q-factor and the resonance shift. Here, a figure of merit is defined to determine the 

performance: 

FOM = QXz{ × TunabilityXz{ i
�{
�
m × 10g�	( �

�{
)                          (7)                                                
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where QXz{ is the remained Q-factor after the 2nm resonance shift. TunabilityXz{ is 

defined as 2000 pm divided by the applied bias V2nm that can make 2000 pm resonance 

shift.  

Table 1 shows a summary of all structures that we have discussed in chapter 5.2. 

Traditional MMR has the highest Q-factor, but the tunability is relatively low. SWMR 

improves tunability by increasing the overlapping factor with the TCO layer. However, 

SWMR has a very low Q-factor even it can achieve a high tunability. SLMR has a higher 

tunability with a high Q-factor. Overall, SLMR has the FOM in these three designs; it 

can make not only a high Q-factor but also an ultra-high tunability. 

 

       Design V2nm 
(V) 

Q2nm Tunability2nm 
(pm/V) 

FOM 

Traditional 

Microring 

wgw300nm -3.6 8001.2 562.5 4.5 

wgw400nm -4.8 8349.1 413.7 3.5 

Subwavelength 

Microring 

wgw500nm -2.9 558.9 679.4 0.4 

wgw650nm -3.1 2531.1 644.6 1.6 

Slot 

Microring 

slot60nm -2.2 6788.7 906.7 6.2 

slot120nm -2.9 7482.3 683.6 5.1 

Table 1. Summary of different structures of TCO-gated MOS MRR. V2nm is the applied 
bias that can make resonance wavelength shift 2nm. Q2nm is the remained Q-factor after 
the 2nm resonance shift. Tunability2nm is the average resonance shift per volt at V2nm.  

 



33 
 

 

6 Conclusion 

In conclusion, a passive MRR with a high Q-factor of 20,000 is fabricated in this 

thesis, and a passive SWMR can potentially obtain a high Q-factor of 7400 by 

optimizing the fabrication process. Next, an ITiO-gated MOS MRR has been 

demonstrated to get a tunability of 42 pm/V with a high Q-factor above 3,600. With this 

structure and the simulation, a new method has been developed to characterize the 

optical frequency free carrier mobility in the accumulation layer of the MOS structure. 

In the last chapter, different MRRs driven by high mobility TCO materials are compared. 

The Q-factor can be improved by using high mobility TCO materials, and the resonance 

shift can be increase by optimizing different structures of MRRs. The simulation results 

indicate that an ultra-high tunability of 906 pm/V and a high Q-factor above 6,700 can 

be potentially achieved with SLMR. 
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