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ABSTRACT

KEYWORDS: Silicon Photonics, Silicon-on-Insulator, Waveguides, Integrated

Optics, Microring resonators, Thermo-optic Switch, Non-linear

optics, Optical bistability, Four wave mixing, Optical memory.

Silicon microring resonator is an important component for silicon photonics circuits

as it can be used to realise different applications like notch-filter in all-pass configura-

tion, add-drop configuration for channel multiplexer, delay lines in coupled ring config-

uration, ON-OFF switches and modulators by integrating p-i-n/p-n diodes or resistive

heaters, photon-pair source and optical memory in non-linear regime. All of these de-

vices have been demonstrated in SOI platform, but there is lot of research going on in

improving the figure of merits for each of them. Photon pair source and optical memory

are two major applications of microring resonator in the non-linear domain, i.e. when

very high input power is launched into it. But the MRR exhibits optical bistability or

hysteresis at high input power along with resonance shift. This poses serious problem

for nonlinear four-wave mixing process which leads to the generation of less bright

photon-pairs (reduced conversion efficiency). It is desirable to precisely align the laser

wavelength along one of the resonances of the MRR to obtain enhanced efficiency. Ef-

forts have been made to improve the efficiency by designing dispersion-free waveguide

geometry, integrating p-i-n diodes to operate in reverse bias and withdraw the gener-

ated free carriers due to two photon absorption at high input power. Another method of

cooling the complete chip to align the laser wavelength with the MRR resonance has

also been explored in the recent past. However, there is not much literature to address

the optical bistability in on-chip photon-pair generation. Hence, this PhD thesis intends

to explore the methods to control the optical bistability electrically. We have proposed

integrating of electro-optic phase shifters and thermo-optic phase shifters with the MRR

to control the bistability. For demonstration we have designed and fabricated MRR of

radius 50 µm on 220 nm SOI with 2 µm BOX and handle layer thickness of 700 µm,
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the standard SOI wafers used in silicon photonics foundries.

We first demonstrated all-pass silicon MRRs on 220 nm SOI having a free spectral

range of ∼ 2 nm, Q-factor of ∼ 50,000 and extinction of ∼ 45 dB at critical coupling

wavelength around λ = 1550 nm. We proposed a technique to integrate p-i-n/p-n diodes

using diffusion doping for different device layer thickness. Finally we have demon-

strated thermo-optic phase shifters by integrating both metal microheaters as well as

doped microheaters on the slab of the rib waveguide MRR which produces a wave-

length tunability of ∼ 45 pm/mW and ∼ 70 pm/mW respectively.

We have shown with the existing theoretical model that the previous history of phase

detuning in a silicon MRR determines the effective gain in stimulated four wave mixing

process. Using the thermo-optic phase shifter integrated MRRs, we have demonstrated

an improved stimulated four wave mixing gain of ∼ 11.6 dB while thermo-optically

blue-shifting resonances in comparison to that of red-shifting resonances, for a launched

pump power of 8.4 mW operating at a slightly off-resonant wavelength λp. The pro-

posed technique can be used in designing actively controlled efficient photon sources in

a large-scale integrated quantum photonic circuit operating at λ ∼ 1550 nm.

In addition, we have explored the transient measurements of the devices and pro-

posed electrically controlled optical memory using the same. We have presented a

theoretical analysis and experimental investigation on thermo-optic switching in sili-

con microring resonators in presence of two photon absorption, which is unavoidable

for nonlinear photonic applications. For a pump laser light operating at a resonant

wavelength (λ ∼ 1550 nm) could be thermo-optically switched faster from its lower

transmission output to a higher value, but found to be extremely slower in reverse di-

rection as the power level increases. An experimental rise-time was observed to be as

small as ∼ 0.6 µs, whereas the fall-time of ∼ 45 µs is obtained for just about 1.15 mW

of launched pump power. This study was useful to optimize the operating parameters of

a silicon microring resonator for electrically driven thermo-optic memory application.
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CHAPTER 1

Introduction

Silicon Photonics is an enabling platform of the 21st century. Microring resonator

(MRR) is one of the important device used for large scale integrated photonic circuits.

When a silicon MRR is subjected to operate at higher power levels, its resonance wave-

length shifts and it exhibits hysteresis and optical bistability. Optical bistability has been

used to demonstrate optical memory and all-optical switching. However, it also poses

serious difficulties for most of the non-linear applications like wavelength conversion,

four wave mixing, photon pair generation, etc due to the resonance wavelength shift

with increased pump power levels. In this thesis, we have shown a mechanism to elec-

trically control the optical bistability of the MRR by integrating a phase-shifter with it

and obtain enhanced stimulated four wave mixing. We have also proposed voltage con-

trolled optical memory and present a study on its speed of operation by considering var-

ious cases of transient measurements. The devices discussed in this thesis are designed,

fabricated and characterized using the in-house facilities available at IIT Madras. In

this introductory chapter, we present the motivation for our research through a detailed

literature review, which eventually streamlines the objectives of the PhD work. Finally

a brief overview on the organization of the remaining chapters of the thesis is included.

1.1 Motivation

The success of Silicon Photonics technology is due to its fabrication compatibility with

CMOS process line, operating at 1310 nm and 1550 nm communication wavelength,

ability to integrate on-chip modulators, III-V materials for lasers and Germanium for

photodetectors which has helped to manufacture wide range of devices in the last two

decades [1, 2, 3, 4, 5, 6, 7]. After decades of extensive research on the basic building

blocks like low-loss optical waveguides (operating at λ = 1310 nm, 1550 nm) [8, 9, 10],



sub-wavelength grating structures [11, 12, 13], directional couplers [14, 15, 16], Mach-

Zehnder interferometers [17, 18, 19], microring resonators (MRRs) [20, 21, 22] etc,

they have been used to demonstrate different devices and functionalities using small

circuits like filters [23, 24, 25, 26, 27, 28], switches [29, 30, 31, 32, 33, 34], delay

lines [35, 36, 37, 38], modulators [39, 2, 40], add-drop multiplexers [41, 42, 43, 44,

45, 46, 47], photon sources [48, 49, 50, 51] etc. Silicon MRRs have been used to

demonstrate functions such as notch filters in all-pass configuration [23, 24, 25, 26,

27, 28], channel multiplexers in add-drop configuration [41, 42, 52, 43, 53, 44, 45,

46, 47, 54, 55], delay lines in coupled ring waveguide configuration [56, 57, 35, 36,

37, 58, 38], ON-OFF switches [59, 60, 61, 62], switching matrix [63], modulators by

integrating p-i-n/p-n diodes [39, 2, 40] or resistive microheaters etc [29, 30, 31, 32, 33,

34]. The advancement and the development of the technology over the years has helped

the silicon photonics community to demonstrate high speed transceivers which have

been commercialized by companies like Intel and Cisco and have made a huge impact

on the market. The pluggable transceiver modules are cost-, power- and space-effective

devices where the optics and the electronics are packaged together.

Figure 1.1: Schematic of >50Gb/s WDM optical transceiver based on add-drop silicon
photonic microring modulators and all-pass filters. TX1-TX5 represents
the transmitter for 5 wavelengths, RX1- RX5 represents the receiver for 5
wavelengths, λ1 - λ5 are the 5 wavelengths of the 5 channels which are
transmitted through Single Mode Fiber (SMF) into the input-output grating
couplers [64].
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Fig. 1.1 shows the block diagram of transmitter and receiver section of a transceiver

circuit designed with MRRs by HP labs. In the transmitter side the MRRs have been

used in all-pass configuration which are integrated with depletion based modulators to

obtain resonance wavelength spacing. The data/bit stream modulates the optical signal

by the depletion based modulator and is sent to the receiver. In the receiver side a col-

lectively thermally tunable 5-channel add-drop-ring based WDM filter with matching

wavelength channel spacing is used to demultiplex the WDM optical signals into sep-

arate waveguides. Finally the optical signals are detected by on-chip Germanium pho-

todiodes which are amplified and converted to electrical signals using trans-impedance

amplifiers (TIA). This is used to transmit data bits from the transmitter IC to the Re-

ceiver IC. Similar work has been reported in transceivers [65] and the tremendous suc-

cess in the transceiver market has motivated the community to work towards other areas

using silicon photonics, like microwave photonics [66, 67, 27, 68], quantum photonics

[69, 70, 71, 51], lab-on-chip sensors [72, 73, 74] to name a few.

(a) (b)

(c) (d)

Figure 1.2: Schematic of MRR in (a) all-pass configuration, (b) add-drop configuration.
R: bending radius of ring, k, k1, k2: cross-coupling coefficient, t, t1, t2: self
coupling coefficient in the ring-bus directional coupler region, (c) cross-
section of a rib waveguide showing the rib width ‘W’, rib height ‘H’ and
slab height ‘h’, (d) cross-section of the directional coupler region showing
the gap ‘g’ between two rib waveguides.

The transceiver circuit shown in Fig. 1.1 has used all-pass configuration of MRR in

the transmitter side and add-drop configuration of the MRR in the receiver side. The
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schematic of both the all-pass as well as add-drop configuration is shown in Fig. 1.2(a)

and 1.2(b) respectively. The typical cross-section of the rib waveguide and the direc-

tional coupler region is shown in Fig. 1.2(c) and 1.2(d) along with the rib waveguide

dimensions (rib width: W, rib height: H and slab height: h) and the directional coupler

gap (g). The input port, through port, drop port and add port are marked in the schematic

along with the ring radius ‘R’. The self-coupling coefficient and the through coupling

coefficient are named as ‘t’ and ‘k’ respectively. A typical transmission characteristics

of the add-drop MRR is shown in Fig. 1.3. The blue curve shows the through port trans-

mission spectrum and the red curve shows the drop port transmission. The difference

between two successive resonance is the free spectral range (FSR). The extinction ratio

obtained in the through port and drop port is marked as ERt and ERd respectively. For

this simulation a typical rib waveguide geometry is considered where the rib width is

500 nm, slab height is 90 nm and the rib height is 220 nm, supporting single mode TE

polarization. The ring radius is 50 µm along with a directional coupler length of 5 µm

and the gap between the bus and ring waveguide is 500 nm. The coupling coefficient

in this wavelength range is 0.0168 µm−1. The loss of the waveguide considered for

simulation is 1.5 dB/cm. The other parameters like group-index, Q-factor, etc will be

discussed in Chapter-2.

Figure 1.3: Typical transmission characteristics of an add-drop silicon MRR. the blue
curve shows the transmission spectrum of the drop port and the red curve
shows the drop-port spectrum. The free spectral range (FSR) and the ex-
tinction ratio of both the through port and the drop port are marked using
ERt and ERd respectively.
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(a) (b)

Figure 1.4: (a) Schematic layout of p-i-n diode integrated silicon micro-ring resonator
for modulator operation. R is the MRR radius and VF is the bias voltage
applied to the p-i-n diode. The inset shows the cross-section of the p-i-n
diode integrated rib waveguide, (b) the transmission spectrum of the MRR
for three values of applied bias voltage. The dashed vertical line shows the
position of the probe wavelength used for dynamic modulation measure-
ments. The inset shows the transfer function of the modulator for light with
a wavelength of 1573.9 nm [75].

As discussed, the transmitter circuit shown in Fig. 1.1 has MRRs integrated with

electro-optic phase-shifters in the transmitter side and thermo-optic phase shifters in the

receiver side. These are used to actively control their resonance wavelength. For the

electro-optic phase shifters, p-i-n/p-n diodes are integrated to obtain the change in phase

by the change in carrier concentration due to the applied voltage [76]. The thermo-optic

phase shifters are implemented by integrating microheaters to obtain phase change by

exploiting the thermo-optic co-efficient of silicon [77].

Many types of designs have been tried to maximize the efficiency, speed of oper-

ation, extinction ratio, insertion loss and bandwidth of on-chip modulators using the

electro-optic effect. Different modulation techniques have been implemented like ON-

OFF switching, RZ, NRZ, PAM4, etc. to improve the data rate. Fig. 1.4(a) shows a

schematic of a p-i-n diode integrated silicon MRR [75]. In this work, Xu et al. reports

a high-speed electro-optic modulator of 1.5 Gbps achieved in a MRR of 6 µm radius.

Fig. 1.4(b) shows the transmission characteristics around λ ∼ 1573.9 nm, along with

the detuning when positive bias voltage is applied to the p-i-n diode. The black curve

shows a 15 dB drop in transmission at resonance wavelength. The transmission changes
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from low-to-high when 0.87 V is applied. The resonance spectrum blue shifts due to the

reduction in the effective index caused by the increase in the electron-hole concentra-

tion in the cavity. They observed modulation of more than 5 Gbits−1 by using non-RZ

(NRZ) signal. The circuit performance is limited by the carrier recombination lifetime

as the p-i-n diode is operated in forward bias. Nevertheless, this wavelength selective

modulation finds applications in wavelength division multiplexing (WDM) applications

and provides high optical bandwidth, as already shown in Fig. 1.1. Further improve-

ment in modulation speed has been achieved and reported by using a pn diode depletion

based travelling wave modulator [78].

(a) (b)

Figure 1.5: (a) Optical micrograph of MRR of 10 µm bend radius integrated with 500
nm wide metal microheater on top, (b) normalized transmission spectrum
of the MRR for different power dissipated in the microheater [79].

Besides modulators, the MRRs are used for switching applications where the operat-

ing speed is slightly less. Hence thermo-optic phase shifters can be integrated. Though

they offer slightly slow speed compared to their electro-optic counterpart, they too ex-

hibit low loss which is advantageous to be used in switching matrix applications [80].

A thin metal strip deposited on top of the cladding oxide is used as the microheater.

Fig. 1.5(a) shows an all-pass MRR of 10 µm radius integrated with a metal microheater

of 500 nm width on top of it. The transmission spectrum of the MRR is shown in Fig.

1.5(b). The resonance shifts to longer wavelengths as power dissipation is increased in

the microheater. This kind of architecture is also integrated in the receiver end of the

transceiver circuit to align the filters to the respective wavelengths (Fig. 1.1).

The main drawback in the operation of silicon MRRs is its thermal instability.
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The resonance wavelength shifts due to the fluctuations in the ambient temperatures.

Though there has been some research on designing athermal silicon MRRs, but still

they have some drawbacks and very critical steps are required to design them [81, 82].

The transceiver circuit shown in Fig. 1.1 has also adopted an electronic feedback control

circuit to stabilize the resonant wavelength. There has also been some more research to

stabilise MRR output using dithering signals and feedback control [83, 84].

Figure 1.6: Schematic of the experimental set-up used to lock the resonance wavelength
and thermally stabilize the MRR output using dithering signals [83].

Fig. 1.6 shows the schematic of the experimental setup used to lock the MRR res-

onance and stabilize the MRR thermally using a dithering signal. A titanium micro-

heater is placed 1 µm above the MRR on the top oxide, and a p-i-n based photo diode

is integrated in the drop port of the MRR to monitor the optical power dropped into

the microring. The off-chip electronics is used for thermal dithering system which is

shown by the dashed black line in Fig. 1.6. The optical signal is modulated by the

thermal dithering and it generates a photocurrent on the integrated photodiode which is

converted to voltage and further amplified by the trans-impedance amplifier (TIA). The

amplified signal is multiplied with the dithering signal and finally the ac component is

suppressed by the low-pass filter. This generates an anti-symmetric error signal which
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can be used to lock the wavelength and thermally stabilize the MRR. This method is

useful to stabilise the resonance when the MRR is operating in linear regime, i.e when

the optical power launched into it is low, as in the case of transceiver. The wavelength

variation and resonance shift is more prominent and obvious when the MRR is sub-

jected to high input power levels which leads to non-linear phenomenon inside the ring.

The wavelength shifts to the right with high pump power. Hence, operating the MRRs

at a fixed wavelength for quantum photonic circuit applications is challenging.

Figure 1.7: Schematic of a quantum photonic circuit consisting of microring resonator
as the photon-pair source, Mach-Zehnder interferometers for routing, pro-
cessing and measuring the photons [85].

MRRs are intensively used in quantum photonic circuits due to its compact cavity

structure. Silicon MRRs have been used as photon pair sources in most of the quantum

photonics circuits due to its high field enhancement factor [86, 85, 87]. The photon

sources are integrated with quantum photonic circuits to realise different functionalities

like routing the generated photon pairs, processing them, applying Bell operator and

finally measuring the photons separately as shown in Fig. 1.7 [85]. A strong pump pulse

is launched at the input and the generation of signal and idler occurs at the output of the

MRRs. They are routed using the Mach-Zehnder interferometers (MZI) and waveguide

crossings and are finally processed using other MZIs. Finally, balanced MZIs are used

before detecting the photons. Hence, it is very crucial to have efficient photon pair

sources to finally obtain a reasonable number of photons at the output of the circuit.

Fig. 1.8 shows the schematic of an experimental set-up for generating entangled-

photon pairs via spontaneous four wave mixing, using a pulsed laser and an add-drop

MRR configuration [88]. A high pump pulse is launched into the MRR and the gen-

eration of signal photons and idler photons (entangled photon pair) occur due to the

enhancement in the cavity, which is shown by the blue and red colour dots in Fig. 1.8.
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Figure 1.8: Schematic showing the generation of entangled photon pair from a high
pulsed laser via a silicon MRR along with the experimental setup for high-
dimensional quantum state generation and control [88].

The generated photons are processed using a phase modulator and are detected using

single photon detectors. With the advancement of the research in quantum domain, re-

searchers have also tried to enhance the generation of photon pairs by using different

techniques like fabricating low dispersive waveguide [89], integrating p-i-n diodes with

the waveguides or MRRs and extracting the carriers generated due to high optical power

by reverse biasing the diode [90], higher Q-values with critical coupling [91], etc. The

main drawback of MRRs while handling high power (non-linear regime) is the inability

to operate at a fixed wavelength.

(a) (b)

Figure 1.9: (a) Optical power dependent hysteresis curve for a MRR of 5 µm radius
fabricated on a 250 nm SOI. Markers denote the position of the laser w.r.t to
the resonance in the hysteresis curve, (b) transmission spectrum of a MRR
for different input optical power [92].

The third order susceptibility (χ(3)) gives rise to the non-linearity in silicon. The

high launched optical power gives rise to different mechanisms inside silicon like Kerr
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effect, two-photon absorption (TPA), etc. The heat generated due to the generation of

carriers due to TPA is mostly dominant and shifts the resonance wavelength towards the

right. This phenomena was reported by Almeida et al. and they demonstrated optical

bistability for the first time in silicon MRRs in 2004 [92]. They presented all-optical

functionalities like memory and switching by exploiting the thermal non-linear effect

in silicon which helps to exhibit bistability at higher input powers. Fig.1.9(a) shows

the hysteresis loop obtained in a 5 µm radius MRR fabricated on 250 nm SOI. This

has been obtained by tracking the output power when the wavelength is initially fixed

few picometers right to the resonance. The inset marked ‘1’ of Fig. 1.9(a) depicts the

initial scenario when the power is increased from a low value. With the increase in

the optical power the resonance red-shifts, i.e shifts towards higher wavelength due to

the non-linear processes occurring, especially the thermo-optic effect being dominant.

At a certain input power the resonance dip coincides with the tracking wavelength and

produces a dip in the output power. With further increase in the input power, the output

keeps on increasing as marked by ‘2’ in the inset of Fig. 1.9(a). Similarly, while

decreasing the input power, the resonance coincides with the tracking wavelength at

a lower value of input power as shown in the inset marked point ‘3’ of Fig. 1.9(a).

This clearly gives rise to hysteresis and shows the presence of bistability at high input

optical power. Fig. 1.9(b) shows the transmission spectrum of the MRR around 1560

nm wavelength. As mentioned, the resonance shifts right with the increase in input

optical power due to the thermo-optic effect. The bistability property has been used

to obtain all-optical memory as shown in Fig. 1.10. With the application of an input

optical pulse the output state is changed from high to low or vice versa depending on

the position in the hysteresis curve.

However, not much research has been done in the area of stabilizing the red-shifting

of the detuned resonances and bistability when operated at high input optical power

levels. Recently, Guo et al. [50] demonstrated higher generation of photon pairs in a

100 µm ring radius MRR by locking the resonance with pump wavelength by reducing

the sample temperature while operating at high input power. Fig. 1.11(a) shows the

experimental setup used to generate photon pair sources using a MRR. The MRR has

been placed on a temperature controller for cooling and heating it effectively. The inset

shows the MRR transmission spectrum showing the position of the pump, signal and
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Figure 1.10: All-optical memory demonstration in a silicon MRR driven by optical
bistability around λ∼ 1560 nm. The markers represent the different states
in the optical memory corresponding to the positions marked in the hys-
teresis loop [92].

idler wavelengths and a zoomed resonance at 1550 nm wavelength having FWHM of 26

pm. Fig. 1.11(b) shows the experimental results showing the transmission at different

power levels for the sample being heated and cooled. Correspondingly the pair gener-

ation rate is measured. It is observed that more number of photons are generated by

cooling the substrate. But in this case, the complete sample’s temperature is changed to

enhance the photon pair generation rate, thus affecting the operation of other devices on

the chip. However, there has not been detailed study regarding controlling the bistability

to enhance the photon pair generation by actively tuning the MRR. Using this technique

to align the pump wavelength with the resonance protects the other devices in the chip

from being operated at other temperatures. In this thesis, we study about electrically

controlling the bistability to align the pump wavelength with the MRR resonance and

demonstrate efficient four wave mixing.

The other parameter for active controlled MRRs is the switching speed. The recon-

figuration speed or switching time reported in literature for each of the microheaters of

a switching matrix is ∼ 4 µs [80]. These microheaters have been mostly deposited on

the top oxide. These devices also find application in wavelength multiplexing where

the usual response time reported is 10 - 20 µs [62]. As the main application targeted in
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(a)

(b)

Figure 1.11: (a) Schematic of the experimental setup used to generate and detect photon
pairs using a MRR of 100 µm radius, inset: MRR transmission spectrum
showing the position of the pump, signal and idler wavelengths along with
zoom view of one of the resonances showing the FWHM, (b) normalized
transmission spectrum of the MRR and the photon pair generation rate
for different input optical power obtained while cooling and heating the
sample temperature [50].

these works is wavelength tuning, different methods like etching an undercut have been

adopted to reduce the tuning power which instead leads to the increase in the fall time

to ∼ 170 µs [93, 94]. However with proper design of air trenches, the transient time

could be reduced to 6-9 µs when input wavelength was set at resonance [62]. Further

reduction in reconfiguration speed (4 µs) was obtained by replacing the silicon-di-oxide

top cladding with silicon nitride [79]. All these configurations have been demonstrated

12



by integrating the microheater on top oxide which ideally exhibits high response time.

Hence, we have studied slab integrated microheater with MRR which produces com-

paratively faster response time [95]. Nevertheless, silicon MRR is also attractive for

quantum photonic applications as already discussed. However, there has not been much

investigation on transient effect in non-linear photonics switching and memory applica-

tions. Especially, optical power dependent switching response is especially important

for quantum photonic applications where nonlinear χ(3) process is harnessed for en-

tangled and/or heralded single-photon generation [96, 85], all-optical logic operation

via free carrier dispersion effect [97], and all-optical bistable switching by the use of

optical pulses [92]. All-optical memory is another attractive application of optical bista-

bility and has been studied by Almeida etal. [92]. In this thesis we have also studied

the transient response of the MRRs integrated with microheaters. For operating in the

non-linear regime, the non-linear physics including Kerr non-linearity and two-photon

absorption have been considered to simulate the thermo-optic response. Finally bistable

switching and optical memory is proposed towards the end of the work.

1.2 Research Objective

In the literatures discussed above, we observed that compact silicon MRRs are becom-

ing significant for quantum photonic applications, especially for entangled photon pair

generation via spontaneous four wave mixing (SFWM) process. This is due to its re-

quirement of lower threshold pump power levels in comparison to that of an alternative

option of reasonably longer spiralled photonic wire waveguide (centimeter-long) [70].

However, fixed wavelength operation is challenging at high input power levels in sil-

icon MRRs. In general, the experiments are usually carried out by adjusting/tuning

the pump laser wavelength along with the changed power levels [98]. Alternatively, it

was proposed for compensation of nonlinear phase-shift by adjusting operating temper-

atures of the silicon photonics chip as a whole [50]. This is something unacceptable

for large-scale photonic integrated circuits in which the MRR based photon sources are

to be independently programmed. Hence, we propose a method to control the optical

bistability of MRRs using an integrated phase-shifters. Therefore, we set our objective
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to study in detail about the working principle of a silicon MRR, physics of nonlinear

phase-shifts, and finding a suitable solution such that its optical bistability can be con-

trolled by locally driven electrical signal. To accomplish the objective, we decided to

study and design the MRRs having high extinction, Q-value, low-loss, etc followed

by fabricating and characterizing them. It was also targeted to develop methods and

techniques to reconfigure the MRRs to achieve efficient tunability using electro-optic

phase-shifters as well as thermo-optic phase shifters, and finally demonstrating efficient

non-linear processes like stimulated four wave mixing and optical memory in silicon

MRR by controlling the optical bistability using the integrated phase-shifter. The tran-

sient response for the MRR integrated with phase shifter was also decided to be studied

for different power levels to demonstrate the impact of switching in quantum photonics

circuit. All the devices planned for the study and demonstration were fabricated in IIT

Madras using the in-house fabrication facilities (Centre for NEMS and Nanophoton-

ics). The devices were also chosen to operate around the communication wavelength

λ ∼ 1550 nm as the characterization equipments were easily available in our Integrated

Optoelectronics laboratory.

1.3 Thesis Organization

To execute the research objective, we have first designed a single mode rib waveg-

uide MRR on 220 nm SOI. The non-linear physics behind the operation of MRRs have

been considered to establish a model for the optical bistability in silicon MRRs. To ac-

tively tune the resonant wavelength, both electro-optic and thermo-optic phase shifters

have been studied to be integrated with the MRRs. Using the MRRs integrated with

thermo-optic phase-shifters we have demonstrated the phase-controlled optical bista-

bility while operating the MRR in non-linear regime. Finally as an application we have

demonstrated efficient stimulated four wave mixing and optical memory. The complete

work of this thesis is structured as follows:

Chapter-2 starts with the device design of single mode silicon waveguide for different

device layer thickness and MRR design on 220 nm SOI. It further discusses the back-

ground theory of the non-linear effects and origin of optical bistability in silicon MRRs.
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Detailed simulation study of electrical control of the optical bistabilty of a MRR inte-

grated with a phase shifter is presented. A model has also been developed for the phase

dependent hysteresis which becomes prominent at high input optical power.

Chapter-3 is reserved for the phase-shifter design. Detailed simulation study to inte-

grate p-i-n/p-n diodes using diffusion doping on thicker SOI device layer thickness is

presented. The complete fabrication flow and the simulation results are presented for

integrating p-i-n/p-n diodes with rib waveguides. Further, microheater design and sim-

ulation is performed for the thermo-optic phase shifters. Both metal microheaters and

doped microheaters integrated on the slab of the rib waveguides have been studied.

Chapter-4 presents the fabrication and experimental demonstration of the phase-shifters.

p-i-n/p-n diode waveguides are fabricated and applications like variable optical atten-

uators and TPA based photodiodes have been demonstrated on 2 µm SOI. Further the

fabrication of p-i-n.p-n diodes for smaller device layer thickess is presented. Next the

integration of thermal phase-shifter with the MRR is presented along with the charac-

terization results for both p-doped and metal microheaters. Various parameters of the

MRRs have also been extracted and presented.

Chapter-5 demonstrates the electrical control of the optical bistability in the MRR.

Phase dependent hysteresis followed by demonstration of stimulated four wave mixing

is reported to show the efficiency enhancement in a non-linear process by electrically

controlling the hysteresis.

Chapter-6 discusses the transient response of the MRR integrated with microheater.

Both simulation and experimental results are presented considering the effect of bista-

bility on the transient response. Electrically controlled optical memory is proposed.

Preliminary results of a voltage controlled optical memory is presented.

Chapter-7 marks the conclusion of the thesis. It consists of a brief summary of the

research work presented and discussions on the possible work which can be done in the

future.
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CHAPTER 2

Background Theory and Simulation Results

Microring resonators have been designed, fabricated and characterised to study the op-

tical bistability and mitigate the problem of parking the laser wavelength in the reso-

nance at high power by integrating phase shifters. This chapter deals with the theory

and simulation results of the MRR when operated both in linear and nonlinear regime.

Simulations on single mode rib waveguide design followed by MRR working principle

is presented. The physics of non-linearity in silicon MRRs is highlighted along with

the theory of optical bistability in them. The non-linear simulation results are presented

for the designed MRRs to observe the phase dependent hysteresis. Finally, a model is

developed to control the optical bistability using an external phase-shifter.

2.1 Waveguide Design Parameters

Single mode rib waveguides were designed in different device layer thickness (H) in

SOI starting from 2 µm to 220 nm using Lumerical MODE Solutions simulator. The

rib height (H), waveguide width (W) and slab height (h) were chosen to ensure sufficient

confinement of the optical mode in the rib waveguide as well as guide a single mode

of TE polarization. Fig. 2.1 shows the schematic of a rib waveguide in SOI substrate.

We have considered higher device layer in our study to incorporate diffusion doping to

obtain p-i-n/p-n diodes integrated with the rib waveguide MRRs. The dimensions for

the rib waveguide have been considered from the single mode cut-off regions already

developed by our laboratory group [99, 100]. Fig.2.2 shows the single-mode cut-off

region for both TE and TM modes for different values of rib width (0 nm≤W≤ 2 µm)

and slab height (0 nm ≤ h ≤ 2 µm) on 2 µm SOI device layer thickness. Similarly Fig.

2.3 shows the single-mode region along with the different TE/TM higher order modes

by varying rib width (300 nm ≤W ≤ 700 nm) and slab height (0 nm ≤ h ≤ 200 nm )

on 220 nm SOI. The degree of polarization of the guided optical modes are defined by



comparing the fraction of transverse electric field component along x-direction. It can

be expressed as follows [100]:

γx =

∫
|Ex|2dxdy∫

(|Ex|2 + |Ey|2)dxdy
(2.1)

where, Ex and Ey are the transverse electric field components of a guided mode. For

γx ≥ 0.6, the optical mode is considered as quasi-TE polarized, whereas for γx ≤ 0.4

it is considered to be quasi-TM polarized. If the value of γx lies in between 0.4 and 0.6

it is termed as hybrid mode (HE) as shown in Fig. 2.3. The calculations of Fig. 2.2 and

2.3 were done using air as the top cladding. These simulations paved the way to decide

the rib waveguide dimensions to be used in this thesis work. However, there is slight

difference in the single-mode cut-off boundaries when the top cladding is replaced with

silicon-di-oxide. The detail dimensions of the different device layer thickness will be

discussed along with the integration process of p-i-n/p-n diode in Chapter-3.

Figure 2.1: Schematic cross-section of a rib waveguide on SOI, W: rib width, H: rib
height, h: slab height.

For the demonstration of MRRs, 220 nm SOI was chosen due to its capability to

fabricate tighter bends with compact design which will give high field enhancement

factor to perform efficient non-linear processes. Fig. 2.4(b) shows the simulated optical

mode profile for TE polarization on 220 nm SOI for the waveguide dimensions of W =

420 nm, H = 220 nm, h = 150 nm. The dimensions of the waveguide have been chosen

such that it supports single mode TE polarization [100]. The optical mode profile of

TE polarization designed on 2 µm SOI (W: 2 µm, H: 2 µm, h = 1.5 µm) is also shown

in Fig. 2.4(a). 2 µm SOI device layer has been considered as a starting device layer to

fabricate p-i-n/p-n diodes using diffusion doping to achieve electro-optic phase shifters.
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Figure 2.2: Calculated values of slab height (hc) cut-off as function of rib width (W) for
2 µm device layer thickness. Area above blue and black lines represents the
single mode regions for TM and TE polarization respectively. Bottom and
top claddings are considered to be BOX and air, respectively. Calculations
are carried out for λ = 1550 nm [99].

Figure 2.3: Calculated values of slab height (h) cut-off as function of rib width (W)
for 220 nm device layer thickness for TE, TM and HE mode guidance.
Bottom and top claddings are considered to be BOX and air, respectively.
Calculations are carried out for λ = 1550 nm. The dotted lines demarcate
the regions for different modes [100].

However lower device layer thickness is used to demonstrate MRRs since they provide

compact design and tighter bends.
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Figure 2.4: Simulated optical mode profile (intensity of the electric field) of the funda-
mental TE mode for rib waveguide dimensions of (a) W = 2 µm, H = 2 µm,
h = 1.5 µm , (b) W = 420 nm, H = 220 nm, h = 150 nm.

2.2 Working Principle of Microring Resonators

Figure 2.5: Schematic of all pass MRR, R: bend radius of MRR, LDC : length of di-
rectional coupler, a: single pass transmission coefficient, k: cross-coupling
coefficient, t: through-coupling coeffcient.

Silicon MRRs in all-pass configuration as well as add-drop configuration are used

for entangled photon-pair generation via four wave mixing process [101, 88]. The

working principle of MRRs has been studied in detail in [102]. Here we will discuss

the theory of MRRs in all-pass configuration for the completeness of the thesis. The

design of the MRR has been made considering the integration of active phase shifters

on it’s slab. Fig. 2.5 shows the schematic of the race-track all-pass MRR with input and

output port marked as ‘i/p’ and ‘o/p’ respectively. The average bend radius of the ring

resonator is ‘R’ ((outer ring radius + inner ring radius)/2) and the directional coupler

region where the light couples from the bus waveguide to ring waveguide has a length

marked as ‘LDC’. ‘t’ and ‘k’ are the through-coupling and cross-coupling coefficient
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respectively in the ring-bus waveguide junction. ‘a’ is the single pass transmission

coefficient which considers both the bend loss and the propagation loss, which can be

expressed as

a = exp

[
−(αbend.2πR + αwg.L)

2

]
(2.2)

where, αbend and αwg are the power attenuation coefficients due to bend induced loss

and propagation loss respectively. The total perimeter of the MRR is ‘LT ’ (LT = 2πR

+ 2LDC). The directional coupler is considered as loss-less (t2 + k2 = 1) in this case.

The total throughput transmission of the MRR can thus be expressed as

T =
a2 − 2atcosφ+ t2

1− 2atcosφ+ (at)2
(2.3)

where φ is the total phase accumulated in the round trip of the ring and the phase of

the directional coupler. At resonance, φ = 2mπ, where ‘m’ is an integer, and the

throughput transmission can be expressed as

T =
(a− t)2

(1− at)2
(2.4)

The MRR was designed using the single mode design parameters used for 220 nm

SOI device layer thickness with 2 µm buried oxide (BOX) and handle layer thickness

of 700 µm. The MRR and bus waveguides are designed in all-pass configuration with a

silicon rib of width W = 420 nm, height H = 220 nm, slab height h = 150 nm. The in-

put/output access waveguides are integrated with grating couplers (GCs) for interfacing

with standard single-mode optical fibers over a broad wavelength range as mentioned

in [16]. The gap between the waveguides in the directional coupler region was chosen

depending on the coupling strength (κ: Eq. 2.5).

κ(λ) = π
∆neff (λ)

λ
(2.5)

where, ∆n(λ) is the difference of the effective refractive index of the symmetric and

anti-symmetric modes of the directional coupler for a particular wavelength of oper-

ation (λ). The coupling coefficient can be made completely wavelength independent

depending on the application by designing wavelength independent directional cou-
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plers [16]. Mode simulations were performed to extract the coupling strength between

the two rib waveguides of the directional coupler by varying the slab height and gap

as shown in Fig. 2.6. Considering the tolerance in our fabrication process, a parallel

section of the DC of length LDC = 5 µm and gap g = 150 nm was chosen for the MRR

design having waveguide bending radius 50 µm, to ensure reasonable Q-values and ex-

tinction for resonances at λ ∼ 1550 nm. The slab height was kept considerably high to

integrate the phase-shifters on the slab. For this design, an expected free spectral range

(FSR) of resonances is ∼ 2 nm (∼ 250 GHz).

Figure 2.6: Plot showing the coupling strength (κ [µm−1]) as a function of slab height
and directional coupler (DC) gap (g) for wavelength λ = 1550 nm on 220
nm SOI.

(a) (b)

Figure 2.7: Simulated transmission spectrum of the designed MRR of bend radius (R)
= 50 µm, LDC = 5 µm for (a) 1545 nm≤ λ≤ 1555 nm, (b) zoom resonance
around λ ∼ 1550 nm.

The simulated transmission spectrum for the MRR with the above mentioned di-
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mensions is shown in Fig. 2.7(a), where the separation between two successive reso-

nances is known as Free Spectral Range (FSR), which is expressed as follows [102]:

FSR =
λ2

ngL
(2.6)

where, λ is the operating wavelength, ng is the group index and L is the perimeter of

the microring. Fig. 2.7(b) shows the MRR resonance around 1550 nm wavelength.

The Q-value extracted for this resonance is 64000. This structure has been used for

further studies by integrating thermo-optic phase shifters. For this simulation we have

not considered wavelength dependent coupling coefficient, hence the extinction ratio

is same for all the resonance wavelength as shown in Fig. 2.7. Using this theoretical

background and design of the MRR we will discuss the different non-linear effects that

take place inside Silicon MRRs.

2.3 Nonlinear Effects in Microring Resonators

The nonlinear optical χ(3) processes in silicon waveguides have been exploited for vari-

ous CMOS technology compatible integrated photonic functions such as on-chip wave-

length conversion [103, 104, 105, 89], all-optical signal processing [39], frequency

comb generation [106] and very lately for a large-scale integrated quantum photonics

circuit applications [86, 85]. At high optical intensities, the induced polarization in a

material exhibits a nonlinear dependence on the electric field. The polarization can be

expressed in terms of power series of the electric field.

P = ε0χ
(1)E + ε0χ

(2)E2 + ε0χ
(3)E3 + ...... (2.7)

where, E is the electric field, P is the polarization and χ is the susceptibility. The first

order term mainly contributes to the linear process and the higher order terms are gen-

erated during non-linear process, i.e. at high optical intensities. Silicon being a centro-

symmetric crystal, χ(2) is generally zero, and the χ(3) processes ideally contributes for

the non-linearity in silicon. The refractive indices also change with the non-linearity.

The intensity-dependent refractive index can be expressed in terms of linear refractive
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index (n0) and non-linear refractive index (n2)

n = n0 + n2I (2.8)

This n2 contributes to the Kerr non-linearity for silicon. n2 is related to χ(3) as follows:

n2 =
Dχ(3)

4n0
2ε0c

(2.9)

where, D is the degenerate factor whose value is ‘3’ for self-phase modulation (SPM)

and ‘6’ for cross-phase modulation (XPM) [107].

Figure 2.8: Non-linear mechanisms that impact the photon pair generation inside a
silicon photonic device when high optical power is launched into it. [108].

Two-photon absorption (TPA) is another non-linear mechanism which is dominant

in silicon at high optical power [109, 110]. This mechanism has also been exploited to

demonstrate different functionalities like TPA based photodetector [111], Raman laser

[112] etc. During the two-photon absorption process, since the total energy of two

photons of λ ∼ 1550 nm (E = hc
λ

= 0.8 eV ) is higher than the silicon bandgap

(Eg(Si) = 1.12 eV ), they are absorbed to transit electrons from ground state to higher

energy levels. This results in the generation of free carriers. The free carriers are

either absorbed by free carrier absorption (FCA) or dispersed by free carrier dispersion

(FCD). Heat energy is also produced during this dissipation process as silicon is an

indirect band-gap semiconductor which gives rise to thermal phase modulation (TPM).
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The complete non-linear processes are illustrated using the schematic in Fig. 2.8. The

absorption processes (TPA and FCA) translate to loss and the Kerr non-linearity, the

FCD and the thermal effect contribute to the change in the refractive index which finally

translates to phase. The contribution from the TPM and FCD can be expressed in a

simplified manner as following using n′
2 and n′′

2 respectively (for λp ∼ 1550 nm) [113]:

n
′

2 =

(
dneff
dT

)
λp

·
(
βτh
ρC

)
(2.10)

n
′′

2 = −8.2× 10−16 · λ2
p ·
(
βτe
2Ep

)
(2.11)

where τh is the thermal relaxation time, ρ is the mass density and C is the specific heat

capacity of waveguide core,
(dneff
dT

)
λp

is the effective thermo-optic co-efficient for the

guided mode at λp and β is the two-photon absorption coefficient.

Figure 2.9: Schematic representation of a silicon microring resonator in all-pass con-
figuration. The representative wavelength symbols are shown for the pump
laser and generated signal/idler photons via spontaneous four wave mixing
process: m stands for the m-th order resonance.

A silicon microring resonator (MRR) designed with photonic wire waveguide is

an attractive device in silicon based CMOS compatible quantum photonics technol-

ogy. Low-loss waveguide, tightly confined guided modes, compact footprint and op-

tical field enhancement around resonances are the key factors making silicon MRR so

attractive, especially for generating entangled photon pairs via spontaneous four wave

mixing (FWM) process [114]. Fig. 2.9 shows a MRR in all-pass configuration where

a pump laser of wavelength λp is matched to m-th order resonance (λm) and the corre-

lated photon pairs (idler and signal) are generated at neighbouring resonances at λm+n

and λm−n, respectively, where n = 1, 2,3, .....
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2.3.1 Bistability: Theory and Modelling

Spontaneous FWM or stimulated FWM in silicon via χ(3) process requires intense pump

power for the non-linearity to set in. Compact MRR with a suitably designed waveg-

uide core in SOI substrate is an excellent device to enhance the field strength of a pump

laser light for the spontaneous emission of correlated photon pairs (signal and idler);

all operating at different resonance wavelengths satisfying energy and momentum con-

servation. It has been shown that the average power of all photons PN̄ , generated via

spontaneous FWM process is proportional to the sixth power of field enhancement fac-

tor F0 inside a MRR (PN̄ ∝ F 6
0 ) [115]. In case of stimulated FWM, a relatively weaker

signal laser is added along with the pump laser and intense idler photons are generated;

evolution of pump-, signal-, and idler intensities are classically evaluated by solving

nonlinear coupled wave equations [116]. However, there are many bottlenecks to over-

come for an efficient FWM process in silicon MRRs. Besides self-phase modulation

due to nonlinear Kerr effect, the TPA at communication wavelengths (λ ∼ 1550 nm)

and subsequent free carrier induced plasma dispersion (absorption and reduction in re-

fractive index) are the major cause of concern for stabilizing pump field strength exactly

at a given resonance wavelength. The resonance shifts towards higher wavelengths with

the increase in input pump power as shown in Fig 2.10. Though these have been studied

in detail by several researchers [117, 118, 119], we would like to revisit here in the light

of controlling bistability of pump field strength inside the MRR via external phase de-

tuning using an integrated phase shifter. Our aim here is to study the bistable hysteresis

of the MRR as a function of applied phase (φA: actively controlled by an integrated

microheater or by a p-i-n waveguide phase-shifter) and enabling it for compensating

unwanted pump power dependent nonlinear phase-shift φNL.

To estimate φNL as a function of the input pump power Pin, operating at an arbitrary

wavelength λp, we consider a silicon MRR of radius R in all-pass configuration as

shown in Fig. 2.11 for which t and k are the through- and cross-coupling coefficients in

the bus- and ring waveguide directional coupler (DC). For simplicity, we have assumed

loss-less DC in this case such that t2 + k2 = 1. Further in steady-state, we have the

25



Figure 2.10: Simulated transmission spectrum of a MRR for different input optical
power.

Figure 2.11: Schematic representation of a microring resonator in all-pass configura-
tion showing the through-coupling coefficient (t) and the cross-coupling
coefficient (k) in the bus and ring waveguide directional coupler. Pin is the
input pump power to the MRR at z = 0, and Pout is the output power. A(z)
is assigned for the field amplitude of circulating light-wave along the ring
waveguide.

following boundary conditions [119]:

A0 = −jk
√
Pin + tA0e

−j(φrt−jαrt) (2.12)

Eout = −jkA0e
−j(φrt−jαrt) + t

√
Pin (2.13)

where the pump field amplitude A(z = 0) = A0, the round-trip loss and phase in

the ring are defined by αrt (in Np) and φrt (in rad.), respectively. Thus for a given

launched power Pin, the circulating power inside the ring waveguide is P0 = |A0|2 and
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transmitted power is Pout = |Eout|2. In a nonlinear regime, i.e. for a larger circulating

pump power P0 = |A0|2, αrt and φrt can be decomposed into linear and nonlinear

components:

αrt = α0 + αNL (2.14)

φrt = φ0 + φNL (2.15)

with loss parameter α0 = α · L and round-trip phase parameter φ0 = 2π
λp
· (neffL),

where α is the waveguide loss co-efficient (Np/m), neff is effective index of the guided

mode and L = 2πR is the ring waveguide perimeter. Both α0 and φ0 are independent

of circulating power P0.

The nonlinear loss parameter αNL depends on TPA process and TPA induced free

carrier absorption (FCA) process, both are dependent on P0 as follows [120]:

αNL = α(TPA) + α(FCA) (2.16)

From the detail theoretical analyses given by [113], we can model αNL as following:

αNL = α1P0 + α2P
2
0 (2.17)

with

α1 = β ·
[

1− e−αrt

αrt

](
L

Aeff

)
(2.18)

α2 =
βσeτe
2Ep

·
[

1− e−2αrt

2αrt

](
L

A2
eff

)
(2.19)

where β is the two-photon absorption co-efficient, 2Ep is the energy of two pump pho-

tons, σe is free carrier absorption co-efficient, τe is the free carrier life-time and Aeff

is the effective area of the waveguide cross-section. It must be noted that the factor in

parenthesis in both Eqns. 2.18 and 2.19 depends on waveguide geometry and device

footprint. Again, the nonlinear phase φNL is a combined result of self-phase modu-

lation (SPM) due to Kerr effect, free carrier dispersion (FCD) followed by TPA, and

thermo-optic phase modulation (TPM) due to free carrier relaxation:

φNL = φ(SPM) + φ(FCD) + φ(TPM) (2.20)
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Similar to αNL, we can also simplify φNL as:

φNL = δ1P0 + δ2P
2
0 (2.21)

with

δ1 =
2π

λp

[
n2 ·

1− e−αrt

αrt

](
L

Aeff

)
(2.22)

δ2 =
2π

λp

[
(n

′

2 + n
′′

2) · 1− e−2αrt

2αrt

](
L

A2
eff

)
(2.23)

In Eqn. 2.22, the nonlinear Kerr co-efficient n2 contributes to SPM, whereas in Eqn.

2.23, n′
2 and n′′

2 contribute to TPM and FCD, respectively as expressed earlier in Eq.

2.10 and 2.11.

Thus by inserting the complete expressions of αrt and φrt, we can numerically solve

the transcendental Eqns. 2.12 and 2.13 in order to obtain circulating power P0 and

transmitted power Pout for a given input power Pin operating at wavelengths λp tuned

around a resonance wavelength λm (corresponding to φ0 = 2mπ, m = 1, 2, 3, .....).

Because of quadratic presence of P0 in the coupled analytical expressions of φrt and

αrt, multi-valued solutions exist. It has been shown experimentally that the bistable

solutions of P0 and Pout exist and could be obtained depending on the history of input

power levels of Pin, i.e., increasing or decreasing [92, 97]. However, since the field

enhancement factor F0 = |A0|√
Pin

=
√

P0

Pin
is crucial at a given input power level of Pin

for maximizing correlated photon pair generation, we have investigated bistability as a

function of actively controlled phase φA as shown in Fig. 2.12. Eqns. 2.12 and 2.13 can

be solved numerically by considering Pin as a parameter and variable φrt as following:

φrt = φ0(λp) + φNL(Pin, λp) + φA(λp) (2.24)

Nevertheless, from the analytical model discussed here predicts that the field enhance-

ment factor can be stabilized and/or maximized to a value of Fmax
0 for a given Pin

and λp 6= λm, simply by detuning φA to a desired value of φopA such that φ0(λp) +

φNL(Pin, λp)+φopA (λp) = 2mπ. Since φNL changes with Pin, one can adjust the φA ac-

cordingly by integrating an active phase-shifter in the MRR without compromising on

λp. We have discussed this in detail by numerical simulations in the following section.
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2.3.2 Simulation Results

Fig. 2.12 shows design layout of the device for numerical simulation. The device was

designed on a silicon-on-insulator (SOI) substrate with a device layer thickness of 220

nm, buried oxide (BOX) layer thickness of 2 µm, and handle layer thickness of 700 µm

using the parameters described in Section-2.1. The bending radius of MRR is consid-

ered to be 50 µm, with a straight coupling section of 5 µm to ensure sufficient coupling

from the bus to the ring waveguide. A external phase-shifter (φA) has been integrated

to control the non-linear phase (φNL). The calculated device parameters (using Lumer-

ical full vectorial mode solver) and other important physical parameters/constants used

for the numerical simulations are given in Table 2.1. We have considered resonance

wavelength λm = 1549.12 nm (m = 549) and λp = 1549.32 nm satisfying to a value

of φ0(λp) − φ0(λm) = -0.2π (corresponding to FSR/10) for simulating P0/Pin and

Pout/Pin hysteresis curves as a function of φA; keeping in mind it can be increased or

decreased by integrating a microheater or a p-i-n diode.

Figure 2.12: Schematic representation of a silicon microring resonator in all-pass con-
figuration integrated with a phase-tuning element (φA). The representa-
tive wavelength symbols are shown for the pump laser and generated sig-
nal/idler photons via spontaneous four wave mixing process: m stands for
the m-th order resonance.

The simulation for power dependent hysteresis was performed first followed by the

phase dependent hysteresis. Fig. 2.13(a) shows the MRR resonance around 1550 nm

wavelength along with the position of the off-resonant pump wavelength placed ∼ 200

pm right to study the power dependent hysteresis. The resonance shifts right with the

increase of the input power, due to the generation of heat as a result of all the non-linear

processes. A dip in the output power is observed when the probe wavelength matches

with the resonance wavelength in the forward path while increasing the optical power as
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Table 2.1: Material constants and Waveguide parameters used for a microring resonator
bistability simulation.

Parameters Value Remark
L 324 µm Race Track Design (R = 50 µm)
α 5 dB/cm Experimental Observation
k2 0.04 Estimated for a loss-less DC
t2 0.96 Estimated for a loss-less DC
Aeff 0.25 µm2 Calculated (λ = 1550 nm)
neff 2.623 Calculated (λ = 1550 nm)
ng 3.764 Calculated (λ ∼ 1550 nm)
FSR 2 nm Calculated (λ = 1550 nm)
Q-Value 6.4× 104 Calculated (λ = 1550 nm)
λm 1549.12 nm Calculated (m = 549)
λp 1549.32 nm φ0(λp)− φ0(λm) ≈ −0.2π

dneff
dT

1.8× 10−4K−1 Calculated (λ = 1550 nm)

n2 6 ×10−18 m2/W [118]
β 6.7 ×10−12m/W [120]
σe 1.97 ×10−21m2 [120]
τe 1 ns [113]
τh 1 µs [113]
C 705 J/kg.K [113]
ρ 2.3× 103 kg.m−3 [113]

(a) (b)

Figure 2.13: Simulated (a) wavelength dependent transmission spectrum of the MRR
along with the position of the off-resonant wavelength, (b) power depen-
dent hysteresis curve obtained from Fig. 2.13(a) by increasing and de-
creasing the input optical power.

shown by the black solid curve in Fig. 2.13(b). During the reverse process of reducing

the optical power, the probe wavelength matches with the resonance wavelength at a

lower value of input power as shown by the red dotted lines in Fig. 2.13(b), thus giv-
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ing rise to the power dependent optical hysteresis. Following this simulation we have

studied the applied phase dependent hysteresis by tuning the phase externally.

(a) (b)

(c)

Figure 2.14: Simulated output power (Pout, blue curve) and the cavity power (P0,
black curve) normalized to input power Pin as a function of φA increas-
ing/decreasing in the MRR for: (a) Pin = 1mW, (b) Pin = 4 mW, (c) Pin
= 8 mW. Double arrows represent the path with increasing φA and single
arrows for decreasing φA. The simulation was carried out for parameters
given in Table 2.1.

Fig. 2.14 shows the hysteresis curves for three different pump power levels viz. Pin

= 1 mW, 4 mW and 8 mW with respect to the applied phase (φA). As expected, no

hysteresis is observed for a lower pump power level (Pin = 1 mW) when φNL is negli-

gibly small as evident from Fig. 2.14(a). In this case, P0/Pin is maximum and Pout/Pin

minimum at φA ≈ 0.2π = φ0(λp) − φ0(λm); both while its increasing and decreasing.

However, at higher power levels, φNL dominates and maxima/minima occur at different

φA values exhibiting clear hysteresis in φA as shown in Figs. 2.14(b) and 2.14(c) corre-

sponding to Pin = 4 mW and 8 mW, respectively. More importantly, stronger maxima
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and minima appear while decreasing φA compared to those of increasing φA. More-

over, P0/Pin decreases at resonances with the increase of Pin as a direct consequence

of increase in αNL. It must also be noted that while decreasing φA in a strongly non-

linear regime (see for example Fig. 2.14(c)), the value of P0/Pin slowly increases to

the maximum and drops suddenly ensuring the pump wavelength completely out of the

resonance envelope. Therefore, one can be assured that relatively more stable and ef-

ficient nonlinear process is possible by adjusting a suitable value of φ0 (or positioning

pump wavelength λp slightly higher than the designated resonance wavelength λm) and

subsequently bringing down φA from a higher value.

Figure 2.15: Simulated maximum field enhancement factor (Fmax
0 ) and corresponding

detuned phase (φopA ) as a function of Pin. The solid line represents the
forward tuning of φA and dotted line shows the backward tuning of φA.
The simulation was carried out for parameters given in Table 2.1

By defining maximum field enhancement factor as Fmax
0 =

√
Po

Pin
for φA = φopA ,

we have plotted Fmax
0 , φopA vs. Pin in case of φA increasing (decreasing) from a lower

(higher) value to a higher (lower) value and they are plotted in Fig. 2.15. Again ac-

cording to our expectation, values of Fmax
0 are found to be same at lower pump powers

(Pin < 2 mW) but widened apart for higher pump levels when compared between φA

increasing and decreasing to φopA . The important point here is that Fmax
0 decreases with

Pin but it is always advantageous for settling corresponding φopA by reducing φA from a

higher value. This φA can be obtained by integrating a electro-optic phase shifter or a

thermo-optic phase-shifter which we will discuss in Chapter-3.
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2.4 Summary

In this chapter, we started with the design of single mode rib waveguides and further

discussed the theory, design and simulation of all-pass MRRs on 220 nm SOI. We have

then studied the background theory of optical bistability and its origin in silicon waveg-

uides. The non-linear processes like Kerr nonlinearity, TPA, FCA, FCD have been

considered to establish the theoretical model for optical bistability in silicon. Further,

we have studied using simulations the resonance shift at high input power for MRRs

and have formulated a method to mitigate the problem of parking the laser wavelength

in the MRR resonance at high power by integrating a phase shifter and controlling the

phase with it. We have performed all the simulations on a 50 µm radius MRR designed

on 220 nm SOI to establish the theory. Simulation studies show that hysteresis exists

after a certain value of input power and widens with the increase in the optical power,

also the extinction ratio decreases due to the non-linear losses being prominent at high

input power. Importantly we have concluded that though the field enhancement factor

reduces with the input optical power, still it is higher when the pump wavelength is

aligned to the resonance by reducing the applied phase (φA) from a higher value. Thus,

the pump wavelength can be aligned with the resonance by reducing the applied phase

from the external phase tuner. Using this theoretical background, we will next discuss

in Chapter-3 the design of two different types of phase-shifters which can be integrated

with the MRRs to tune the phase, along with the simulation results.
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CHAPTER 3

Phase-shifter Design and Simulation

Phase-shifters are essential to be integrated with MRRs not only for wavelength detun-

ing, but also for phase adjustments during nonlinear photonics processes as we already

discussed in Chapter-2. In this chapter we have investigated and designed both p-i-n/p-n

waveguide based electro-optic phase-shifters as well as doped and metal microheater in-

tegrated thermo-optic phase-shifters. The design parameters along with the simulation

results are discussed such that the devices can be fabricated using the in-house fabrica-

tion facilities available at IIT Madras. Section- 3.1 deals with the design and simulation

results to integrate p-i-n/p-n phase shifters using diffusion doping on SOI substrates.

The doped microheater based thermo-optic phase shifters are presented in Section 3.2

followed by the metal microheater based thermo-optic phase shifters in Section 3.3.

Finally, the chapter is summarized in Section 3.4.

3.1 Electro-optic Phase Shifters: P-I-N/P-N waveguides

The p-i-n/p-n waveguide junction diodes are considered to be important components for

silicon photonics applications such as variable optical attenuator [121], on-chip Raman

laser [112], two-photon absorption based photodetector [122], modulator [123, 124],

and high-speed energy efficient transceiver circuits [125]. For all these applications,

the junction diodes are mostly used to control the free carrier concentrations (holes and

electrons) in the waveguide and hence properties of guided optical modes via plasma

dispersion effect [76]. Typically, p-type and n-type doping regions are defined suitably

across the waveguide by ion implantation method. The rib waveguide cross-sectional

geometry is usually predefined to obtain desired overlaps between guided modes and

injected/depleted free carrier concentration profiles. For depletion based modulator de-

signs, the desired p-n junction profiles (e.g. U-shaped) are achieved by controlling the



ion implantation parameters/conditions such as energy of implanted ions, angular posi-

tioning of waveguide substrate w.r.t. incoming ion flux etc. [126, 127, 128, 129]. For

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 3.1: Fabrication process flow (see text for process parameters) and schematic
cross-sectional views: (a) oxidation for masking during phosphorous diffu-
sion, (b) etching of oxide for phosphorus diffusion window, (c) phospho-
rous diffusion, (d) oxidation for masking during boron diffusion,(e) etching
of oxide for boron diffusion window, (f) boron diffusion, (g) removal of ox-
ide after diffusion, (h) blanket etching to control device layer thickness of
H , (i) rib waveguide definition (width W and slab height h optimized for
single-mode guidance at λ ∼ 1550 nm) by ICP-RIE using photoresist mask,
(j) oxidation for surface passivation, (k) oxide etching for metal contacts, (l)
metalization.

our work, to control the nonlinear phase by an integrated phase-shifter we have pre-

sented the design to integrate a p-i-n/p-n diode with the rib waveguide using diffusion
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doping. As we have limitations on fabrication processes for doping, we have used dif-

fusion doping on higher device layer thickness and reduced the dimensions to achieve

the final smaller device layer. The fabrication steps to achieve p-i-n/p-n diodes using

diffusion doping for different device layer thickness are shown in Fig. 3.1. We have

also shown the possibility to engineer a predefined diffusion doped junction profile by

controlling the device layer thickness (H), waveguide parameters (rib width : W and

slab height : h) and position w.r.t. the doping windows in the following subsections.

Thus the proposed approach provides additional freedom for the design of application

specific waveguide parameters [130, 131, 22].

3.1.1 Design Parameters and Process Flow

The fabrication process steps of the proposed scalable SOI waveguide with laterally in-

tegrated p-i-n/p-n diodes is described in this section. Initially, a desired junction diode is

formed by diffusing n-type and p-type dopants on a lightly p-type doped (∼ 1014 cm−3)

SOI substrate with a thicker device layer (H0 > 1 µm). Synopsys Taurus TSUPREM4

software [132] has been used to optimize the process parameters like oxide growth

for hard mask, diffusion time t, temperature T and ambiance inside the furnace. The

sequential fabrication steps and optimized process parameters in detail are as the fol-

lowing:

First, an oxide layer thickness of∼ 600 nm is grown by thermal oxidation process at

T = 1000◦C (dry : wet : dry oxidation for 20 : 110 : 20 minutes followed by 20 minutes

annealing in N2 ambiance) to be used as mask during phosphorous diffusion (n-type

doping). Standard photolithography followed by oxide etching defines the window for

phosphorus diffusion. This diffusion process is carried out at T = 900◦C for t = 3 hrs,

resulting into a Gaussian dopant profile with a junction depth of∼ 0.5 µm and a surface

concentration of ∼ 3 × 1020 cm−3. Afterwards, an additional oxide layer thickness of

∼ 300 nm is grown and subsequent photolithography, oxide etching were carried out to

define the boron diffusion window. Boron diffusion (p-type doping) is performed at T

= 1100◦C for t = 2 hrs, which is then followed by a final drive-in step in N2 ambiance

at T = 900◦C for t = 1 hr.
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(a) (b)

(c)

Figure 3.2: Concentration profile along the device layer after all the process steps (be-
fore blanket etching) for (a) n-doped region, (b) p-doped region. Point A
corresponds to the initial SOI surface, point B is the SOI surface after all
the oxidation and diffusion steps (corresponding to Figure 3.1(g)), point C
is the silicon device layer and Buried Oxide (BOX) interface and point D is
the end of the BOX (1 µm thickness was considered for simulation), (c) net
doping concentration across the junction at different device layer thickness
(0.25 µm, 0.5 µm, 0.75 µm and 1 µm).

The fabrication process flow described above provides nearly uniform doping con-

centrations up to the BOX layer for both p-type and n-type dopants and the gradient

in the lateral direction is controlled by the gap G between the doping windows. The

concentration profiles are extracted from the process simulation performed. A nearly

step-type concentration profile with surface concentration of ∼ 9 × 1019 cm−3 and

∼ 5 × 1019 cm−3 is obtained in both the ‘n’ and ‘p’ - doped regions respectively as

shown in Figures 3.2(a) and 3.2(b). Point A in Figures 3.2(a) and 3.2(b) is marked as
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the top surface of the initial H0 = 1.5 µm. As a result of the thermal oxidation steps

(as in Figure 3.1(a) and 3.1(d)) silicon has been consumed and the effective height re-

duces from point A to point B. Point C marks the interface between the end of silicon

device layer end and the buried oxide layer (BOX). Point D marks the end of the BOX

(1 µm thickness was considered for simulation). Dopant concentration profile along the

horizontal slices are also extracted. Figure 3.2(c) shows the net doping concentration

along the horizontal direction for device layer thickness of 1 µm, 0.75 µm, 0.5 µm, and

0.25 µm. It is observed that the neutral concentration point (junction) has a lateral shift

from exact mid-point of the gap (G) between doping windows (right of x = 0 µm on

Figure 3.2(c)), which can be understood from the fact that the doping concentration in

n-region is slightly more than that of p-region.

Once the ‘p’ and ‘n’ -regions are defined as discussed above, the wafer/substrate

is ready to be etched to any desired device layer thickness H (≤ 1.1 µm, for a given

H0 = 1.5 µm) by using standard inductively-coupled plasma reactive ion etching (ICP-

RIE). A blanket ICP-RIE with standardized recipe is necessary to control the device

layer thickness without any degradation of surface quality. An appropriate lithography

process and subsequent dry etching (ICP-RIE) are performed to define the waveguide

along the center line (or shifted laterally by δ, if necessary) between doping windows.

Here the gap (G) between the p-type and n-type doping windows (hence the actual posi-

tion of the junction), value of δ, waveguide parameters W,H, and h decide the junction

profile under the rib waveguide; they are studied in detail using a device simulator and

discussed in the following sections. Once the waveguide is defined, final steps of fab-

rication, i.e. surface passivation (thermal oxide ∼ 200 nm) and metalization (to obtain

the metal contacts or vias) are carried out. So far we have discussed the junction pro-

files for an initial device layer thickness of H0 = 1.5 µm. However, the same diffusion

parameters can also be used for higher initial device layer thicknesses (e.g.,H0 = 2 µm),

but with a slight modification of junction profile.
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3.1.2 Simulation Results: Optical

(a) (b)

(c) (d)

(e) (f)

Figure 3.3: Single-mode cut-off in W − h plane for the guidance of both TE and TM-
polarization at λ = 1550 nm. The color gradient is the measure of confine-
ment strength of the fundamental guided mode underneath the rib width:
(a) H = 1 µm (TE), (b) H = 1 µm (TM), (c) H = 0.5 µm (TE), (d) H = 0.5
µm (TM), (e) H = 0.25 µm (TE), (f) H = 0.25 µm (TM).

We have studied the electro-optic properties of three different single-mode waveg-

uide designs integrated with p-i-n/p-n junctions as described earlier. For that we have

chosen three different device layers viz., H = 1 µm, 0.5 µm and 0.25 µm, respectively.

The waveguide widths W and slab heights h are optimized by simulating the single-
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(a) (b)

(c)

Figure 3.4: Simulated electric field distributions (Ex component) for the guidance of
TE-polarization in single-mode waveguides (λ = 1550 nm) with SiO2 sur-
face cladding: (a) W = 1 µm, H = 1 µm, and h = 0.6 µm; (b) W = 0.6 µm,
H = 0.5 µm, and h = 0.25 µm; (c) W = 0.5 µm, H = 0.25 µm, and h = 0.1
µm.

mode cut-off regions for each of the device layer thicknesses, using Lumerical MODE

Solution [133]. Figs. 3.3(a) - 3.3(f) shows the contour plots for all the three device

layer thickness for rib-width (W ) vs. slab height (h), respectively. The color gradient

shows the power confinement factor (Γ) for the fundamental mode (λ = 1550 nm, TE

and TM-polarization) under the rib waveguide cross-section. It is defined as the fraction

of power of the guided mode propagating within rib height (y1 ≤ y ≤ y2) and width
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(x1 ≤ x ≤ x2) and can be expressed as:

Γ =

x2∫
x1

y2∫
y1

(~E × ~H∗)zdxdy

∞∫
−∞

∞∫
−∞

(~E × ~H∗)zdxdy

(3.1)

where ~E and ~H are electric and magnetic field components of the guided fundamental

mode. The Γ values and single-mode guiding cut-offs are calculated with top cladding

as SiO2 (surface passivated), using Lumerical MODE Solutions [133]. The Γ value of

a given rib waveguide is one of the deciding factors to optimize the gap (G) between

doping windows depending on active device operations (e.g. VOA, Raman amplifier,

phase-shifter etc.).

The chosen set of waveguide parameters of {W,H, h} = {1.0 µm, 1.0 µm, 0.6 µm},

{0.6 µm, 0.5 µm, 0.25 µm}, {0.5 µm, 0.25 µm, 0.1 µm}, are found supporting only

the fundamental modes (verified for the guidance in TE-polarization at λ = 1550 nm)

and corresponding electric field distribution for Ex components are shown in Figure

3.4. The estimated modal confinements are 0.85, 0.86 and 0.76, respectively. It must

be noted that the single-mode waveguide designs with H = 1 µm and 0.5 µm support

both TE and TM-modes, whereas that for H = 0.25 µm supports only the TE-mode. A

combination of waveguide parameters (W,H, h) has to be chosen carefully to ensure

that the confinement factor is nearly equal for both the polarization in order to obtain

polarization independent behavior as mentioned in Table 3.1.

3.1.3 Simulation Results: Electro-optic

As mentioned earlier, the gap (G) between the doping windows and positioning the

rib waveguide (δ-shift) plays an important role in dictating bias dependent electro-optic

effect (plasma dispersion effect). The value of G was varied from 1 µm to 10 µm in steps

of 1 µm, to obtain both p-n and p-i-n junction diodes. Once the process parameters were

optimized using Synopsys Taurus TSUPREM4 software for these device dimensions,

electrical and optical simulations were performed using Lumerical DEVICE [134] and
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Table 3.1: Calculated confinement factor (Γ) for both TE and TM polarization of the
waveguide dimensions chosen for the three device layer thickness H = 1 µm,
H = 0.5 µm and H = 0.25 µm.

Waveguide geometry Pol. Γ [%]

H = 1 µm, TE 92
W = 1 µm, h = 0.6 µm TM 96

H = 0.5 µm, TE 86
W = 0.6 µm, h = 0.25 µm TM 93

H = 0.25 µm, TE 76
W = 0.5 µm, h = 0.1 µm TM -

MODE Solutions [133]. The doping profile of the simulated structure in TSUPREM

was imported to DEVICE simulator, which was then used to obtain electrical properties.

The I-V/C-V characteristics, free carrier concentration profiles and the electric field

profiles across junction were simulated.

The electric field profiles of the junction for various device layer thicknesses (ob-

tained by the surface etching) were simulated starting from H0 = 1.5 µm as the initial

thickness. Figures 3.5(a), 3.5(h), and 3.5(o) show the simulated 2D space charge field

profile for H = 1.0 µm, 0.5 µm and 0.25 µm, respectively. These device layer thick-

nesses were assumed to be obtained after blanket etching of the surface of initial device

layer thickness H0 = 1.5 µm with diffusion doped diodes. For each of these simula-

tions shown in Figure 3.5, the gap (G) between the doped regions was kept at 5 µm to

form p-n junction within rib region for a maximum overlap with the guided mode. The

simulation results for 2D space charge field distribution also confirm that the shape of

depletion region for each of the cases is not exactly straight. Moreover, the device layer

thickness in n-type doping window region is slightly reduced than the rest because of

additional oxide layer grown for masking during p-type doping. However, this hardly

influences if the rib waveguide is designed with a higher value of Γ and located right

near the metallurgical junction. Further, it is interesting to note that though the shape of

depletion region is slightly modified, the peak space-charge field remains nearly con-

stant as the device layer thickness reduces by surface etching.

Once the device layer is etched and reduced to the desired thickness (1 µm, 0.5 µm,
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Figure 3.5: Space charge fields (a) for SOI thickness H = 1 µm, [(b)-(g)] for rib waveg-
uides integrated with p-n diodes on H = 1 µm for various δ shifts, (h) for
SOI thickness H = 0.5 µm, [(i)-(n)] for rib waveguides on H = 0.5 µm for
various δ shifts, (o) for SOI thickness H = 0.25 µm and [(p)-(u)] for rib
waveguides on H = 0.25 µm for various δ shifts, at 0 V bias voltage. The
color grading is normalized to a scale of unity field strength.

0.25 µm), the respective designs of single-mode rib waveguides are defined. Figures

3.5(b), 3.5(i), and 3.5(p) show the space charge field strength for a single mode rib

waveguides with parameters{W,H, h} = {1.0 µm, 1.0 µm, 0.6 µm}, {0.6 µm, 0.5 µm,
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0.25 µm}, {0.5 µm, 0.25 µm, 0.1 µm}, respectively, which are defined exactly at the

center between p- and n-type doping windows. It is evident that the depletion region is

pushed towards p-type doping window because of slightly higher n-type dopant concen-

trations. However, the depletion region is desired to overlap well with the guided mode

for its efficient electro-optic control of the guided modes. A qualitative understanding

of electro-optic effects in silicon waveguide is helpful to interpret the simulation results.

The free electron concentration (∆Ne(x, y)) and hole concentration (∆Nh(x, y)) in the

waveguide are controlled by the applied bias voltage (V) across the diffusion doped

p-i-n/p-n junction as proposed. It is well-known that free carriers cause complex di-

electric constant change in the waveguide. The real part contributes to refractive index

change (∆n) and imaginary part causes additional attenuation coefficient (∆α). They

are expressed using Soref’s empirical model (for λ = 1550 nm) [76]:

∆n(x, y) = −[8.8× 10−22∆Ne(x, y) + 8.5× 10−18{∆Nh(x, y)}0.8] (3.2)

∆α(x, y) = [8.5× 10−18∆Ne(x, y) + 6.0× 10−18∆Nh(x, y)] (3.3)

where ∆Ne(x, y) and ∆Nh(x, y) are expressed in cm−3; ∆α(x, y) is in cm−1. Applying

perturbation theory [135], the changes in effective the refractive index and attenuation

coefficient for a guided mode can be expressed as:

∆neff =

∫ ∫
~E∗(x, y) ·∆n(x, y)~E(x, y)dxdy∫ ∫

|~E(x, y)|2dxdy
(3.4)

∆αeff =

∫ ∫
~E∗(x, y) ·∆α(x, y)~E(x, y)dxdy∫ ∫

|~E(x, y)|2dxdy
(3.5)

where ~E(x, y) is the electric field profile of the guided mode. Thus it is evident that

the positioning of waveguide w.r.t. junction location is crucial for designing phase

modulator and/or variable optical attenuator (VOA). First, we have studied the junction

profiles by shifting the waveguide laterally (δ) in steps, w.r.t. the center of doping

windows separated by 5 µm (see Figure 3.5). Thus we could find the optimized values
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of δ corresponding to largest overlap between guided mode and junction profile.

For our simulation studies on single-mode rib waveguides (three designs as dis-

cussed earlier) with laterally diffused p-n junctions, we have shifted the rib position at

steps of 100 nm towards the p-doping region (right) and compared the results to check

for their respective optimum positions (δopt). Figures 3.5(i) to 3.5(n) show the shifting

of rib for H = 0.5 µm and Figure 3.5(p) to 3.5(u) is for H = 0.25 µm. The shifting of

rib position for H = 1 µm is required slightly more as the rib width for this dimension

waveguides are higher compared to the waveguides defined on 0.5 µm or 0.25 µm.

(a) (b)

(c)

Figure 3.6: Change of neff as a function of reverse bias across waveguide p-n junc-
tion diode of reduced geometry with δ (offset from the middle of the gap
between doping windows) as a parameter for waveguide with device layer
thickness (a) H = 1 µm, (b) H = 0.5 µm, (c) H = 0.25 µm.

To optimize the rib waveguide position, we calculated the ∆neff as a function of

applied bias (up to -5 V) using Lumerical MODE Solution and they are plotted in Figure

3.6. It is observed from Figure 3.6(a), that for H = 1 µm the maximum ∆neff is obtained
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for δ ∼ 300 nm. For δ > 300 nm, the value of ∆neff decreases as shown with the

dashed lines. It is further evident in Figure 3.6(b) and 3.6(c) that the values of ∆neff

are maximum for δ ∼ 400 nm. Thus the positioning of waveguide w.r.t. the doping

windows plays an important role in optimizing the figures of merit of silicon waveguide

based electro-optic devices.

Table 3.2: Calculated junction peak electric field strengths for three different single-
mode waveguides designed with device layer thickness of H = 1 µm, H = 0.5
µm and H = 0.25 µm for varying δ. The peak electric field strength at 0 V
bias (E0) and -5 V bias (E−5) are compared.

δ [nm] H = 1 µm H = 0.5 µm H = 0.25 µm
W = 1 µm, h = 0.6 µm W = 0.6 µm, h = 0.25 µm W = 0.5 µm, h = 0.1 µm

E0 [V. µm−1] E−5[V. µm−1] E0[V. µm−1] E−5[V. µm−1] E0[V. µm−1] E−5[V. µm−1]
0 10.2 38.3 10.2 35.7 10.3 34.1

100 11.2 39.8 11.3 41.7 9.3 31.1
200 11.9 41.7 9.74 36.2 12.3 47.3
300 12.0 41.8 11.5 38.7 10.3 34.9
400 12.0 41.9 11.9 40.1 11.3 38.1
500 12.0 41.9 11.8 39.4 11.4 39.0
600 12.0 41.8 - - - -

It must be noted that the doping profiles and the reverse bias operation should be

adjusted such that the field strength does not exceed the breakdown field strength of

Ebd ∼ 40 V.µm−1 for silicon crystal [76]. The calculated values of peak electric field

strengths E0 (at 0 V bias) and E−5 (at -5 V bias) across the junction are given in Table

3.2, for three representative single-mode waveguides with δ values varying from 0 to

600 nm (as described earlier). The results suggest that an optimum value of δ between

300 nm to 400 nm can be used safely for a reverse bias voltage not exceeding -5 V in

case of all the three single-mode waveguide dimensions.

We have also studied device performances by varying G from 2 µm to 10 µm in steps

of 1 µm to compare refractive index changes, loss figures, and junction capacitances -

they are shown in Figures 3.7(a), 3.7(b), and 3.7(c), respectively, for the waveguide

fabricated with H = 250 nm. It is observed from the simulation results that till G = 6

µm, the diode behaves like p-n junction, whereas for G > 6 µm, it is p-i-n junction

diodes. As observed from Figure 3.7(a) the change in effective index of the optical

mode reduces as the gap increases. But it should also be noted that the optical loss is

very high for lower gaps. From the Figure 3.7(a) and 3.7(b) we can say that a gap (G)
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(a) (b)

(c)

Figure 3.7: The calculated (a) change of neff , (b) optical attenuation, (c) junction ca-
pacitance, as a function of reverse bias across the waveguide diodes (p-n
junction) designed with device layer thickness H = 0.25 µm, and gap be-
tween doping windows as a parameter.

of 6 µm between the doping windows will give low loss but also low ∆neff . So a gap

(G) around 5 µm between the doping windows will be the optimum, taking both the

factors into consideration. Some figures of merit like the confinement factor, optimal

offset of the rib waveguide (δ), junction capacitance (Cj), length of the doping region

for a π phase change (Lπ) and VπLπ corresponding to G = 5 µm are given in Table 3.3.

It is evident from Figure 3.7(a) that for G = 6 µm, the effect of reverse bias causes

little change in refractive index of the guided mode. However, we can design waveg-

uides with p-i-n junction for G ≥ 6 µm to operate in forward bias for applications like

low-speed switches, VOAs, etc. Figure 3.8 shows the electro-optic characteristics of

the diode under forward bias junction for gaps varying from 7 to 10 µm. It is clear

that a gap of 7 µm forms a narrow intrinsic region leading to more refractive index
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change because of very good overlap between carriers and optical mode. However,

the imaginary refractive index change adds more optical insertion loss even under no

bias. It may also be noted that larger gap can reduce the insertion loss but suffer the

disadvantage of low speed and higher power consumption for a given refractive index

modulation. The change in refractive index of ∼ 2 × 10−3 and attenuation of ∼ 3.5 dB

mm−1 are achieved at a forward bias of 1.2 V for the doping window gaps of ≥ 8 µm.

These design flow shows the technique to integrate electro-optic phase shifters with

rib waveguides for different device layer thickness using diffusion doping, and finally

reduce it to photonic wire waveguide dimensions.

(a) (b)

(c)

Figure 3.8: Simulated (a) I − V characteristics, (b) change of neff as a function of
forward bias, (c) optical loss as a function of forward bias across a waveg-
uide diode (p-i-n junction) of reduced geometry (H = 0.25 µm) with gap (G)
between doping windows as a parameter.
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Table 3.3: Optimized device parameters for three devices layer thicknesses (H = 1 µm,
0.5 µm, 0.25 µm) with gap between doping windows G = 5 µm.

Optimized parameters H = 1.0 µm, H = 0.5 µm, H = 0.25 µm,
W = 1.0 µm, W = 0.6 µm, W = 0.5 µm,
h = 0.6 µm h = 0.25 µm h = 0.1 µm

Confinement Factor 0.85 0.86 0.76

δopt[nm] ∼ 300 ∼ 400 ∼ 400

Cj[ fF.µm−1] at V = 0 V 6.3 0.58 0.36

Lπ[mm] at V = −5 V 8.6 5.9 4.8

VπLπ[V − cm] at V = −1 V 2.7 2.1 1.6

3.2 Thermo-optic Phase shifters: Doped microheater

Conventionally, p-n/p-i-n diodes are integrated with the ring waveguides for high-speed

modulation/switching operations using plasma dispersion effect. Nevertheless, due to

the low-loss offered by thermo-optic phase shifter, its finds attractive applications like

reconfiguration of operating wavelength [93, 79], mitigating fabrication errors and ther-

mal stabilization [83, 84]. The microheaters integrated with the MRR are mostly re-

ported to be deposited on the top oxide cladding [79, 52]. Even though they provide

higher wavelength tunability, their main drawback is on the transient response [95].

Hence we study the MRR tunability as well as response time by integrating micro-

heaters on the slab of the MRR. We present both p-doped microheaters as well as metal

microheater integrated on the slab of the MRR.

3.2.1 Design of Doped Microheater Integrated with MRR

Figure 3.9: Schematic top-view of the slab doped microheater integrated with MRR.
The microheater is flared to Aluminium contact pads. Grating coupler (GC)
is used for optical interfacing.
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A slab integrated doped heater is desirable over thin metallic strip microheaters, as

it can be fabricated along with the p-n/p-i-n diodes, hence reducing additional process

steps of metal deposition. Fig. 3.9 shows the schematic top-view of the MRR inte-

grated with p-doped microheater on the slab of the waveguide. We have designed the

thermo-optically tunable microring resonator (all-pass configuration) using p-type dif-

fusion doped microheater in SOI substrate with a starting device layer thickness (H′)

of 250 nm. As previously mentioned, the fabrication limitation of doping using ion-

implantation had made us develop the technology to diffuse the dopants in a thicker

device layer and reduce it to low device layer thickness. Here, we have chosen 250 nm

SOI device layer as the starting thickness and for the microheater, as only one type of

dopant is required, we have optimized the process parameters such that the final de-

vice layer reduces to ∼220 nm after all the high temperature oxidation and diffusion

processes.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3.10: Schematic cross-section of the fabrication process flow for doped micro-
heater integrated microring resonator, (a) SOI wafer of device layer H’
= 250 nm, (b) oxidation for masking during boron diffusion, (c) etching
of oxide for boron diffusion, (d) boron diffusion and oxide removal, (e)
lithography for waveguide diffusion, (f) etching of rib waveguide, (g) ox-
idation for surface passivation, (h) oxide etching and aluminum metaliza-
tion for contact pads .

Fig. 3.10 shows the complete process steps schematically. A thin oxide was grown

to act as mask for the diffusion process. Lithography followed by oxide etching, opened

the window for diffusion doping for the doped microheater. Boron was chosen due to

its high diffusivity, thus reducing the diffusion time and also preventing the wafer from

exposure to high temperature- oxygen ambience. The rib waveguides were fabricated
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after the diffusion so that a thicker device layer was available for the diffusion process

which gives precise control on the dopant concentration. Final step of surface passiva-

tion and metallization completed the MRR integrated with p-doped microheater. The

complete process of boron diffusion followed by waveguide definition and metallization

was simulated in TSUPREM4 process simulator.

3.2.2 Simulation Results

The process simulation was performed considering a 250 nm SOI substrate. Dry oxi-

dation at 900◦C was used for the masking layer for the diffusion process. Lithography

followed by dry etching of SiO2 from the diffusion window was followed by Boron

diffusion. The temperature of Boron diffusion was considered to be 1100◦C from the

data sheet specifications of the Boron Nitride wafers used for fabrication. The peak

dopant concentration of ∼ 3 × 1018 cm−3 was obtained after all the process steps of

surface passivation and metallization. A thin layer of silicon-di-oxide was grown using

dry oxidation for the surface passivation. The doping profile along the depth of the SOI

was extracted and plotted in Fig. 3.11(a). The vertical dotted lines demarcate the sili-

con slab from the BOX layer in Fig. 3.11(a). The concentration profile shows a nearly

constant concentration in the slab region.

(a) (b)

Figure 3.11: Simulated doping concentration of Boron along the depth of SOI wafer,
(b) simulated optical loss for different gap between the rib waveguide and
the doped micro-heater.

The 2D concentration profile for the complete structure was imported to Lumerical

51



DEVICE simulator to study the electrical characteristics. The concentration profile was

extended in the other direction to form a 3D structure having microheater length of

10 µm. The length of the total structure was restricted due to the computation time

and memory. The 2D heat profile of the device for an applied bias of 2V is shown in

Fig. 3.12(a). The temperature profile was further extracted along a slice (for a fixed

‘y’) 10 nm below the waveguide slab. The extracted temperature along the slice for

different voltage values are plotted in Fig. 3.12(b). Convective boundary condition

of 5 W/m2K flow has been considered in the top surface for the silicon-di-oxide:air

interface. Finally the total heat profile was imported to Lumerical MODE Solution to

calculate the optical loss and optimize the separation between the MRR and the doping

window. It is observed that closer the MRR is to the doped heater, more is the optical

loss due to absorption. The loss obtained for 2 µm gap is 0.02 dB/cm as shown in Fig.

3.11(b), which can be considered for fabrication.

(a)

(b)

Figure 3.12: (a) Simulated temperature profile showing the cross-section of the doped
microheater, (b) extracted temperature profile for a slice 10 nm below the
top of the waveguide slab.
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3.3 Thermo-optic Phase-shifters: Metal microheater

The other way to integrate microheaters with the MRRs is by using metal strips. This

subsection deals with the design and simulation of Titanium microheater integrated with

MRR.

3.3.1 Design of Metal Microheater Integrated MRR

(a)

(b) (c)

Figure 3.13: Schematic of (a) design layout showing a set of three identical rib waveg-
uide MRRs (D1, D2 and D3) integrated with identical slab integrated Ti-
strip microheaters of three different lengths approximately covering one-
quarter, two-quarter, and three-quarter lengths of the MRRs along with
input/output grating couplers (GC) for optical interfacing and Al contact
pads for electrical interfacings; (b) cross-section view of the directional
coupler used for light coupling between the ring and bus waveguides (W -
waveguide width, H - waveguide height, h - slab height, g - gap between
ring and bus waveguides, BOX - buried oxide); (c) cross-section view of a
waveguide-slab-integrated Ti-strip microheater (WH and tH are the width
and thickness of Ti-strip, respectively, and G is the distance between rib-
waveguide and Ti-strip).

53



Fig. 3.13(a) shows the design layout of devices fabricated for experimental inves-

tigations. Three different lengths of phase shifters (LH = 83.5 µm, 162 µm and 240.5

µm) are integrated in three identical rib waveguide MRRs (D1, D2 and D3) in all-pass

configuration.

(a)

(b)

(c)

Figure 3.14: (a) Schematic top-view showing the fabrication process steps for micro-
heater integrated MRR: (a) rib waveguide and MRR fabrication, (b) Alu-
minum patterning and lift-off for contact pads, (c) Titanium patterning and
lift-off for microheater.

The same design of single-mode rib waveguide (width W = 420 nm, height H =

220 nm, slab height h = 150 nm), supporting only the fundamental TE-mode operating
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in optical telecommunication band (λ ∼ 1550 nm) has been used for bus and ring

waveguides. The cross-section views of ring-bus directional coupler (DC) and slab

integrated microheater waveguide phase-shifter have been shown schematically in Figs.

3.13(b) and 3.13(c), respectively. The Ti-strip (resistive microheaters) of targeted width

WH = 1 µm and thickness tH = 100 nm are considered to be placed at a distance of

2 µm (G) from the waveguides to avoid attenuation loss of guided light. All the three

microheaters have identical flarings leading to the Al contact pads of dimensions 100

µm× 150 µm (thickness∼ 200 nm); this is to reduce Joule heating outside the effective

length of a microheater [136].

Fig. 3.14 shows the fabrication steps to integrate the Titanium microheater with the

MRRs. In the first step the rib waveguides are defined and dry etched. In the second

step the Aluminium contact pads are fabricated using subsequent lithography and lift-

off processes. Finally the Titanium microheaters are deposited using similar lithography

and lift-off processes. The fabrication results will be discussed in the next chapter.

3.3.2 Simulation Results

The devices with the exact dimensions of the MRR and the metal microheater were

simulated using COMSOL Multiphysics to estimate the heat spread and the tempera-

ture rise in the waveguide core (w.r.t background temperature = 300 K) with the power

dissipated. A buried oxide (BOX) layer of 2 µm and a handle layer of 10 µm is con-

sidered in the simulation. The values of various thermal and electrical parameters like

specific heat capacity, thermal conductivity, electrical conductivity, thermo-optic coef-

ficients for silicon, silicon-di-oxide and Ti has been chosen similar to [95, 100] and is

tabulated in Table 3.4. Fig. 3.15(a) - 3.15(c) shows the temperature profile along the

ring waveguide for a dissipated power of 50 mW. The rise in temperature obtained in

the waveguide core (∆T) due to the application of various power levels (in mW) for

all the three microheater lengths (D1, D2 and D3) have been extracted and plotted in

Fig. 3.15(d). The temperature rise is highest for D1 due to its shortest length and scales

proportionally for the other two lengths of microheaters. Fig. 3.15(e) shows the 2D

temperature profile extracted from the 3D simulation of D3 for an applied power of 20
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(a) (b)

(c) (d)

(e)

Figure 3.15: Simulated 3-D temperature profile extracted from COMSOL Multiphysics
of the designed rib waveguide MRRs integrated with slab integrated micro-
heaters: (a)LH = 83.5 µm (D1), (b)LH = 162 µm (D2), (c)LH = 240.5 µm
(D3) for 50 mW of electrical power which is assumed to be dissipated uni-
formly along the waveguide, and (d) ∆T obtained in the waveguide core
as a function of dissipated power (mW) for all the three device geometries
(D1, D2 and D3), (e) 2D temperature profile for the cross-section showing
the rib waveguide integrated with the Ti metal microheater placed.

mW to the heater. This figure helps us to visualize the heat spread from the microheater

to the rib waveguide.

The transient response of the devices were studied using COMSOL Multiphysics.
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Table 3.4: The values of thermal and electrical parameters used for COMSOL Simula-
tion [100, 95]

Material Properties Silicon Silicon-di-oxide Titanium

Specific heat capacity [J/kg.K] 700 730 544

Density [kg/m3] 2329 2200 4506

Thermal conductivity [W/m.K] 15-140 1.4 21.9

Electrical conductivity [S/m] 8.7 10−15 2.6 × 106

Thermal expansion coefficient [1/K] 2.6 × 10−6 0.5 × 10−6 8.6 × 10−6

Refractive Index (at λ = 1550 nm) 3.4447 1.444 3.6848 + j4.6088

Fig. 3.16 shows the simulated transient response of all the three devices D1, D2 and

D3. The rise time and fall time obtained for the devices (rise and fall between 10% to

90 % of the maximum value) were ∼ 4 µs. This design was used to further fabricate

the devices and characterise them.

Figure 3.16: Simulated transient response of the Titanium microheaters for device D1.
D2 and D3 for 50 mW of electrical power supplied to the microheaters.

3.4 Summary

In summary, the design of both electro-optic and thermo-optic phase-shifters have been

studied. A technique to fabricate p-i-n/p-n diodes using diffusion doping for different

device layer thickness was proposed, such that the diffusion is performed at a higher
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device layer and finally reduced to photonic wire dimension. Detailed simulation stud-

ies were performed to optimize diffusion parameters and waveguide geometry for three

different device layer thickness viz. 1 µm, 0.5 µm and 0.25 µm. The waveguide param-

eters were chosen by considering single mode guidance and maximum confinement of

the optical mode in the rib waveguide to ensure maximum change in the effective index.

Next, thermo-optic phase shifters were designed. Slab integrated doped microheaters as

well as metal microheaters with MRRs were studied. The complete process simulation

for optimizing the steps of p-doped microheater was performed in TSUPREM4 simu-

lator and the concentration profile was exported to Lumerical DEVICE to perform the

electrical simulations and obtain the temperature rise in the rib waveguide core. Then

the temperature profile was exported to Lumerical MODE to estimate the optical loss

and optimize the separation of the microheater from the MRR. For the metal micro-

heater, thermal simulations were performed using COMSOL Multiphysics to estimate

the temperature in the rib waveguide core for different applied electrical power in the

metal microheater. Also the transient response of the devices were simulated to estimate

the response time. These designed devices were used for fabrication and characteriza-

tion to finally demonstrate the electrical control of the optical bistability of the MRRs.

The fabrication and characterization results will be discussed in Chapter-4, followed by

the electrical control of the bistability in Chapter-5.
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CHAPTER 4

Device Fabrication and Characterization

The phase-shifters and the microring resonators that were designed in Chapter-3 were

fabricated using the in-house facilities available at the Centre for NEMS and Nanopho-

tonics (CNNP), IIT Madras. The MRR and phase-shifter fabrication along with the

characterization results will be presented in this chapter. Electro-optic phase shifters

were attempted to be fabricated using diffusion doping starting from a higher device

layer thickness. Variable optical attenuators and two-photon absorption based photodi-

odes are reported using the p-i-n diodes on 2 µm SOI. Further the attempt to integrate

the diodes on a lower SOI device layer thickness will be presented. The preliminary

fabrication and characterization results will be discussed in Section 4.1 for the p-i-n/p-n

diodes. Fabrication challenges faced during the process of reducing the device layer

thickness and reducing to photonic wire dimensions will also be explained. In Sec-

tion 4.2 we will discuss the fabrication and characterization results of MRRs integrated

with p-doped microheaters. Section 4.3 discusses about the integration of metal micro-

heaters on the MRRs along with the various parameter extraction of MRRs and basic

characterization results. A comparison between p-doped microheater and the Titanium

microheater is presented in Section 4.4. Finally, a brief summary is presented on the

overall device fabrication and the characterization results obtained.

4.1 P-I-N/P-N Waveguides

The fabrication of the electro-optic phase-shifters were done according to process flow

mentioned in Chapter-3. Prior to that p-i-n waveguide phase shifters were fabricated on

2 µm SOI using the process flow already reported by our lab members [137, 138]. This

process flow is slightly different than the method adopted to obtain p-i-n/p-n diodes for

lower SOI device layer thickness. Fig. 4.1 shows the fabrication process steps to inte-

grate p-i-n diode using diffusion doping on 2 µm SOI. The rib waveguide is defined and



etched first using photolithography. Growing of masking oxide, followed by definition

of phosphorous diffusion window is performed next. Once the phosphorous diffusion is

performed, similar masking oxide is grown for boron diffusion. Lithography followed

by oxide etching from the diffusion windows makes the sample ready for boron diffu-

sion. After boron diffusion is complete, the masking oxide is removed completely and

a fresh oxide layer is grown for surface passivation. Finally metallization is done for

the contact pads.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.1: Schematic cross-section depicting the process steps for fabricating p-i-n
diodes on 2 µm SOI: (a) rib waveguide fabrication, (b) oxidation for mask-
ing for phosphorous diffusion, (c) lithography and etching of oxide from
diffusion window, (d) phosphorous diffusion, (e) oxidation for masking for
boron diffusion, (f) lithography and etching of oxide from diffusion win-
dow, (g) boron diffusion, (h) surface passivation, (i) metallization for con-
tact pads .
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4.1.1 Device Layout and Fabrication

The photolithography masks were fabricated first for demonstrating the p-i-n waveg-

uides on 2 µm SOI. Fig. 4.2-4.5 show the mask layouts used to develop the mask plates

used for photolithography. Fig. 4.2 shows the mask for the rib waveguides which were 2

cm long. The phosphorous and boron diffusion windows were opened using the masks

shown in Fig. 4.3 and 4.4. The mask layout for the contact pads is shown Fig. 4.5.

Three different length of diodes (250 µm, 500 µm and 750 µm) were considered for the

study. The gap between the doping windows and the rib waveguide was varied from 1

µm to 4 µm.

Figure 4.2: Layout of the waveguide mask used to fabricate the p-i-n waveguides on 2
µm SOI.

Initially, p-type SOI wafers of 2 µm device layer thickness with background con-

centration of ∼ 1014 cm−3 were cleaned using standard silicon cleaning techniques

(Appendix A.2). Since photolithography, oxidation, diffuion and metallization are the

main steps which can handle batch processing, we have considered three samples in one

run. Positive photoresist S1805 was used to define the waveguides of width 2 µm using
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Figure 4.3: Layout of the phosphorus diffusion window mask used to fabricate the p-i-n
waveguides on 2 µm SOI.

Figure 4.4: Layout of the boron diffusion window mask used to fabricate the p-i-n
waveguides on 2 µm SOI.
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Figure 4.5: Layout of the contact pads mask used to fabricate the p-i-n waveguides on
2 µm SOI.

the mask shown in Fig. 4.2. Details of the spin-coating parameters are given in Ap-

pendix A.3. The samples were hard-baked to be etched using ICPRIE. SF6 and CHF3

gases were used to etch silicon for ∼ 500 nm and obtain a single mode rib waveguide

whose simulated mode profile was shown in Chapter 2. Thermal oxidation (dry : wet :

dry : anneal :: 20 : 120 : 20 : 20 mins) at T = 1000◦C was done on the cleaned samples

to achieve a thickness of ∼ 600 nm which acted as a masking oxide during phospho-

rous diffusion. A standard photolithography (i-line, λ = 365 nm, positive photoresist:

S1813) using the mask shown in Fig 4.3, followed by dry oxide etching (ICP-RIE,

CHF3 : Ar chemistry) was carried out to open the phosphorous diffusion window.

Phosphorus-oxy-chloride (POCl3) was used as the liquid source of diffusion to dope

the n-type junction. The diffusion was carried out for 2 hrs at 800◦C. After removing

phosphosilicate glass (PSG) in Buffered HF solution, the samples were again oxidized

(dry : wet : dry : anneal :: 20 : 50 : 20 : 20 mins at 1000◦C) to grow masking layer (∼

300 nm) for boron diffusion. Another photolithography step using the mask shown in

Fig. 4.4 and subsequent oxide etching was carried out to open the boron diffusion win-

dow. Boron Nitride (BN1100) wafers were used as the solid source of diffusion to form
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(a) (b)

(c) (d)

Figure 4.6: Confocal microgarph of the 2 µm SOI devices fabricated showing the dif-
ferent fabrication steps (a) after phosphorus diffusion, (b) after boron diffu-
sion, (c) after surface passivation, (d) metallization.

the p-type junction. The process was carried out at 1100◦C for 20 mins. After removing

the complete masking oxide, a fresh layer of silicon-di-oxide was grown to passivate

the silicon surface. Final step of photolithography was performed using S1813 positive

photoresist and the mask plate having the layout shown in Fig. 4.5 followed by removal

of oxide from the doping windows. Aluminium was deposited on the sample surface

using thermal evaporation and lift-off was performed using Acetone to obtain the metal

contact pads. Sheet resistances were measured after every diffusion steps. 14 Ω/� and

9 Ω/� values of sheet resistance was obtained for the n-doped and p-doped regions re-

spectively which closely matches with the simulation results obtained from TSUPREM
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process simulations.

(a) (b)

Figure 4.7: SEM image of the fabricated waveguides on 2 µm SOI showing the (a)
cleaved end-facet, (b) polished end-facet.

Figs. 4.6(a) and 4.6(b) show the confocal micrograph of the fabricated devices

with the phosphorous doping window and boron doping window along with the straight

waveguide respectively. The image of the sample after surface passivation oxide is

shown in Fig.4.6(c). The final device, p-i-n diode integrated waveguide along with

the metal contact pads is shown in Fig. 4.6(d). The samples were cleaved and the

waveguide end facets were polished to prepare them for characterization. Figs. 4.7(a)

and 4.7(b) show the SEM imagees of the cleaved end-facet and polished end facet of

the fabricated waveguide respectively.

4.1.2 Characterization Results

The polished waveguides fabricated on 2 µm SOI were characterized using the free-

space coupling setup shown in Fig. 4.8. The laser light was passed through the po-

larization controller (PC) to the input collimator lens which collimates the light . The

collimated light beam is passed through a polarizer and an input lens in used to focus

the beam into the input facet of the rib waveguide. The output light from the waveguide

is collected by the output lens and is sent to a power meter using a polarizer. A com-

puter is connected to the power meter to obtain the wavelength sweep data. For biasing

the p-i-n diodes a source measure unit (SMU) is connected as shown in the schematic

in Fig. 4.8. The polished waveguides were characterized using the Fabry-Perot loss
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Figure 4.8: Schematic of the lens-coupling set-up used for characterizing the 2 µm
SOI p-i-n waveguides. PC: Polarization Controller, IC: Input Collimator, L:
Lens, P: Polariser, SMU: Source Measure Unit.

measurement method and the wavelength sweep data of the optical output power from

the waveguide is shown in Fig. 4.9(a) and 4.9(b) for TE and TM modes respectively.

(a) (b)

Figure 4.9: Fabry-Perot loss measurements showing the optical output power vs. wave-
length for (a) TE polarization, (b) TM polarization.

The waveguide loss was measured using the following equation [99]:

α[dB/length] = −4.34

L
ln[

1

R

√
ζ − 1√
ζ + 1

] (4.1)

where, ζ = Imax

Imin
, Imax and Imin being the maximum and minimum output power for

two consecutive peak and dip in the waveguide response. L is the total length of the

waveguide and R is the reflectivity at the silicon-air interface though which the laser
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(a) (b)

Figure 4.10: Measured optical mode profile for (a) TE polarization, (b) TM polariza-
tion.

beam is launched into the waveguide. The waveguide loss was measured for both TE

and TM polarizations were found to be 1.85 dB/cm and 1.9 dB/cm. The measured

optical mode profiles for TE and TM modes are also shown in Fig. 4.10(a) and 4.10(b)

respectively. The mode size obtained were 5 µm× 3.5 µm and 4.8 µm× 3.5 µm for the

TE and TM modes respectively. These values are slight higher than those obtained using

Lumerical MODE simulations. These modes were measured using infra-red cameras

from Newport.

The passive measurements of the devices were followed by the active measurements

of the p-i-n waveguides. Two different applications were studied: variable optical atten-

uator(VOA) and two-photon absorption based photodetector(PD). Fig. 4.11 shows the

optical attenuation for both the TE and TM polarizations obtained for the 500 µm length

of the diodes integrated with the rib waveguides for the gaps varying from 1 µm to 4

µm. With the application of forward bias current, the carriers are injected into the in-

trinsic rib waveguide region and absorbs the optical light that passes through it. Hence,

attenuation is obtained in these devices with the increase in the bias. For a particular

bias current, the attenuation reduces with the increase in the distance of the doped re-

gion from the rib waveguide. For the devices fabricated a maximum attenuation of ∼

10 dB is achieved for 100 mA of input bias current. The VOA characteristics also show

that the devices were polarization independent, as similar amount of attenuation was

obtained for both TE and TM modes.
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(a) (b)

(c) (d)

Figure 4.11: Optical attenuation with the applied current to the p-i-n diodes of doping
length 500 µm and gap between the doping windows form the rib being
varied from (a) 1 µm, (b) 2 µm, (c) 3 µm, (d) 4 µm.

The same devices were used to study the photodetector response using the two pho-

ton absorption based mechanism, by operating the devices in reverse bias. Fig .4.12

shows the reverse bias I-V characteristics of three different length diodes (250 µm, 500

µm and 750 µm) having a gap of 2 µm between the rib waveguide and the doping win-

dow, when subjected to different levels of input optical power. It is observed that the

photocurrent increases with the increase in optical power, as the generation of carriers

follow a quadratic behaviour with the coupled optical power [137]. It is also observed

that the amount of photocurrent is more for higher lengths of diodes, which is due to

more carrier generation for longer interaction length.

The fabrication and characterization of the p-i-n waveguide VOAs and the PDs

helped to continue the fabrication of the p-i-n/p-n waveguide phase-shifters for dif-
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(a) (b)

(c)

Figure 4.12: Reverse bias I-V characteristics of the p-i-n waveguides at various power
levels for diode length (a) 250 µm, (b) 500 µm and (c) 750 µm.

ferent device layer thickness as mentioned in Chapter-3. The proposed waveguide

phase-shifter designs with p-n and p-i-n diodes were attempted to be fabricated with

the optimized process parameters discussed in Chapter-3. The mask layout shown in

Fig. 4.2 - 4.5 were used to fabricate the diodes starting from a higher device layer

thickness. The optimised process steps mentioned in Chapter 3 was followed where

the diodes were fabricated first followed by the rib waveguides. The steps of pho-

tolithography, oxidation, diffusion and metallization used were similar to that of VOA

fabrication, except for the difference in the diffusion time. As the 2 µm SOI needs to be

diffused first to obtain the p-i-n/p-n diode, longer duration of diffusion was performed,

using the diffusion parameters optimized in Chapter-3. The phosphorous diffusion was

for 3 hours at 900◦C and boron diffusion was for 2 hours at 1100◦ as contrary to the

low diffusion times mentioned in the previous section. A final drive-in step in nitrogen

ambiance was performed at 900◦C for 1 hr. The sheet resistance [Ω/�] was measured
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after every diffusion step and finally after the drive-in step. These values are tabulated

in Table 4.1. Thermal evaporation of Aluminum followed by lift-off was done to get

the metal contact pads. Figure 4.13(b) shows the confocal micro-graph of the metal

contact pads of diodes having doping length of 250 µm, 500 µm and 750 µm of varying

gaps (G). SEM image of the cleaved cross-section with thin layer of oxide on top of the

waveguide fabricated with 2-µm-SOI is shown in Figure 4.13(a).

Table 4.1: Sheet resistance (Ω/�) measured at various stages of diffusion dopings.

Steps ‘n’-type ‘p’-type

After phosphorous diffusion 13.7 -

After boron diffusion 15.2 9.1

After drive-in 16.1 10.2

(a) (b)

Figure 4.13: (a) SEM image of the cleaved end-facet of a rib waveguide with thermally
grown surface passivation oxide of thickness ∼ 163 nm, fabricated with
initial SOI device layer thickness of 2 µm, (b) confocal micro-graph show-
ing the top Aluminum metal contact pads of the fabricated diodes of three
different lengths (L = 250 µm, 500 µm and 750 µm ).

The I-V characteristics shown in Figure 4.14(a) are corresponding to initial device

layer thickness of 2 µm reduced to ∼ 1.5 µm (after all the oxidation steps), and sub-

sequent surface etched device layer thicknesses of 1.0 µm and 0.75 µm, respectively.

Figure 4.14(b) shows the measured I-V characteristics for diodes with the three different

doping lengths. Their corresponding C-V measurements are shown in Figure 4.14(c).
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(a) (b)

(c)

Figure 4.14: (a) I−V characteristics of diodes (L = 500 µm) for device layer thickness
of H = 1.5 µm, 1.0 µm, and 0.75 µm derived from initial device layer
thickness of H0 = 2 µm. Inset: SEM image of a fabricated diode with
Aluminum contact pads. (b) I − V characteristics of diodes with three
different lengths L = 250 µm, 500 µm and 750 µm (H = 1.5 µm). (c)
C − V characteristics of diodes with three different lengths L = 250 µm,
500 µm and 750 µm (H = 1.5 µm).

The forward current at 1.5 V bias is measured to be ∼ 1.8 mA, ∼ 3 mA and ∼ 5 mA

for diodes of 250 µm, 500 µm and 750 µm of doping lengths respectively. The junction

capacitance at 0 V for each of them is ∼ 13 pF, ∼ 23 pF and ∼ 40 pF respectively.

These results are consistent with the predicted theoretical simulations. However, more

experimental results are required for close comparisons and accurate modeling.

The I-V characteristics of the diodes were not as expected for device layer lower

than 0.75 µm. Repeated fabrication of samples showed similar behaviour of the diodes

as the device layer kept on reducing. Hence, to figure out the exact problem we mea-

sured the sheet resistances after every etching step. Table 4.2 shows the values of the
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Table 4.2: Simulated and experimental value of sheet resistance [Ω/�] after first step
of phosphorous diffusion and final step of boron diffusion.

SOI thickness (H) [µm] Phosphorous Diffusion Boron Diffusion

Simulated Experimental Simulated Experimental

1.25 13 14.35 13 11.11

1.00 47 50.01 16 12.38

0.75 159 147.2 19 15.7

0.5 444 390.69 27 23.94

0.25 1259 1313.06 46 47.69

sheet resistances obtained after every etching step along with the predicted value from

TSUPREM process simulation. Even though there was not much difference in the val-

ues of sheet resistance obtained from experiment and the simulated values, still there

was persistent problem with the functioning of the diodes. We expect that the high tem-

perature process of surface passivation (dry oxidation at 900◦C) at lower device layer

thickness might have affected the diode operation. Also the rate of oxidation varies for

p-doped region and n-doped region. Hence, there is a possibility of non-uniform SOI

thickness at the diodes, which prevented us to get normal operation of them. Therefore,

we could not demonstrate the electro-optic phase-shifters integrated with the MRRs for

220 nm SOI device layer thickness. Nevertheless, it was a good learning process to in-

tegrate p-i-n/p-n diode waveguide phase shifters for active control, and gave us an idea

to fabricate p-doped microheater directly on 250 nm SOI and reduce it to 220 nm SOI

after all the processes.

4.2 Doped Microheater with MRR

As discussed in Chapter-3 about the two kinds of microheaters viz., Titanium micro-

heaters and p-doped microheaters. The p-doped microheaters were also fabricated and

characterized using in-house facilities. The fabrication of doped microheater integrated

microring resonator was performed taking into consideration the designed parameters

and the fabrication flow discussed schematically in Chapter-3 (Fig. 3.10). For a quick
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reference, the simulation flow is shown in Fig. 4.15.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4.15: Schematic cross-section of the fabrication process flow for doped micro-
heater integrated microring resonator, (a) SOI wafer of device layer H’
= 250 nm, (b) oxidation for masking during boron diffusion, (c) etching
of oxide for boron diffusion, (d) boron diffusion and oxide removal, (e)
lithography for waveguide diffusion, (f) etching of rib waveguide, (g) ox-
idation for surface passivation, (h) oxide etching and aluminum metaliza-
tion for contact pads .

Figure 4.16: Mask layout used to fabricate p-doped integrated microheaters. A refer-
ence waveguide is followed by four MRRs integrated with doped heater.
The gap between the MRR and the microheater is 2 µm for the first two
structures and 3 µm for the next two structures.

The mask layout used to fabricate the devices is shown in Fig. 4.16. A reference

waveguide is placed along with four MRRs in one set of devices. The first two MRRs

73



have the microheaters placed 2 µm away from them, while the third and fourth MRRs

have the microheaters at a distance of 3 µm. Two sets of these devices were fabricated

on the final sample. A few steps of optimization was also done for the fabrication of the

microheaters. A 250 nm SOI sample was cleaned using standard silicon wafer clean-

ing procedure. The sample was oxidised at 900◦C using dry oxidation for 40 mins.

A 45 nm thick silicon-di-oxide layer was grown for hard mask during p-type (boron)

diffusion doping. The sample was dehydrated at 150◦C before spin-coating positive

e-beam resist PMMA. Electron-beam lithography was used to do lithography for the

diffusion window (microheater as well as the contact pads). Details of spin-coating and

electron-beam lithography parameters are given in Appendix A.5. Following the lithog-

raphy step, oxide etching was performed using standard ICPRIE recipe (see Appendix

A.8). The sample was cleaned in acetone to remove the residual resist before loading

the sample into the diffusion furnace. Boron diffusion was performed at 1100◦C for 5

mins to fabricate the doped microheater. The borosilicate glass (BSG) formed during

the diffusion process was softened by low-temperature oxidation (LTO) process and re-

moved using aqueous HF solution. The measured sheet resistance was∼ 12 Ω/� which

was similar to the value obtained using TSUPREM4 process simulation. The sample

was further dehydrated and prepared for the lithography of the waveguides. Negative

tone e-beam resist HSQ was spun on the sample using standard procedure. The waveg-

uides, MRRs and the grating couplers were etched 70 nm using standard ICPRIE silicon

etching. The residual HSQ was removed using aqueous HF solution. The second dry

oxidation step was performed for surface passivation. A 20 nm thick SiO2 was grown.

Finally the device layer thickness reduces to H = 220 nm after all the oxidation steps,

and the rib waveguide dimensions also were similar to the one designed in Chapter-3.

The last step of lithography for the contact pads was performed on the sample using

PMMA resist. The sample was prepared following the usual steps of dehydration, spin-

coating, lithography and development. Thermal evaporation of Aluminium was done

to deposit the metal. Aluminium lift-off in acetone was performed to obtain the final

device.

Fig. 4.17 shows the SEM images of the fabricated device. The MRR with the doped

microheater with the Aluminium contact pads is shown in Fig. 4.17(a). Fig. 4.17(b)

shows the zoom image of the p-doped microheater of 1 µm width placed 2 µm away
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(a) (b)

(c) (d)

Figure 4.17: SEM image of (a) micro-heater (WH = 1µm) integrated along with MRR at
a distance of 2 µm, (b) zoomed image of the doped microheater integrated
MRR, (c) grating coupler, (d) directional coupler.

from the MRR of 50 µm radius. The zoomed image of the grating coupler and the

directional coupler is shown in Fig. 4.17(c) and 4.17(d) respectively. The sample had

two variations of devices where the gap between the MRR and the microheater was kept

as 2 µm and 3 µm.

4.2.1 Thermo-optic Detuning Characteristics

The fabricated devices were characterized using the characterization setup whose schematic

is shown in (Fig.4.18). Grating coupler setup was used to launch light into the MRRs

from the tunable laser source (TLS) for the passive characterization. For the active

characterization, a source measure unit (SMU) was connected in series with a function

generator (FG) for biasing the microheater through electrical probes. The transmission

characteristics was observed in the optical spectrum analyser (OSA) and the transient
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Figure 4.18: A schematic illustration of the experimental set-up used for device char-
acterizations: TLS -Tunable Laser Source, PC - Polarization Controller,
DUT - Device Under Test, SMU - Source Measurement Unit, FG - Func-
tion Generator, PD - Photodetector, DSO - Digital storage oscilloscope,
OSA - Optical Spectrum Analyzer. Pin is the launched laser power into
the MRR and Pout is the output from the MRR.

measurements were observed in the digital storage oscilloscope (DSO) via a photode-

tector (PD).

The transmission was measured for reference straight waveguide and the MRR. The

normalized transmission spectrum of the MRR is shown in Fig.4.19(a).

(a) (b)

Figure 4.19: Normalized transmission spectrum of the fabricated MRR for (a) wave-
length range of 1520 nm < λ < 1600 nm, (b) different electrical power of
the doped microheater for a resonance around λ ∼ 1560 nm.

The free-spectral range (FSR) obtained was 1.92 nm with Q-factor of∼ 35,000. The

noise in the transmission spectrum towards the higher wavelength is due to the grating

coupler response. The top surface passivation oxide has slightly changed the response

76



Figure 4.20: Bar chart showing the thermal tuning efficiency of the different devices
fabricated with two variations of gap between the micro-heater and the
ring resonator (G = 2 µm and 3 µm).

of the grating couplers. The line resistance of the p-doped microheater was slightly

high (∼ 250 kΩ) signifying the doping concentration reduced after the rib waveguide

was etched. Hence the voltage required to drive the microheaters was high. The mea-

sured electro-optic wavelength tunability was∼ 72 pm/mW as depicted in Fig. 4.19(b).

This value is slightly low compared to as reported in [95] due to low effective heat trans-

fer to the rib because of high contact resistance and also slightly higher slab height than

the earlier reported results. This can be further reduced by optimizing the doping con-

centration and also the slab thickness. Fig. 4.20 shows the tuning efficiency obtained

in all the devices fabricated in the sample. Total of 4 devices of 2 µm gap between

the MRR and microheater was present which showed an average tuning efficiency of ∼

70 pm/mW. The devices with 3 µm gap showed an average tuning efficiency of ∼ 45

pm/mW.

4.2.2 Transient Response

The transient measurements were performed to get the estimation of the switching time

of the microheaters. The voltage dependent detuning characteristics was used to decide

the modulation voltage strength and to ensure that ON-OFF switching occurs within

the linear region of the resonance curve. A bias voltage of 35V was applied in the

microheater contact pads. A switching voltage of 5V (5 kHz) was applied in series
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Figure 4.21: Thermo-optic transient response for the slab integrated doped microheater
for ∆V = 5V (5 kHz). An additional bias voltage VB = 35V was applied
between the microheater contact pads for a launched laser power Pin = 0.2
mW set to operate at one of the resonant wavelengths.

with the bias voltage as shown in the circuit of Fig. 4.18. The thermo-optic transient

response is shown in Fig. 4.21 along with the input switching voltage. The rise time and

fall time obtained is 4.45 µs and 4.63 µs respectively. As the resistance of the doped

microheaters were slightly high, the voltage required is also on the higher side.

4.3 Metal Microheater with MRRs

The metal microheater integrtaed MRRs was fabricated using the designed dimensions

an process flow discussed in Chpater-3. The rib waveguide and MRR was etched first

followed by the deposition of the metal for contact pads and microheater unlike the

doped microheater. A sample was prepared to fabricate only the MRRs along with ref-

erence waveguides using the optimized parameters. The all-pass MRRs was fabricated

using electron-beam lithography and dry etching using the designed parameters (W =

420 nm, h = 150 nm, g = 150 nm) on 220 nm SOI. Fig. 4.22 shows the schematic cross-

section of the process steps to fabricate a passive silicon MRR. Fig. 4.22(a) shows the

cross-section of a cleaned SOI wafer, which is followed by the spin-coating of the nega-

tive tone electron beam resist HSQ in Fig. 4.22(b). Fig. 4.22(c) shows the cross-section

of the SOI after the complete process of electron-beam patterning and developing for a

rib waveguide and a directional coupler. Final cross-section after etching the waveguide
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and directional coupler and stripping the excess resist is shown in Fig. 4.22(d).

(a) (b)

(c) (d)

Figure 4.22: Schematic cross-section depicting the process steps for fabricating the
MRRs: (a) cleaned SOI substrate, (b) HSQ resist coating on the surface,
(c) electron beam lithography for patterning of rib waveguide and direc-
tional coupler, (d) dry etching (ICPRIE) of rib waveguide and directional
coupler.

Figure 4.23: Mask layout for D1 set of devices consisting of one reference waveguide
and six MRRs integrated with microheater. DeviceD1R1,D1R3 andD1R5

have 4 µm length of the directional coupler and device D1R2, D1R4 and
D1R6 have 5 µm length of the directional coupler.
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Figure 4.24: Mask layout for D2 set of devices consisting of one reference waveguide
and six MRRs integrated with microheater. DeviceD2R1,D2R3 andD2R5

have 4 µm length of the directional coupler and device D2R2, D2R4 and
D2R6 have 5 µm length of the directional coupler.

Figure 4.25: Mask layout for D3 set of devices consisting of one reference waveguide
and six MRRs integrated with microheater. DeviceD3R1,D3R3 andD3R5

have 4 µm length of the directional coupler and device D3R2, D3R4 and
D3R6 have 5 µm length of the directional coupler.

The mask layout of the devices fabricated are shown in Fig. 4.23 - 4.25. There

were three sets of devices for D1, D2 and D3 on the sample. Each set consists of one

reference waveguide and six MRRs names as R−1 to R6. The length of the directional

coupler was chosen to be 4 µm and 5 µm for the alternate MRRs. This was decided after

taking into consideration any fabrication errors due to proximity effect in the directional

coupler region. The dotted lines show the 100 µm × 100 µm write-field used during

the electron-beam lithography.
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A 220 nm SOI sample was cleaned using standard silicon wafer cleaning procedure

to remove organic and inorganic impurities. The detailed steps of silicon wafer cleaning

is given in Appendix A.2. The cleaned SOI sample was dehydrated at 180◦C for 10

minutes on a hotplate. The sample was cooled for 5 minutes before spin coating it

with negative electron-beam resist HSQ (Hydrogen silsesquioxane). The spin coating

parameters are tabulated in details Table. A.4 (Appendix A.3). The HSQ coated SOI

sample was soft baked at 180◦C for 2 minutes. This was followed by patterning of

the device structures using electron-beam lithography (EBL). The column parameters

of the EBL patterning is tabulated in Table A.6 (Appendix A.5). After the patterning

was completed, the sample was developed using commercial developer MF-319 for ∼

7 minutes. Further, hard bake was performed at 300◦C for 2 minutes. The sample was

then etched using ICPRIE. An optimized Fluorine based recipe (Table A.7) was used

to etch the silicon device layer by ∼ 70 nm. CHF3 gas was used to passivate the side

walls to obtain vertical side walls and SF6 gas was used to etch silicon. The complete

etching process involves two chemical steps of gas phase reaction and surface reaction

as shown in Eq. 4.2 and 4.3 respectively. The total etching step lasted for 13 seconds to

achieve the required etch depth of ∼ 70 nm.

Gas phase reaction:

SF6 + e− → SF5 + F + e− (4.2)

Surface reaction:

F + Si→ SiF4 (4.3)

Fig. 4.26(a) shows the confocal micrograph of the fabricated all-pass MRR. The

zoomed SEM image of the grating coupler region and the directional coupler region is

shown in Fig. 4.26(b) and 4.26(c) respectively. The metal microheaters were fabricated

once the passive rib waveguides were fabricated. Al contact pads and Ti microheaters

were fabricated, respectively, as already discussed in the previous chapter using the

Fig. 3.14. Both were defined again by e-beam lithography (using positive-tone e-beam

resist PMMA), metallization and subsequent lift-off processes. The fabrication steps

are explained using schematic cross-section as shown in Fig. 4.27. The following part

of this section discusses the process steps in details along with the images obtained
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(a)

(b) (c)

Figure 4.26: (a) Confocal micrograph of a fabricated all-pass MRR, SEM image show-
ing zoom image of (b) grating coupler, (c) directional coupler of the fabri-
cated MRR.

during fabrication steps.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4.27: Schematic cross-section of the fabrication process flow for Titanium mi-
croheater integrated microring resonator, (a) PMMA resist coating, (b)
window opening for Aluminium contact pads, (c) Aluminium deposition,
(d) Aluminium lift-off, (e) PMMA resist coating, (f) window opening for
Titanium microheaters, (g) Titanium deposition, (h) Titanium lift-off .

The detailed fabrication process of integrating microheaters in the slab of rib waveg-

uides for thermo-optic phase-shifters may be found elsewhere [13, 95, 136]. But for
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(a) (b) (c)

Figure 4.28: Microscopic images for lithography of contact pads the fabricated devices
(a) D1, (b) D2, (c) D3.

(a) (b) (c)

Figure 4.29: Microscopic images after Aluminium lift-off of contact pads the fabricated
devices (a) D1, (b) D2, (c) D3.

completeness of the thesis, the complete process steps along with optical micrographs

and SEM images of the fabricated devices are discussed here. The 220 nm SOI sam-

ple was cleaned as per the standard silicon wafer cleaning procedure. The first step of

fabricating the rib waveguide with the grating couplers is same as mentioned in Section

4.1.1. The sample was cleaned in hydrofluoric acid (HF) to remove the HSQ remains

after dry etching of the waveguides. The sample was dehydrated at 180 ◦C for 10 min-

utes on a hotplate. A positive tone e-beam resist PMMA (A8) was spin coated on the

surface to pattern the contact pads. The spin-coating parameters are given in Appendix

A.3. A thickness of ∼ 250 nm of the resist is obtained after spin-coating. The sample

was pre-baked at 150 ◦C for 2 minutes before patterning using electron-beam lithogra-

phy. Fig. 4.28 shows the microscopic images of the devices D1, D2 and D3 after the

patterning for the contact pads. Further, Aluminium was deposited using thermal evap-

oration. Next the contact pads were fabricated using lift-off of Aluminium in Acetone.
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Fig. 4.29 shows the microscopic images of D1, D2 and D3 after the Aluminium contact

pads were fabricated. The final mask was for fabricating the Titanium microheater as

explained in the fabrication process flow. Similar steps of dehydration of the sample,

followed by spin coating of PMMA (A8) was used to prepare the sample for its final

lithography step.

(a) (b) (c)

Figure 4.30: Microscopic images for lithography of microheaters of the fabricated de-
vices (a) D1, (b) D2, (c) D3.

(a) (b) (c)

Figure 4.31: Microscopic images after Titanium liftoff of the microheaters of the fabri-
cated devices (a) D1, (b) D2, (c) D3.

Fig. 4.30 shows the patterned structures for the microheater for D1, D2 and D3

which were at 2 µm separation from the optical waveguide. Electron-beam evaporation

was used to deposit 100 nm thickness of Titanium for the metal microheaters. At last

lift-off of Titanium was performed to obtain the Titanium microheater integrated on the

slab of the MRR. Fig. 4.31 shows the Titanium microheater integrated MRR. The com-

plete devices D1, D2 and D3, i.e the Titanium microheater along with the Aluminium

contact pads integrated with the MRR is shown in Fig. 4.32. Fig.4.33 show the SEM

images also show the three different devices D1, D2 and D3 along with the zoomed
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(a)

(b)

(c)

Figure 4.32: Microscopic images of the complete fabricated devices (MRR integrated
with Titanium slab microheater flared to Aluminium contact pad) (a) D1,
(b) D2, (c) D3.

region of the optical waveguide-microheater region. It must be noted that the dimen-

sions of fabricated device are slightly deviated from the design parameters but they are

acceptable for experimental demonstration. The above images of the microheater inte-

grated MRR fabrication are obtained from the final run performed. There were multiple

runs done to optimise the dose for the electron-beam writing, metal lift-off processes

and alignment of the MRR with the microheater. Since the lithography was performed

using electron-beam, batch processing of samples were not feasible due to the longer

patterning time required. Hence, one sample was fabricated after the other during the

optimization processes also.
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(a) (b)

(c) (d)

Figure 4.33: SEM images of the fabricated rib waveguide MRRs integrated with slab
integrated microheaters: (a) LH = 83.5 µm (D1), (b) LH = 162 µm (D2),
(c) LH = 240.5 µm (D3), (d) zoomed image of the Ti-strip microheater
placed ∼ 2.2 µm away from the rib waveguide.

4.3.1 Passive Characterization of MRRs

The passive transmission characteristics of all MRRs were obtained using a combina-

tion of fast tunable narrow linewidth laser and high resolution optical spectrum analyser

(Apex OSA with a resolution bandwidth of 0.8 pm). The schematic of the characteriza-

tion set-up used is shown in Fig. 4.34. The transmission characteristics of a fabricated

MRR with the designed parameters i.e. W = 420 nm, H = 220 nm, h = 150 nm, R = 50

µm, LDC = 5 µm along with the response of a reference straight waveguide (red curve)

in the wavelength range 1520 nm ≤ λ ≤ 1600 nm (C+L band) when -5.6 dBm opti-

cal power is launched into the input grating coupler is shown in Fig. 4.35. The upper

envelope of the MRR transmission matches with the reference waveguide spectrum, in-

dicating negligible insertion loss of the MRR. The wavelength dependency of the output

spectrum is due to the bandwidth limitations of the input/output grating couplers [139].
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Figure 4.34: Schematic of the characterization set-up. TLS: Tunable Laser Source,
OSA: Optical Spectrum Analyzer, PC: Polarization Controller.

Figure 4.35: Transmission characteristics of reference straight waveguide (red curve)
(W = 420 nm, H = 220 nm, h = 150 nm) and a microring resonator (R =
50 µm, LDC = 5 µm) (blue curve) for 1520 nm ≤ λ ≤ 1600 nm.

4.3.2 Extraction of MRR Parameters

Different parameters of the MRR were extracted from the measured transmission char-

acteristics shown in Fig. 4.35. The extracted Q-values of each of the resonances within

the wavelength range of 1520 nm ≤ λ ≤ 1580 nm are plotted in Fig. 4.36. We have

restricted the extraction to 1580 nm wavelength due to the noisy response of the grating

couplers beyond λ = 1580 nm. The Q-values were extracted using Eq. 4.4

Q =
λr
∆λ

(4.4)

where, λr is the value of the resonance wavelength and ∆λ is the 3-dB bandwidth or

FWHM (Full Width at Half Maxima) of the resonance from the maximum transmission

as shown in Fig. 4.37.
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Figure 4.36: Extracted Q-values for each of the resonances from Fig.4.35 for the wave-
length range 1520 nm ≤ λ ≤ 1580 nm.

Figure 4.37: Zoom transmission of the resonance around λr ∼ 1550 nm of Fig.4.35.

Extinction and Q-values are mainly attributed to the wavelength dependent coupling

of ring-bus waveguide directional coupler. For a given round-trip loss factor a in the

MRR and self-coupling coefficient t in the coupler, the transmission at any resonant

wavelength T (λr) and corresponding Q-values are given by:

T (λr) =

[
a− t(λr)
1− at(λr)

]2

(4.5)
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Figure 4.38: Extracted free spectral range (FSR) and group index (ng) for the MRR
from 1520 nm ≤ λ ≤ 1570 nm.

Figure 4.39: Self-coupling coefficient t of the ring-bus waveguide coupler as a function
of wavelength along with a (wavelength independent) and λc extracted
from the experimental results shown in Fig. 4.36.

Q(λr) =
πLng(λr)

√
at(λr)

λr[1− at(λr)]
(4.6)

In the above equations, we have assumed a is constant over the given wavelength range,

ng(λr) is the group index of the guided mode at resonance wavelengths λr, L is the

perimeter length of MRR, and the self-coupling coefficient t(λr) =
√

1− k2(λr),

where k(λr) is the cross-coupling coefficient at λr (considering loss-less directional

coupler) [102]. Thus the maximum extinction (or minimum transmission) occurs for
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a = t(λr ∼ λc), where λc is known as the critically coupled wavelength [139]. By

extracting group indices around resonant wavelengths from the measured free spectral

range FSR ∼ λ2r
ng(λr)L

(Fig. 4.38), we could evaluate t(λr) and the result is given in

Fig. 4.39 along with the value of a = 0.9564, evaluated for λr ∼ λc = 1552.357 nm.

We observed little variations in the values of λc (±5 nm) when compared with experi-

mental results of all the fabricated MRRs with same radii (R = 50 µm) and with same

coupler lengths (LDC = 5 µm). This may be attributed to the variations in gap ‘g’

between ring-bus waveguides resulting from the drifts and/or proximity errors during

e-beam lithography. Nevertheless, it is evident that Q-values are higher for the resonant

wavelengths satisfying under-coupled condition, i.e., for a < t. The Q-value for all the

fabricated rings lie between 42000 - 55000 for λ ∼ 1550 nm.

4.3.3 Thermo-optic Detuning Characteristics

The fabricated MRRs integrated with Titanium metal microheaters were characterised

using the same experimental setup as shown schematically in Fig. 4.18.

(a) (b)

Figure 4.40: (a) Transmission characteristics of device D1 for 1520 nm ≤ λ ≤ 1600
nm, (b) shift in resonant wavelength (∆λr) around λr ∼ 1550 nm with the
applied voltage.

Fig. 4.40(a), 4.41(a) and 4.42(a) shows the transmission spectrum of the devicesD1,

D2 and D3 respectively. The critically coupled wavelength lies in between 1550 nm <

λ < 1560 nm exhibiting a maximum extinction of 40 dB to 50 dB. Fig. 4.40(b), 4.41(b)

and 4.42(b) show the corresponding thermo-optic detuning of resonant wavelengths for
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(a) (b)

Figure 4.41: (a) Transmission characteristics of device D2 for 1520 ≤ λ ≤ 1600 nm,
(b) shift in resonant wavelength (∆λr) around λr ∼ 1550 nm with the
applied voltage.

(a) (b)

Figure 4.42: (a) Transmission characteristics of device D3 for 1520 ≤ λ ≤ 1600 nm,
(b) shift in resonant wavelength (∆λr) around λr ∼ 1550 nm with the
applied voltage.

all the three devices D1, D2 and D3 as a function of bias voltage VB applied between

microheater contact pads.

Fig. 4.43(a) compares the resonance wavelength shift for all the three devices w.r.t

the voltage applied to the individual devices. From this wavelength tuning characteris-

tics, the rise in waveguide temperature (∆T ) can be evaluated using following analytical

equation (also see Fig. 4.43(b)):

∆T =
1

LH

[
LRng(λr)

λr
·
(
dneff
dT

)−1]
∆λr (4.7)

91



where ∆λr is the observed shift for a given order of resonant wavelength λr and dneff

dT

(∼ 1.79 × 10−4 K−1)[139] is the thermo-optic coefficient of the guided fundamental

mode with its effective index neff . Thus shorter the length of waveguide phase-shifter

LH , higher is the temperature rise (∆T ) required for a given wavelength detuning of

∆λr. Accordingly, we estimate the values of ∆λr
∆T

as 19 pm/K, 38 pm/K, and 55 pm/K

for devices D1, D2, and D3, respectively. Using Fig. 4.43(a) and Eq. 4.7, we have

generated ∆T vs. VB curves for all the three devices as shown in Fig. 4.43(b). The

extracted ∆T values are fitted with a polynomial function of VB:

∆T = k1V
2
B + k2V

3
B (4.8)

where k1 and k2 are found to be non-zero positive constants; they can be extracted in-

dependently for each device (depend on shape and footprint of the microheater). The

measured resistance for the three different length of microheaters along with the ex-

tracted values of k1 and k2 are tabulated in Table 4.3.

Table 4.3: Extracted values of parameters used in the polynomial function to fit ∆T
with VB along with the microheater length (LH) and resistance (RH).

Device LH RH k1 k2

# [µm] [kΩ] [K·V −2] [K·V −3]
D1 83.5 2.6 0.3131 0.01389
D2 162.0 6.7 0.0997 0.00028
D3 240.5 10.5 0.0206 0.00058

The symbols in Fig. 4.43(c) show the experimental values of temperature rise in

the waveguide core for the amount of power dissipated for all the three microheaters.

It is compared with the simulation data (dashed line) obtained using COMSOL Mul-

tiphysics. The figure shows close match of the experimental data with the simulated

values. The microheater resistances were also measured while increasing the tempera-

ture for all the three lengths of microheaters (Fig. 4.43(d)). There is not much variation

observed for the resistance values for the devices.

The value of the current flowing through the microheaters was restricted to < 4 mA

to prevent the microheaters from being burnt and damaged. Fig. 4.44 shows the SEM

image of a burnt/damaged microheater due to excessive current flow through it. Finally,

Table 4.4 compares the extracted parameters along with some measured dimensions
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(a) (b)

(c) (d)

Figure 4.43: (a) Shift in resonant wavelengths (∆λr) of the MRRs (D1, D2, D3) as a
function of applied voltage (VB) between microheater contact pads, (b) ex-
perimental rise in waveguide temperatures as a function of applied voltage
(VB) between microheater contact pads (dotted lines how the polynomial
fit), (c) experimental rise in waveguide temperatures as a function of ap-
plied electrical power for D1, D2, D3, (symbols are experimental data,
dotted lines how the COMSOL simulation), (d) extracted line resistance
of the three length of microheaters D1, D2, D3 for different waveguide
temperature.

(with possible measurement errors) of a fabricated device D2 for a resonance wave-

length around λm ∼ 1550 nm. Importantly, the variation of the resistance value for all

the microheaters was ±0.5 kΩ for D1, ±1 kΩ for D2 and ±2 kΩ for D3. Hence the

tuning efficiency of the MRRs integrated with the same length of microheater did not

vary much for the devices fabricated on the sample.
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Figure 4.44: SEM image of a damaged microheater of D1 burnt due to passing of high
current.

Table 4.4: Observed and/or extracted parameters of a fabricated device (D2)

Parameters Value Remark
W 420± 10 nm Lithographic Error
g 150± 10 nm Lithographic Error
G 2.0± 0.1 µm Alignment Error
RH ∼ 7 KΩ Measured from V-I characteristics
λc ∼ 1564.7 nm Observed Value

Q-value 52000 Extracted for a res. ∼ λc
Q-value 45000 Extracted for a res. λm ∼ 1550 nm

α 6.12 dB/cm Extracted for λ ∼ λc
FSR 1.98 nm Observed at λ ∼ 1550 nm
ng 3.78 Extracted at λ ∼ 1550 nm
neff 2.64 Extracted at λ ∼ 1550 nm
k2 0.06 Extracted for λ ∼ 1550 nm
t2 0.94 Extracted for λ ∼ 1550 nm

Coupling Loss 6.5 dB Per GC Facet

4.3.4 Transient Response

The voltage dependent resonance detuning characteristics shown in Fig. 4.43(a) has

been used to study further the switching response. A square wave voltage signal with

5 kHz repetition rate were used to study the thermo-optic response times. The square

wave voltage modulation depths of ∆Vs has been used for devices D1, D2 and D3,

respectively to ensure uniform ON-OFF switching extinction of ∼ 10 dB for operating

the laser wavelength fixed at the resonance wavelengths of the respective MRRs. Fig.

4.45 shows the transient response obtained from device D2 for a 1V square voltage

wave applied along with 6V DC bias for an input optical power of 0.2 mW. The blue

curve in Fig. 4.45 shows the transient response of the MRR. The rise time and the fall
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time obtained is ∼ 3.3 µs and 3.45 µs respectively.

Figure 4.45: Thermo-optic transient response for the slab integrated Ti metal micro-
heater for ∆V = 1V (5 kHz). An additional bias voltage VB = 6V was
applied between the microheater contact pads for a launched laser power
Pin = 0.2 mW set to operate at one of the resonant wavelengths.

4.4 Comparison Between Doped and Metal Microheater

The results from the above sections give us a clear picture about the two kinds of micro-

heater presented in this thesis. From the experimental results point of view, the MRRs

integrated with the doped microheater exhibited lower Q-value (avg. - 32000) as com-

pared to the metal counterparts (avg. - 48000). Though the ring dimensions obtained

were nearly same, the process steps varied for both of them. Also a thin layer of silicon-

di-oxide was present for the p-doped microheater, which might have lead to lowering

of the Q-value.

The other parameter for comparison for both the microheaters is their resistance. As

discussed in the doped microheater section, the resistance obtained was much higher

probably due to the etching of the rib waveguide after the diffusion process, thus losing

the maximum dopant concentration region. The p-doped microheaters showed a resis-

tance of ∼ 250 kΩ, whereas the metal microheater of comparable length had resistance

of ∼ 7 kΩ.

The detuning characteristics for both the metal microheater (D2) and the doped

microheater is shown in Fig. 4.46. This graph shows the maximum temperature rise

in the rib waveguide w.r.t the electrical power dissipated in the microheater for device
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Figure 4.46: Comparison of maximum temperature rise in the rib waveguide core for
Titanium microheater (D2) and p-doped microheater of length 162 µm
integrated with MRR w.r.t the power dissipated in the microheater.

configuration D2 of the metal heater and the p-doped heater. Both the microheaters

cover half of the MRR perimeter. It is observed that the doped microheaters perform

better than its metal counterparts. The doped microheaters exhibited ∼ 72 pm/mW

whereas the metal microheaters exhibited ∼ 45 pm/mW wavelength detuning. This is

due to the fact that the doping is directly in the slab, whereas the metal microheater

is placed on top of the slab. Hence the power requirement is higher in case of metal

microheaters as it needs to heat the slab as well.

Another parameter of comparison for both the metal and doped microheaters is

their switching speed. For a switching extinction of ∼ 8 - 10 dB (operating within the

resonance bandwidth), both the microheaters exhibited nearly comparable speed of 3 - 4

µs. Nevertheless, the switching speed can be further reduced for the doped microheater

by optimising the doping concentration.

Hence the type of microheater to be used completely depends on the targeted appli-

cation. The doped microheater are mostly integrated in the slab of the rib waveguides

while the metal microheaters can be integrated on top of the upper cladding oxide.

Hence for tighter bends, metal heaters are preferable. But the doped heaters provide

better tuning efficiency. However, the loss incurred due to doping the slab should also

be taken into account depending of the application. The experimental response obtained

in our work also shows the thermal tuning efficiency is better for the doped microheater.
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But for switching applications where the switching speed plays an important role, mi-

croheaters having faster response time needs to be used. For our work we have inte-

grated the metal microheater on top of the slab, so that we can compare it with a similar

geometry of the doped heater.

4.5 Summary

In summary, the fabrication of p-i-n/p-n diode waveguide phase-shifter fabrication and

characterization was presented. Starting from a 2µm SOI device layer thickness, p-i-n

diodes were fabricated first to study the waveguide loss, VOA performance in reverse

bias and PD behaviour in reverse bias. As the dimensions of waveguides were slightly

bigger (2 µm), polarization independent behaviour was observed. The waveguide loss

for both the TE and TM mode was nearly same (1.85 - 1.9 dB/cm). The VOAs also

showed similar attenuation for TE and TM mode (10 dB for 100 mA of current). The

p-i-n diodes when operated in reverse bias showed the photodetector behaviour, and

we could observe increase in photocurrent with higher optical power. Also the longer

diodes had higher values of photocurrent. The demonstration of p-i-n/p-n diode for

lower device layer thickness was attempted. But there was not much promising results

of the diode current for device layer thickness below 750 nm.

In the second part of the chapter, we discussed the fabrication and characterization

of the thermo-optic phase shifters. First the p-doped microheaters were fabricated and

characterized. But the resistance of the p-doped heaters were slightly higher than pre-

dicted. This requires further doping optimization. Nevertheless, they exhibited wave-

length tuning efficiency of ∼ 72 pm/mW and switching time ∼ 4.5 µs. For the MRRs

with metal microheaters, a detailed study on the MRR characterization was performed

first. Different device parameters like free-spectral range (FSR), group-index (ng), qual-

ity factor (Q-factor) and coupling coefficients were extracted from the passive charac-

terization results. Using the passive MRRs, thermo-optic phase shifters were integrated

on the slab of the MRRs. Three different lengths of Titanium microheaters were fabri-

cated and characterized. The detuning characteristics for all the three geometries were

measured followed by transient measurements. The switching time obtained was ∼ 3
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µs for the MRRs integrated with Titanium microheaters. Finally a comparative study

of both the microheaters is presented. Using the metal microheater integrated MRRs,

we have demonstrated the non-linear experiments in the next chapter. As the MRRs

with the titanium microheaters exhibited better Quality factor compared to the p-doped

MRRs, we have used them to study the electrical control of optical bistability.
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CHAPTER 5

Experimental Results: Stimulated Four Wave Mixing

The MRRs integrated with electro-optic phase-shifters were used to demonstrate the

electrically controlled optical bistability. The D2 devices (MRRs integrated with Ti-

tanium metal microheaters encompassing half its perimeter) that were fabricated and

characterized has been used for the experimental demonstration of bistability control in

this chapter. This chapter presents the non-linear phase obtained from the non-linear

transmission at first. The phase dependent transmission hysteresis is presented in Sec-

tion 5.2, followed by the experimental results of stimulated four wave mixing in Section

5.3. Finally the experimental results are compared with the theoretical model developed

and is summarized.

5.1 Non-linear Phase Measurement

The thermo-optic detuning was performed by sourcing bias voltage (VB) to the micro-

heater contact pads from the voltage source as discussed in Section-4.3.1. The induced

phase change φA is calculated using following equation:

φA =

[
2π

λ2
m

ng(λm)L

]
·∆λm (5.1)

where we have used λm = 1550.736 nm (m = 552). There can be slight uncertainty in the

value of ‘m’ since the neff is considered from simulation. The experimental thermo-

optic detuning characteristics is found to be comparable to that of theoretical results;

thermo-optic phase-shifts were calculated by simulating 3D temperature profiles as a

function of microheater bias voltage VB using 3D heat transfer module in COMSOL

Multiphysics platform as discussed in Section 3.2.2. Fig. 5.1 shows the extracted value

of the linear phase shift (φA) obtained from the resonance wavelength shift obtained

from the bias voltage (VB).



Figure 5.1: Thermo-optic detuning of resonance wavelength (∆λm and estimated linear
phase-shift φA (measured and simulated for λm ∼ 1550.7 nm) as a function
of applied voltage (VB) between microheater contact pads.

Figure 5.2: Scheme of the experimental set-up used for transmission characterization
of the device and its active detuning of linear phase φA by the integrated
microheater: TLS -Tunable Laser Source, EDFA - Erbium-Doped Fiber
Amplifier, PC - Polarization Controller, DUT - Device Under Test, OSA -
Optical Spectrum Analyzer. Pin is the launched laser power into the MRR
and Pout is the output from the MRR.

To extract φNL, we obtained transmission characteristics of the MRR at higher input

power levels. For this experiment, the probe tunable laser source was connected to an

erbium doped fiber amplifier (EDFA) as shown in Fig. 5.2. The transmitted spectra

aroundm-th order resonance measured at the OSA are shown in Fig. 5.3(a) for different

Pin (deduced by subtracting input grating coupler loss from the launched power). As

the value of Pin increases, the resonance is red-shifted because of increase in φNL and

a sharp transition occurs from minimum to maximum because of bistability. From the

observed resonance shifts ∆λNLm , we evaluated values of φNL using Eqn. 5.1 and they

are plotted as a function Pin as shown in Fig. 5.3(b). We have compared these results
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(a)

(b)

Figure 5.3: (a) Transmission characteristics of the MRR for higher input powers (Pin
varying from 0.22 mW to 11.6 mW), (b) shift in resonance wavelength
(λNLm ) and estimated φNL as a function of Pin: scattered symbols are experi-
mental results, dashed and solid lines show simulation results corresponding
to τh = 1 µs and 1.5 µs, respectively.

with theoretical model discussed in Chapter-2 and using extracted parameters given in

Table 4.4. The deviation in experimental results may be attributed to the additional heat

generation resulting out of free carrier absorption and scattering losses. A fraction of

lost laser power due to these processes possibly contributes towards temperature rise in

the waveguide core depending on its geometry and ambiance. Other important sources

of this deviation may be due to the assumptions of relaxation time constants τe = 1 ns

and τh = 1 µs (see Table 2.1) for our device. However, we find a reasonably good match
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of the experimental data with the model by just changing the value of thermal relaxation

time constant τh (in the model) from 1 µs to 1.5 µs, at least for Pin ≥ 8 mW.

5.2 Phase-dependent Transmission Hysteresis

The phase dependent hysteresis was experimentally demonstrated by using the set-up

shown in Fig. 5.4. Transmission hysteresis of the MRR was obtained at higher input

powers as a function of φA. The values of φA is estimated from the experimental curve

shown in Fig. 5.1. For convenience, the pump laser wavelength (λp = 1550.951 nm)

was set slightly higher than m-th resonance wavelength (λm = 1550.736 nm) of the

MRR, such that 2mπ − φ0(λp) ≈ 0.22π. Joint transmission characteristics of probe

TLS and pump laser (Pin = 8.4 mW) measured by the OSA for φA = 0 are shown in

Fig. 5.5. The device under test (DUT) was left at room temperature and a thermal drift

of resonance wavelength was found to be < 5 pm observed during the entire process of

experiment.

Figure 5.4: Scheme of the experimental set-up used for φA dependent transmission
characterizations at high input powers: TLS -Tunable Laser Source, EDFA -
Erbium-Doped Fiber Amplifier, PC - Polarization Controller, DUT - Device
Under Test, OSA - Optical Spectrum Analyzer. Pin is the launched laser
power into the MRR and Pout is the output from the MRR .

Fig. 5.6(a) shows the experimental transmitted pump laser output (Pout) as a func-

tion of φA increasing as well as decreasing. As expected, we clearly observe a hystere-

sis loop between forward and reverse paths. In forward path, the minimum transmis-

sion occurs at φA ≈ 0.15π with an extinction of about 3 dB (marked as A), whereas
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Figure 5.5: Wavelength dependent transmission showing off-resonant pump wave-
length λp (Pin = 8.4 mW), and resonant wavelengths λm and λm+1.

their corresponding values are ∼ 0.07π and ∼ 16 dB, respectively for the reverse path

(marked as B). This experimental observation can be compared with simulation results

shown in Fig. 5.6(b), which was carried out with extracted parameters discussed in

Chapter-3 and other constants from Table 2.1, but with τh = 1.5 µs. In simulation

curves, A’ and B’ are designated as the transmission minima in forward and reverse

directions, respectively. The maximum pump extinctions in both forward and reverse

directions are matching closely with experimental results. However, while we observe

φA(B) ≈ φA(B′), φA(A′) is found to be slightly higher than φA(A). This is attributed

to the measurement error as we observe point A is more unstable than point B during

the experiment. Nevertheless, the most important observation in this experiment is that

φA(B) + φNL ≈ 2mπ − φ0(λp) = 0.22π, satisfying perfect resonance condition and

minimum transmission (minimum Pout) as discussed in Chapter-2.

From the above experimental observations supported by mathematical modeling and

simulations, it is now confirmed that the higher and stable field enhancement inside the

MRR can be achieved by detuning its phase φA from a higher value to the operating

value of φopA ↓, such that the following condition is fulfilled for m-th order resonance:

φopA ↓= 2mπ − φ0(λp)− φNL(λp) (5.2)

when λm < λp < λm+1. On the other hand, a relatively weaker and unstable field

enhancement can be achieved by detuning the phase from a lower value (φA = 0) to

an operating value of φopA ↑> φopA ↓. From our experimental results shown in Fig.
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(a) (b)

Figure 5.6: Transmission hysteresis (normalized) as a function of φA for Pin = 8.4 mW
(λp = 1550.951 nm): (a) experimental and (b) simulation.

5.6(a), we observed the values of φopA ↓ and φopA ↑ are approximately 0.07π and 0.15π,

respectively. We have also observed that the hysteresis curve widened as the value of

Pin increases.

5.3 Stimulated Four-Wave Mixing Experiment

The hysteresis curves obtained in Section 5.2, it is obvious that the field enhancement

inside the MRR at φA = φopA ↓ is significantly higher than that at φA = φopA ↑. This

has been further re-confirmed by carrying out stimulated FWM experiment using an

experimental set-up as shown schematically in Fig. 5.8. This set-up is almost same as

Fig. 5.4, except the probe TLS replaced by a relatively high power signal laser operating

at wavelength λs such that λp−λs = FSR or φ0(λs)−φ0(λp) = 2π. Thus it is ensured

that when detuning of φA helps m-th resonance to match λp, (m − 1)-th resonance

matches with λs (assuming dispersion is negligibly small for a wavelength range of one

FSR). Stimulated FWM occurs in presence of a stronger pump and signal fields inside

MRR cavity which results into the generation of idler field at λi satisfying energy and

momentum conservation as discussed in the Chapter - 2.

In Figs. 5.8(a) and 5.8(b), the transmitted stimulated FWM spectra have been shown

corresponding to φopA ↑ and φopA ↓, respectively, for an input pump power P p
in = 8.4 mW
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Figure 5.7: Scheme of the experimental set-up used for stimulated four wave mixing
(FWM) measurements: DUT - Device Under Test, OSA - Optical Spectrum
Analyzer, FOC - Fiber Optic Coupler, EDFA - Erbium Doped Fiber Ampli-
fier, PC - Polarization Controller. λp is the laser wavelength for the pump
and λs is the laser wavelength for the signal.

(a) (b)

Figure 5.8: Output spectra of stimulated FWM in MRR as observed in the OSA for P p
in

= 8.4 mW and P s
in = 0.2 mW: (a) φA ∼ φopA ↑ (Point ‘A’ of Fig. 5.6(a)), and

(b) φA ∼ φopA ↓ (Point ‘B’ of Fig. 5.6(a)).

and relatively small input signal power P s
in = 0.2 mW. In both cases, we observe the gen-

erations of idler (of wavelength λi) and conjugate idler (of wavelength λci ) at (m+1)-th

and (m − 2)-th resonances, respectively. Because of the presence of amplified sponta-

neous emission (ASE) from the EDFA, we could observe the signature of corresponding

resonances. It is evident that though λs, λp, and λi could be matched well to succes-

sive resonance orders (m − 1,m and m + 1), the conjugate signal at λci was slightly

off-centered to the resonance order of m− 2. This may be attributed to the presence of

group index dispersion in the waveguide.
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Figure 5.9: Simulated conversion efficiency as a function of P p
in measured at φA ∼ φopA .

Scattered symbols are experimental, solid and dashed lines are for simulated
results.

Nevertheless, just keeping our focus on generated idler at λi we noticed a stronger

and stable output power when operated near φA = φopA ↓ than that operating near φA =

φopA ↑ as we expected. By noting down the experimental observations of output idler

power P i
out as a function of input pump power P p

in operating at corresponding φopA ↓

and φopA ↑; we have calculated conversion efficiency η =
P i
out

P s
in

for both cases and they

are plotted in Fig. 5.9. These experimental results are also compared with theory by

solving the analytical expression given by Turner et al. [89]:

η =

[
2πn2

λAeff
· P p

in

(
1− eαrt

αrt

)
L

]2

F 4
0,pF

2
0,sF

2
0,i (5.3)

where field enhancement factors for pump (F0,p), signal (F0,s) and idler (F0,i) are as-

sumed same corresponding to input pump power P p
in. While the experimental observa-

tions are found to be closely matching with the theory for φopA ↓, they are apparently

far below the theoretical results when measured for φopA ↑. This is because of difficulty

in parking pump and signal laser wavelengths exactly at their respective resonances for

φA = φopA ↑; all the experimental readings were taken by setting φA slightly higher than

φopA ↑ just for trend indication.
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5.4 Summary

In this chapter we have investigated the performance of a silicon microring resonator in

terms of its bistability effect on four wave mixing process. Since the reason for bistabil-

ity is identified as nonlinear phase change φNL, we have extracted the non-linear phase

from the fabricated MRR by launching high optical input power. Phase dependent hys-

teresis has also been obtained experimentally and finally stimulated four wave mixing

was carried out in the fabricated MRRs integrated with metal microheaters in the slab

for its phase detuning. It has been further shown experimentally that the generated idler

is relatively stable and stronger while the phase is detuned from a higher value to the

resonance condition for any given input pump/signal power levels. For an input pump

power of 8.4 mW and input signal power of 0.2 mW, the generated idler is found to be

11.6 dB stronger in case of reverse phase detuning than that of forward phase detun-

ing. We believe this is an important investigation/finding for microring resonator based

nonlinear silicon photonics devices, especially for actively controlled photon sources

potentially be used in large-scale integrated quantum photonic circuits. In the follow-

ing chapter we will discuss the effect of high optical power on switching response of

the MRRs.
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CHAPTER 6

Transient Analysis

In the previous chapter, we demonstrated stimulated four wave mixing by controlling

the optical bistability using a microheater integrated with the MRR. In this chapter,

the thermo-optic transient response has been studied while operating the MRR in the

linear region as well as non-linear regime. The thermo-optic rise/fall time as well as

the optical rise/fall time has been studied for complete ON-OFF switching. Simulation

results has been shown in details followed by experimental results. Finally, towards

the end of the chapter, we have investigated on the electrical control of optical bista-

bility for non-linear photonics switching/memory applications in silicon MRR design

suitably integrated with a CMOS compatible resistive microheater (the MRR integrated

with metal microheater). A small electrical pulse for a microsecond duration across

the microheater has been used to trigger bistable switching for a continuous-wave laser

launched at the input while operating around one of the resonances. It has been sup-

ported further by the demonstration of voltage controlled thermo-optic hysteresis curves

in the transmission characteristics of MRRs operating above a launched threshold power

(nonlinear regime).

6.1 Theory and Simulation

In Chapter-6, we showed how the optical bistability in a MRR resonator could be elec-

trically controlled for achieving an efficient gain in four-wave mixing process. Non-

linear self-phase modulation (SPM) and two-photon absorption (TPA) were considered

for theoretical model and experimental validation. They are considered here again to

investigate optical power dependent thermo-optic transient response for switching ap-

plications. As discussed in chapter-2 the nonlinear refractive index change experienced

by a guided mode can be decomposed into three distinct processes:

∆nNL = ∆nSPM + ∆nFCD + ∆nTPM (6.1)



(a) (b)

Figure 6.1: (a) Change in refractive index, (b) change in loss obtained due to the contri-
bution of Kerr effect, FCD due to TPA, TPM due to TPA and the effective
contribution of all the mechanisms for different input optical power (Pin)
when the laser is pointed at the resonance wavelength for each Pin.

The contribution of the process can be explained by Figures 6.1(a) and 6.1(b). These

contributions are crucial to quantify its effect on switching response of the MRRs when

operating at higher power levels. Resonance wavelength shift with the increase in in-

put optical power has been considered in our calculations. For each value of Pin the

corresponding values of ∆n is calculated at resonance (λr). Due to the presence of

loss in the waveguide, the nonlinear effect is not uniform across the perimeter of the

MRR. Therefore, the average value of the neff change is obtained using the following

equation:

∆navg =
λ

2πLT
∆φrt (6.2)

where, LT is the perimeter of the MRR of 50 µm radius having a directional coupler

length of 5 µm (LT = 324µm), as designed in Chapter-2. The propagation loss con-

sidered is 6.12 dB/cm as measured in Chapter-4. From the plots, it is observed that the

increase in Kerr nonlinearity (n2) with Pin is negligibly small. The free carriers gener-

ated due to TPA reduce the refractive index while the thermal contribution due to TPA

causes an increase in the refractive index change [113]. Hence the overall refractive

index change is positive as shown by the solid line in Fig.6.1(a). Similarly the loss con-

tributions have been plotted at resonance with the increase in the input power in Fig.

6.1(b). The contribution from the TPA loss is insignificant. The FCA loss increases

with the power which impacts the total loss. All these calculations are done when the
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resonance is tuned from a lower wavelength.

Figure 6.2: Device cross-section of a waveguide-slab-integrated Ti-strip microheater
used for simulation. W - rib waveguide width, S - gap between rib waveg-
uide and the Ti microheater, WH - width of the microheater, tH - thickness
of the microheater, BOX - buried oxide.

Figure 6.3: Flowchart showing the steps used to obtain thermo-optic transient response.

To study the transient response we have considered the 2D device cross-section of

the rib waveguide integrated with Titanium metal microheater as shown in Fig. 6.2

(similar to the fabricated device D2). Lumerical DEVICE and MODE solutions have

been used for the thermal and thermo-optic simulations respectively. The steps used

for simulating the thermo-optic transients is shown using the flowchart in Fig. 6.3.

A 2D device structure (cross-section of the rib waveguide-microheater geometry) was

constructed in Lumerical DEVICE to obtain the temperature response time. A temper-

ature pulse was applied to the microheater and the time needed for the temperature to

stabilise in the rib waveguide was recorded. The standard values of material constants

for thermal conductivity, specific heat capacity, density etc were used [95]. The tem-

perature transient profile was imported to Lumerical MODE solutions and the change

in effective index of the optical mode due to the temperature was extracted. The ef-

fective index change was fed to the MRR transfer function and the normalized MRR
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output was calculated using MATLAB and finally the thermo-optic transient response

was obtained.

We first studied the transient response of the MRR for complete ON-OFF switching

in the absence of non-linear affects. To understand the microheater behaviour, instead of

using a voltage source to bias it, we have directly applied temperature pulses of different

amplitude in the microheater. This assumption has been made considering the fact

that the microheater reaches the steady state instantaneously when voltage is applied

[140]. Hence the time needed for the temperature to stabilise in the rib waveguide

was recorded for the temperature pulse applied to the microheater. Fig. 6.4 shows the

temperature rise and fall in the rib waveguide core due to the temperature pulse applied

in the microheater (305K, 310K and 320K). The stabilized temperature obtained in

the rib waveguide is 301.9K, 303.8K and 307.2K respectively for the above mentioned

three temperature values. The thermal rise time and fall time obtained is nearly same

from this simulation which is ∼ 2.3 µs. The time period used for simulation is 40 µs

to reduce the computation time. The rise time and fall time obtained from Lumerical

DEVICE simulation is lower than the values obtained from COMSOL Multiphysics

even after having same geometry and similar boundary conditions. This can be probably

due to the different numerical methods and different meshing structures used in both

the simulators. The experimental values reported in Chapter-4 matches well with the

simulated values from COMSOL. Even though the values from Lumerical DEVICE

is much lower than the actual values, we continued with this values, since the final

objective here is to extract the change in the neff of the optical mode and observe the

transient time when the MRR is subjected to high input optical power.

The temperature transient profile was imported to Lumerical MODE solutions as

discussed in the algorithm and the change in effective index of the optical mode due to

the temperature was extracted. The effective index change was fed to the MRR transfer

function and the normalized MRR output for the three different temperature pulse is

plotted in Fig. 6.5 for launched input power of 0.15 mW. The right y-axis shows the

values of the effective index (neff ) obtained from Lumerical MODE solution corre-

sponding to the temperature transients. It is observed that as the temperature increases,

the rise time reduces and the fall time increases. This is due to the fact that higher
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Figure 6.4: Thermal transient response obtained from the 2D simulation of the rib
waveguide-microheater structure cross-section for three different temper-
ature pulse (305K, 310K, 320K) applied to the microheater.

Figure 6.5: Thermo-optic transient response of the MRR integrated metal microheater
for three different temperature pulses (305K, 310K, 320K). The correspond-
ing effective index is shown in the right y-axis.

temperature makes the resonator go out of resonance fast. This is similar to using an

overdrive voltage to reduce the rise time [79, 141]. Similarly, due to the heat generated

it takes more time to cool down, thus increasing the fall time. This behavioural tend is

observed irrespective of the input launched power. Fig. 6.6 shows the simulations that

were performed with increased optical powers of 2 mW, 4 mW and 8 mW. The figures

show that ∆T ≥ 5K is required to be applied to the microheater for complete ON-OFF

switching from the resonance wavelength.
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(a) (b)

(c) (d)

Figure 6.6: Simulated normalized thermo-optic transient response of the MRR for dif-
ferent temperature pulses applied in the microheater for (a) Pin = 0.15 mW,
(b) Pin = 2 mW, (c) Pin = 4 mW, (d) Pin = 8 mW.

6.1.1 High Power Switching: Simulation

Further, simulations were performed by increasing the input power launched into the

MRR. The microheater was kept at 320K to enable temperature modulation to be ap-

plied in both the directions. When the laser is kept at resonance, a modulation tem-

perature of 5K in both positive and negative direction is chosen to ensure the laser is

completely out of resonance in the respective direction. Fig. 6.7(a) and 6.7(b) shows the

normalized MRR output for positive (320K - 325K) and negative (320K - 315K) tem-

perature modulation when different levels of input power are launched into the MRR.

For each cases the laser was aligned with the resonance by tuning the wavelength from

higher values. The rise time and fall time for both the temperature modulation is shown

in Fig. 6.8. In the positive temperature swing, the rise time and fall time remains almost

constant for all the power levels, though the fall time was higher than the individual rise
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time. But in the negative temperature swing the fall time increases significantly with

the input power. This is due to the fact that the in the rising path and the falling path the

laser observes two different behaviour of the cavity because of bistability.

(a) (b)

Figure 6.7: Simulated thermo-optic transient response for different input laser powers
(Pin = 0.25 mW to 2.8 mW) at VB = 15V, when the operating laser wave-
length is exactly aligned to one of the MRR resonances: (a) ∆T = 5K; and
(b) ∆T = -5K.

Figure 6.8: Simulated thermo-optic rise time and fall time w.r.t Pin for applied positive
and negative temperature swings (∆T = ±5K).

To understand this behaviour better, we have simulated the transmission spectrum

for different values of input power. Fig. 6.9(a) shows the normalized transmission

spectrum when the input power is in the linear regime (Pin = 0.15 mW) and Fig. 6.9(b)

is the normalized transmission spectrum for high input power where non-linearity is

present (Pin = 6 mW). A clear opened hysteresis is observed in high power / non-linear

regime. Taking into account the wavelength dependent hysteresis for Pin = 6 mW, we
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plotted the voltage dependent hysteresis at the same optical power as shown in Fig.

6.10. We have used this behaviour to further explain the electrically controlled optical

memory application.

(a) (b)

Figure 6.9: Normalized transmission spectrum of the MRR when the wavelength is
tuned from 1549 nm to 1549.3 nm and vice versa for (a) Pin = 0.15 mW, (b)
Pin = 6 mW.

Figure 6.10: Simulation of thermo-optic hysteresis as a function of bias voltage VB for
Pin = 6 mW.

Based on the thermo-optic response time and the optical hysteresis obtained, we

propose optical memory which can be electrically controlled. In Fig. 6.10, the points

A, B, C, A′ are used to explain the optical memory action for Pin = 6 mW. According

to the hysteresis curve, if a dc bias of VB = 3.5V is applied, then the laser transmission

settles at A which is very close but little above the minimum value. With a settled laser

transmission A, if a microsecond voltage pulse of ∆Vp = - 1.25V is triggered across the

microheater, one can obtain higher transmission A′ via B. Subsequently by applying

another voltage pulse of ∆Vp = + 1.25V, the transmission is settled back to lower level
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(a) (b)

Figure 6.11: (a) Applied input switching voltage, (b) optical bistable switching repre-
sentation by thermo-optic transients derived from Fig. 6.10.

A via A′CA path. Thus electrical voltage pulse driven thermo-optic bistable switching

cycle can be achieved by ABA′CA path as shown schematically in Fig. 6.11(b). Hence

the state BA′ is acting as the optical memory whose state can be changed by the appli-

cation of voltage to the microheater. It must be noted that by setting a λL value closer

to resonance dip at a given value of Pin, one can reduce the required dc bias. Lowering

the required dc bias VB is crucial as it causes continuous dissipation of electrical power

for bistable memory application. Since the least required negative voltage pulse ∆Vp

for switching from A to A′ (via B) can be as small as < 0.5 V, one can easily reduce the

constant dc bias to an acceptable +0.5V. Thus the constant dc power dissipation can be

as little as ∼36 µW (P dc
H = V 2

B/RH) estimated from our device characteristics.

6.2 Experimental Results

The transient measurements were performed on the device D2 (MRR integrated with

the metal microheater encompassing half of the perimeter of the ring) using the grating

coupler set-up. Additionally, a function generator (FG) was connected in series with the

source measure unit (SMU) to supply the modulation voltage along with the DC bias.

For the high power measurements input laser source was connected to an erbium doped

fiber amplifier (EDFA) as discussed in Chapter-5. The schematic of the experimental

setup for transient measurements is shown in Fig. 6.12. The output was observed in the
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Figure 6.12: Scheme of the experimental set-up used for device characterizations: TLS
-Tunable Laser Source, EDFA - Erbium-Doped Fiber Amplifier, PC - Po-
larization Controller, SMU - Source Measurement Unit, FG - Function
Generator, PD - Photodetector, DSO - Digital storage oscilloscope. Pin
is the launched laser power into the MRR and Pout is the output from the
MRR.

digital storage oscilloscope (DSO) through a photodiode (PD).

6.2.1 Thermo-optic Transient Measurements

Thermo-optic switching was studied for different modulation voltages. Fig. 6.13(a)

is the thermo-optic ON-OFF switching responses corresponding to ∆V varying from

0.3V to 4.0V for an input power (Pin) of 0.15 mW launched into the MRR with the

operating resonant wavelength λr = 1551.5 nm. The rise time (τr) and fall time (τf )

were nearly same for ∆V < 0.8V, but τr reduced with the increase in ∆V and the

value of τf increased as clearly shown in Fig. 6.13(b). This is because the incident laser

wavelength did not go off-tuned from the resonance bandwidth for ∆V < 0.8V, whereas

as the ∆V kept on increasing the incident laser wavelength was completely off-tuned.

For ∆V = 4V, τr was ∼ 250 ns and τf was ∼ 18 µs. The obtained trend is similar

to the simulation results. For a higher value of input power (Pin) of 1.45 mW, similar

experimental results were obtained as the τr became ∼ 200 ns and the τf reached 27 µs

on the application of ∆V = 6V as shown in Fig. 6.13(c) and 6.13(d). This proves that

for any given power when the modulation voltage is increased beyond a certain value

(i.e. complete ON-OFF from the resonance bandwidth for the laser wavelength) the

rise time reduces and fall time increases. As explained before we contribute this to the

similar behaviour of using an overdrive voltage/pulse to reduce the rise time. Since the
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(a) (b)

(c) (d)

Figure 6.13: Normalized thermo-optic transient response for different switching volt-
age (∆V) for (a) Pin = 0.15 mW, (c) Pin = 1.45 mW, rise time and fall
time for each of the switching voltages for (b) Pin = 0.15 mW, (d) Pin =
1.45 mW.

modulation voltage is not removed in our case, it translates to heating up of the MRR

and producing a high fall time.

6.2.2 High Power Switching

The above measurements were performed with a positive modulation voltage (∆V ).

The asymmetric thermo-optic transient response was obtained for higher ∆V where

the laser wavelength went completely out of the resonance bandwidth. Further, we

performed experiments with negative modulation voltage for different levels of input

optical power. ∆V = ± 2V was chosen for this experiment, keeping the bias at 15V.

This is chosen because dλr
dVB

is found to be a nearly constant value of ∼95 pm/V around

the bias voltage VB = 15V (±2V) (See Fig. 4.43(a) of Chapter-3). Though the values
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(a) (b)

Figure 6.14: Thermo-optic transient response for different input laser powers (Pin =
0.05 mW to 1.15 mW) at VB = 15V, when the operating laser wavelength
exactly aligned to one of the MRR resonances: (a) ∆V = 2V (5 kHz); and
(b) ∆V = -2V (5 kHz).

Figure 6.15: Thermo-optic rise time and fall time obtained w.r.t the input optical power
(Pin) launched inside the MRR for two different values of voltage modu-
lation (∆V = ±2V).

of τf do not change significantly as Pin increases for ∆V = +2V, we observed a stark

increase in case of ∆V = -2V as shown in Fig. 6.14. The measurements show a τr

∼ 600 ns and τf ∼ 7 µs for ∆V = 2V; while for ∆ V = -2V, τr remains at ∼ 600 ns

while τf becomes ∼ 45 µs when the launched power is 1.15 mW. The consolidated

values of the rise time (τr) and fall time (τf ) for different input power levels is plotted

in Fig. 6.15, when the applied bias voltage was 15V and the modulation voltage was

±2V. We contribute this to the nonlinear refractive index modulation (∆n ∝ optical

intensity), which is well-known for silicon waveguides as explained in the previous
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sections. Thus we now firmly attribute this behaviour as a consequence of thermo-optic

hysteresis/bistability in microring resonator induced by nonlinear effect at higher field

intensities inside the cavity. Though these values of rise time and fall time are different

from the simulated values shown in Fig. 6.11, still the trend of the experimental results

match well with the trend obtained in simulation.

(a) (b)

Figure 6.16: MRR transmission (right y-axis) obtained by applying a ramp signal (left
y-axis) of 14V to the microheater within 1 ms for (a) Pin = 0.4 mW, (b) Pin
= 4.5 mW by placing the laser∼ 215 nm right of the resonance wavelength
around λ = 1550 nm.

Figure 6.17: Wavelength dependent transmission characteristics for Pin = 0.4 mW
along with the position of the laser (λL).

As explained in the previous section, the observed asymmetric transient response at

higher input laser powers (Pin) motivated us to investigate further for the memory effect

(hysteresis) in thermo-optic detuning of resonance wavelength at higher launched power

levels (nonlinear regime). To study thermo-optic hysteresis, we used a voltage ramp-up

from 0 to 14V (∆T from 0 to 20K) and subsequent ramp-down over a duration of 1 ms.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6.18: Thermo-optic hysteresis as a function of bias voltage VB for Pin (a) 0.4
mW, (b) 0.6 mW, (c) 1.0 mW, (d) 1.5 mW, (e) 2.1 mW, (f) 2.6 mW, (g)
3.5 mW, (h) 4.0 mW, (i) 4.5 mW . In the hysteresis curves, the black solid
lines are obtained by voltage ramping up and red dashed lines by voltage
ramping down over a duration of 1 ms.

Fig. 6.16 shows the input ramp signal (black curve) along with the MRR transmission

obtained (red curve) for two levels of input power (Pin = 0.4 mW and 4.5 mW). The

ramp signal was sourced from the function generator (FG) connected in series with

the source measure unit (SMU). During this experiment, the laser wavelength λL was

carefully positioned sufficiently right to a resonant wavelength λr (λL - λr ∼ 215 pm),

keeping in mind that the resonance gets red-shifted at higher launched power levels.

Fig. 6.17 shows the transmission characteristics for input power (Pin) of 0.4 mW along

with relative position of λL.

The thermo-optic hysteresis curves obtained in Fig. 6.18 are actually extracted from
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Figure 6.19: Voltage hysteresis width (∆V) obtained experimentally with respect to the
input optical power (Pin) launched inside the MRR.

Fig. 6.16. The hysteresis curves are plotted as a function of the bias voltage between

the microheater contact pads. We observed clearly opened hysteresis curves for Pin ≥

0.6 mW. Wider hysteresis curves are observed as the input power increases. Fig. 6.19

shows the parabolic increase in the hysteresis width with the input optical power.

6.3 Summary

In this chapter we have presented the transient analysis of the silicon MRR integrated

titanium metal microheater. We have studied the transient response for complete ON-

OFF switching as well as switching within the resonance bandwidth of the MRR. Fur-

ther, the transient response in the presence of bistability is studied. All the simulation

results have been supported with experimental results. Temperature pulse in the simula-

tion has been considered equivalent to the modulation voltage used in the experiments.

Finally we have proposed optical memory using the bistable switching via thermo-optic

detuning when operating at a fixed input laser power level in its nonlinear regime (Pin ≥

0.6 mW). Typical bistable switching time of the proposed device depends on the power

launched into the device.

For the silicon MRR device integrated with a metal microheater we demonstrated

that the rise time reduces to ∼ 250 ns but the fall time increases to ∼ 20 µs when op-

erated for complete ON-OFF switching. We have attributed this phenomenon similar
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to the use of overdrive voltage/pulse to obtain faster rise time. As the modulation volt-

age is not removed, it is reflected as a high fall time. Further for thermo-optic bistable

switching, we have observed similar values of rise and fall time (τr ∼ 600 ns, τf ∼ 7

µs) for all levels of optical power when the applied modulation voltage (temperature)

is positive. On the other hand, when the applied modulation voltage (temperature) is

negative we observe a significant increase in the fall time (τf ∼ 45 µs for 1.15 mW

optical power) with the level of launched power. This has been attributed to the optical

bistability that is prominent at high input power. To completely explain this asymmetric

transient behaviour we have demonstrated the thermo-optic hysteresis by using a ramp

signal of 1 kHz frequency, thus reaffirming the electrically controlled optical bistability

in silicon MRR.
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CHAPTER 7

Conclusion

The major contribution of this thesis is proposing a method to electrically control the

bistability in silicon microring resonators for non-linear photonics applications. The

detailed design and demonstration of the same has been reported in the preceding six

chapters. This chapter summarizes the complete work and provides an outlook for

future work.

7.1 Thesis Summary

In summary, we have proposed a method to electrically control the optical bistability

in silicon microring resonators. We have demonstrated two different applications such

as improved four wave mixing and optical memory using the same. In the introduc-

tion chapter, we have given the motivation for the requirement to control the optical

bistability electrically. Hence we have shown a detailed literature review of the differ-

ent applications of silicon MRRs, followed by the methods to electrically reconfigure

them (electro-optic and thermo-optic). The non-linear applications were discussed and

the areas of improvement were projected which led us to define our research objective.

Finally, the overview of each of the chapters were discussed.

The second chapter discusses the theory and design of single mode rib waveguide

followed by silicon MRRs. It further discusses the origin of non-linearity in silicon and

the different non-linear mechanisms. The origin of optical bistability in silicon MRRs

is studied which takes into consideration the effects of Kerr nonlinearity, two-photon

absorption and the TPA induced free carriers absorption and dispersion as well as the

thermal phase modulation. Simulation studies were presented to establish a model to

electrically control the optical bistability by using an integrated phase shifter.

The third chapter of the thesis deals with the design and simulation of the phase

shifters. A fabrication technique of using diffusion doping to integrate p-n/p-i-n diodes



with silicon rib waveguides has been proposed. Simulation studies starting from the

complete process flow along with the simulations of electrical and optical characteris-

tics of the p-n/p-i-n diodes integrated rib waveguides have been presented. Next, the

thermo-optic phase shifter design has been discussed. The method to incorporate a sin-

gle type of dopant using diffusion to obtain a microheater is presented. Process flow

simulation to estimate the doping concentration to the thermal simulation to estimate

the temperature profile is presented for p-doped microheaters. Towards the end of the

chapter, the metal microheaters have been discussed. The process flow and thermal

simulation results of the same have been presented.

The fourth chapter of the thesis has been used to present the complete fabrications

done for this work. It starts with the fabrication of p-i-n diodes on 2 µm SOI. Vari-

able optical attenuator and TOA based photodiode characteristics have been studied

and presented. The experimental results of the attempt made to obtain p-i-n/p-n diodes

for scalable silicon photonics devices have been presented. Diode I-V characteristics

were obtained till 750 nm device layer thickness while reducing it from 1.5 µm after the

diffusion processes. Possible reasons of failure beyond 750 nm device layer thickness

have also been discussed. The next part of the chapter deals with the fabrication and

characterization of the thermo-optic phase shifters integrated with MRRs. Fabrication

results and basic characterization results of both p-doped microheater integrated MRRs

and Titanium metal microheater integrated MRRs have been presented. The MRRs

exhibited a Q-value in the range of 45000. It has been observed that the doped mi-

croheaters exhibit more effective wavelength tunability than their metal counterparts.

However, the transient response of both the kind of microheaters are nearly same (∼

3.5 µs) when operated in the linear region of the MRR resonance. A comparison of

both the types of microheaters have also been included towards the end of the chapter.

The fifth chapter of the thesis deals with the demonstration of bistability in silicon

MRRs when subjected to high input power. Using the Titanium microheater integrated

MRRs demonstrated in Chapter-4, experimental demonstration of the phase controlled

bistability was performed. As an application, four wave mixing was demonstrated and

it was shown that higher power of idler was obtained when the pump wavelength was

aligned with the MRR resonance by reducing the phase instead of increasing the phase
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and aligning. A conversion efficiency of ∼ 11.6 dB was obtained for a pump power of

∼ 8.4 mW which matches very well with the simulation as well as the proposed model.

In the sixth chapter we have presented the transient analysis of the silicon MRR for

different modulation voltages to the microheater as well as for different input optical

power. We have presented a simulation study considering the non-linear effects (TPA,

Kerr, TPM) in silicon. It was observed that the thermo-optic rise time reduces to sub-µs

and fall time increases to 10’s of µs when the ON-OFF switching is beyond the reso-

nance bandwidth of MRR while operating in linear regime. For the non-linear regime,

it has been observed that there is asymmetric behaviour in the response time when a

negative modulation voltage is applied. This ahs been explained with the hysteresis

curve obtained at high optical power levels. Using this we have also proposed optical

memory application which can be controlled electrically by the external phase shifter.

7.2 Future scopes

The electrical control of optical bistability in silicon MRRs has paved a way to generate

efficient photon pair sources by integrating microheaters with MRRs and controlling the

temperature of the device locally instead of completely heating or cooling the sample.

This will be of much advantage in complex quantum photonics circuits where the tem-

perature of the photon source (MRR) can be controlled individually without affecting

the operation of the other devices in the circuit.

Figure 7.1: Schematic of a quantum photonic circuit used to separate the generated pho-
ton pairs.

Fig. 7.1 shows a integrated quantum circuit in silicon photonics platform where
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a microring resonator integrated with a microheater can be used as a quantum photon

source. A high pump laser (λp) is used to generate idler (λi) and signal (λs) photons as

shown with the blue and green arrows in the figure. A high extinction filter is used to

suppress the pump wavelength and the signal and idler is fed to an unbalanced Mach

Zehnder Interferometer circuit to separate them. Using the proposed technique of elec-

trically controlling the bistability of the MRR, the generation of the signal and idler

photons can be enhanced.

The other part of the thesis aims in obtaining the response time of the microheater-

rib waveguide system. The transient measurements mentioned in Chapter-6 will help

to decide non-linear switching time. It can be used as optical memory which is already

discussed. Instead of using two lasers as required in all-optical switching or all opti-

cal memory, this technique will help to obtain the similar function with thermo-optic

tuning.

Considering all the work reported in this thesis, there is further scope of improving

the MRR design to make it less dispersive, more compact and optimizing the doped

microheater to increase the conversion efficiency as well as reducing the power require-

ment for the phase shifter.
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APPENDIX A

Additional Information on Fabrication

A.1 SOI wafer specifications

Table A.1: Specifications of SOI wafers used

Device layer thickness BOX thickness Handle layer thickness Dopant
2 µm 1µm 500 µm p-type

1.5 µm 3µm 500 µm p-type
250 nm 3µm 500 µm p-type
220 nm 2µm 700 µm p-type

A.2 Silicon Wafer Cleaning Steps

1. TCE Cleaning: To remove oil and grease
(a) Ultrasonic agitation with TCE for 2 minutes

(b) Boil at 60◦ for 2 minutes

2. Acetone Cleaning: To remove organic contaminants
(a) Ultrasonic agitation with Acetone for 2 minutes

(b) Boil at 60◦ for 2 minutes

(c) Rinse in DI water and blow dry with Nitrogen

3. HNO3 Cleaning: To form metal oxide
(a) Boil at 80◦ for 3 minutes

(b) Rinse in DI water and check for hydrophilic surface

(c) Blow dry with Nitrogen

4. Dil. HF Cleaning: To remove metal oxide
(a) Dip in dil. HF (HF : DI water :: 1 : 25) for 30 seconds

(b) Rinse in DI water and check for hydrophobic surface

(c) Blow dry with Nitrogen



A.3 Spin Coating Parameters

The spin coating parameters used for various steps of lithography is tabulated below

Table A.2: Spin coating parameters for S1805 (positive tone photoresist) to obtain ∼
500 nm thickness on SOI.

Spin coating parameters Speed Acceleration Time Thickness
Step-1 (Coat) 450 rpm 3000 rpm/s 45 s -

Table A.3: Spin coating parameters for S1813 (positive tone photoresist) to obtain ∼
1200 nm thickness on SOI.

Spin coating parameters Speed Acceleration Time Thickness
Step-1 (Coat) 450 rpm 3000 rpm/s 45 s -

Table A.4: Spin coating parameters for HSQ (negative tone resist) to obtain ∼ 100 nm
thickness on SOI.

Spin coating parameters Speed Acceleration Time Thickness
Step-1 (Spread) 100 rpm 100 rpm/s 10 s -
Step-2 (Coat) 3000 rpm 1500 rpm/s 30 s ∼100 nm

Table A.5: Spin coating parameters for PMMA (A4) (positive tone resist) to obtain ∼
250 nm thickness on SOI.

Spin coating parameters Speed Acceleration Time Thickness
Step-1 (Coat) 3000 rpm 600 rpm/s 45 s ∼250 nm

A.4 Photolithography Parameters

1. Moisture removal for minimum 15 mins at ∼200◦C

2. Spin coating of photoresist (S1805/S1813)

3. Prebake/soft-bake for 15 mins at 80◦C

4. Exposure (Vacuum contact)

5. Post-exposure bake at 120◦C for 2 mins

6. Developing (using MF312/MF319)

7. Postbake/hard-bake at 80◦C for 20 mins

Fig. A.1(a)-A.1(d) shows the SEM image of the photoresist profile obtained after

i-line photolithography.
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Figure A.1: SEM images of positive photoresist profile of (a) top view of a 2 µm rib
waveguide, (b) cross-section view of the PPR, (c) and (d) zoom view of the
PPR side wall roughness .

A.5 EBL Column Parameters

The column parameters for electron-beam lithography is tabulated as follows:

Table A.6: EBL (Raith 150 TWO) column parameters and patterning parameters used
for conventional and FBMS patterning on HSQ resist.

Column parameters Patterning parameters
Acceleration voltage : 20 kV Area dose : 300 µC/cm2

Aperture : 20 µm FBMS dose : 400 µC/cm2

Working distance : 10 mm Area step size : 9.4 nm
Write field : 100 µm × 100 µm

A.6 Dry Etching Parameters

The ICPRIE etching recipes used for silicon and silicon-di-oxide etching is tabulated as

follows:
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Table A.7: Optimized recipe for dry etching of silicon using ICP-RIE

Parameter Value
Gas flow rate SF6:CHF3 :: 5:18 sccm
RF power 30 W
ICP power 1000 W
Pressure 15 mTorr
Temperature 20◦C

Table A.8: Optimized recipe for dry etching of silicon-di-oxide using ICP-RIE

Parameter Value
Gas flow rate Ar:CHF3 :: 25:25 sccm
RF power 100 W
ICP power 0 W
Pressure 15 mTorr
Temperature 0◦C

A.7 Phosphorus Diffusion

Phosphorous diffusion was carried out using the liquid (POCl3) source of diffusion.

Oxygen and very low amount of nitrogen was bubbled through the POCl3 kept in a

glass-bubbler at 4◦C. Nitrogen was used as the carrier gas for the diffusion process.

POCl3 while reacting with oxygen produces P2O5 and chlorine gas is released. The

P2O5 on reacting with the silicon wafer produces phosphorous which gets diffused into

the wafer and phosposilicate glass (PSG) is formed on the surface of the silicon wafer.

4POCl3 + 3O2 −→ 2P2O5 + 6Cl2 (A.1)

2P2O5 + 5Si2 −→ 4P + 5SiO2 (A.2)

The above two equations explain the chemical reactions that go through during the

phosphorus diffusion process. Fig. A.2 shows the data sheet for the sheet resistance

obtained when the diffusion is performed at different temperature for various time du-

ration.
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Figure A.2: Data sheet for sheet resistance of Phosphorous diffusion [85].

A.8 Boron Diffusion

For Boron diffusion Boron Nitride wafers were used as the solid source of diffusion.

The BN wafers were cleaned in dilute HF solution (HF:DI water :: 2:3). After drying

with nitrogen air gun, they were loaded and kept in the mouth of the furnace at 400◦C

for 2 hours. Nitrogen flow was maintained all these time. This ensured complete drying

of the BN wafers. The temperature of the furnace was ramped up to 1000◦ for oxidising

the wafers. The BN wafers were oxidised for 30 minutes in the presence of oxygen

gas only. Then the wafers were unloaded and the furnace was ramped up to 1100◦C.

In the mean time the silicon samples were placed in between the BN wafers. Once

the temperature of the furnace was stabilized, the BN wafers along with alternatively

placed silicon wafers were loaded into the furnace for diffusion. During diffusion,

Nitrogen was used as the carrier gas along with a very small flow of oxygen. The

total temperature ramp up processes for processing the BN wafers is shown in Fig.

A.3. Borosilicate glass (BSG) formation occurs on the silicon wafers as a result of the

diffusion process.

The BSG is hard and needs to be softened using low temperature oxidation. Wet

oxidation at 700◦C was performed for 20 mins to soften the BSG. Finally the sample

was cleaned using dilute HF solution to remove the BSG. The sheet resistance of the

diffused sample can be estimated using Fig. A.4 by considering the temperature and
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Figure A.3: Boron Nitride wafer preparation process for Boron diffusion.

duration of diffusion.

Figure A.4: Data sheet for sheet resistance vs time for Boron diffusion.
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APPENDIX C

List of Publications Based on Thesis

Journals
1. Riddhi Nandi, Arnab Goswami and Bijoy Krishna Das, "Phase Controlled Bista-

bility in Silicon Microring Resonators for Nonlinear Photonics", IEEE Journal of
Selected Topics in Quantum Electronics (2021), Vol. 27, No. 2, March/April
2021.

2. Riddhi Nandi, Arnab Goswami, Anushka Tiwari and Bijoy Krishna Das, "Thermo-
Optic Switching Response of Silicon Microring Resonators in Presence of Two-
Photon Absorption", Applied Optics, (manuscript under preparation).

3. B. K. Das, N. DasGupta, S. Chandran, S. Kurudi, P. Sah, R. Nandi, et. al, "Silicon
Photonics Technology : Ten Years of Research at IIT Madras", Asian Journal of
Physics, Vol. 25, No. 7, pp. 923 - 955, 2016.

Conference (Presentations / Proceedings/Symposium)
1. Riddhi Nandi, Arnab Giswami and Bijoy Krishna Das, "Electrically Controlled

Bistability in Microring Resonator for Nonlinear Photonic Application", CLEO-
Pacific Rim, 3-5 August 2020, Sydney, Australia (poster).

2. Riddhi Nandi, Anushka Tiwari, Ramesh K Gupta and Bijoy K Das, "Modelling
Thermo-Optically Reconfigurable Silicon Photonics", International Conference
on Optics and Electro-optics 2019, 19-22 October 2019, Dehradun, India (Invited
talk).

3. Riddhi Nandi, Ramesh K Gupta and Bijoy K Das, "Thermo-optic Tuning of
Microring Resonators using Diffusion Doped Microheaters in SOI." International
Conference on Fibre Optics and Photonics, Optical Society of America, 12 - 15
December 2018, Delhi, India (poster).

4. Riddhi Nandi and Bijoy K Das, "Polarization Dependent Electro-Optic Effect in
SOI Waveguides with Laterally Diffused P-N Junction", International Conference
on Microwave and Photonics (ICMAP 2018), 9-11 February 2018, Dhanbad, In-
dia (oral).

5. Sreevatsa Kurudi, Riddhi Nandi and Bijoy K Das, "Scaling of Silicon PIN Waveg-
uide Photodetector at 1550 nm Wavelength", International Workshop on Physics
of Semiconductor Devices, 11-15 December 2017, Delhi, India (poster).



6. Riddhi Nandi, Sreevatsa Kurudi and Bijoy K Das, "Diffusion-doped p-i-n/p-n
diodes for scalable silicon photonics devices", SPIE Microtechnologies 2017, 8-
10 May 2017, Barcelona, Spain (poster).
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[7] X. Chen, M. M. Milosevic, S. Stanković, S. Reynolds, T. D. Bucio, K. Li, D. J.
Thomson, F. Gardes, and G. T. Reed, “The emergence of silicon photonics as
a flexible technology platform,” Proceedings of the IEEE, vol. 106, no. 12, pp.
2101–2116, 2018.

[8] A. Rickman, G. Reed, and F. Namavar, “Silicon-on-insulator optical rib waveg-
uide loss and mode characteristics,” Journal of Lightwave Technology, vol. 12,
no. 10, pp. 1771–1776, 1994.

[9] O. Powell, “Single-mode condition for silicon rib waveguides,” Journal of Light-
wave Technology, vol. 20, no. 10, p. 1851, 2002.

[10] L. Vivien, S. Laval, B. Dumont, S. Lardenois, A. Koster, and E. Cassan,
“Polarization-independent single-mode rib waveguides on silicon-on-insulator
for telecommunication wavelengths,” Optics Communications, vol. 210, no. 1-
2, pp. 43–49, 2002.

[11] S. Janz, A. Balakrishnan, S. Charbonneau, P. Cheben, M. Cloutier, A. Delâge,
K. Dossou, L. Erickson, M. Gao, P. Krug et al., “Planar waveguide echelle grat-
ings in silica-on-silicon,” IEEE Photonics Technology Letters, vol. 16, no. 2, pp.
503–505, 2004.

137



[12] S. Janz, P. Cheben, D. Dalacu, A. Delage, A. Densmore, B. Lamontagne, M.-
J. Picard, E. Post, J. Schmid, P. Waldron et al., “Microphotonic elements for
integration on the silicon-on-insulator waveguide platform,” IEEE Journal of Se-
lected Topics in Quantum Electronics, vol. 12, no. 6, pp. 1402–1415, 2006.

[13] R. Sumi, R. K. Gupta, N. DasGupta, and B. K. Das, “Ultra-broadband add-drop
filter/switch circuit using subwavelength grating waveguides,” IEEE Journal of
Selected Topics in Quantum Electronics, vol. 25, no. 3, pp. 1–11, 2018.

[14] P. Trinh, S. Yegnanarayanan, and B. Jalali, “Integrated optical directional cou-
plers in silicon-on-insulator,” Electronics Letters, vol. 31, no. 24, pp. 2097–2098,
1995.

[15] H. Yamada, T. Chu, S. Ishida, and Y. Arakawa, “Optical directional coupler based
on si-wire waveguides,” IEEE Photonics Technology Letters, vol. 17, no. 3, pp.
585–587, 2005.

[16] R. K. Gupta, S. Chandran, and B. K. Das, “Wavelength-independent directional
couplers for integrated silicon photonics,” Journal of Lightwave Technology,
vol. 35, no. 22, pp. 4916–4923, 2017.

[17] K. Jinguji, N. Takato, A. Sugita, and M. Kawachi, “Mach-zehnder interferom-
eter type optical waveguide coupler with wavelength-flattened coupling ratio,”
Electronics Letters, vol. 26, no. 17, pp. 1326–1327, 1990.

[18] D. Thomson, Y. Hu, G. Reed, and J.-M. Fedeli, “Low loss mmi couplers for
high performance mzi modulators,” IEEE Photonics Technology Letters, vol. 22,
no. 20, pp. 1485–1487, 2010.

[19] D. Dai, Z. Wang, J. Peters, and J. E. Bowers, “Compact polarization beam split-
ter using an asymmetrical mach–zehnder interferometer based on silicon-on-
insulator waveguides,” IEEE Photonics Technology Letters, vol. 24, no. 8, pp.
673–675, 2012.

[20] A. Driessen, R. Dekker, M. B. Diemeer, D. H. Geuzebroek, H. J. Hoekstra, E. J.
Klein, and A. Leinse, “Microresonators as promising building blocks for vlsi
photonics,” in Integrated Optics: Theory and Applications, vol. 5956. Interna-
tional Society for Optics and Photonics, 2005, p. 59560Q.

[21] P. Dumon, G. Roelkens, W. Bogaerts, D. Van Thourhout, J. Wouters, S. Beckx,
P. Jaenen, and R. Baets, “Basic photonic wire components in silicon-on-
insulator,” in IEEE International Conference on Group IV Photonics, 2005. 2nd.
IEEE, 2005, pp. 189–191.

[22] S. Chandran, M. Sundaram, S. Kurudi, and B. K. Das, “Design and fabrication
of surface trimmed silicon-on-insulator waveguide with adiabatic spot-size con-
verters,” Applied Optics, vol. 56, no. 6, pp. 1708–1716, 2017.

[23] W. Bogaerts, S. K. Selvaraja, P. Dumon, J. Brouckaert, K. De Vos,
D. Van Thourhout, and R. Baets, “Silicon-on-insulator spectral filters fabricated
with cmos technology,” IEEE Journal of Selected Topics in Quantum Electronics,
vol. 16, no. 1, pp. 33–44, 2010.

138



[24] F. Horst, W. M. Green, S. Assefa, S. M. Shank, Y. A. Vlasov, and B. J. Of-
frein, “Cascaded mach-zehnder wavelength filters in silicon photonics for low
loss and flat pass-band wdm (de-) multiplexing,” Optics Express, vol. 21, no. 10,
pp. 11 652–11 658, 2013.

[25] C. Nayak and G. Palai, “Realization of monochromatic filter using silicon grating
structure: an application of silicon photonics,” Optik, vol. 127, no. 20, pp. 8264–
8268, 2016.

[26] C. Manganelli, P. Pintus, F. Gambini, D. Fowler, M. Fournier, S. Faralli, C. Kopp,
and C. Oton, “Large-fsr thermally tunable double-ring filters for wdm applica-
tions in silicon photonics,” IEEE Photonics Journal, vol. 9, no. 1, pp. 1–10, 2017.

[27] M. S. Nezami, B. Radi, A. Gour, Y. Xiong, M. Taherzadeh-Sani, M. Ménard,
F. Nabki, and O. Liboiron-Ladouceur, “Integrated rf passive low-pass filters in
silicon photonics,” IEEE Photonics Technology Letters, vol. 30, no. 23, pp. 2052–
2055, 2018.

[28] D. O. M. de Aguiar, M. Milanizadeh, E. Guglielmi, F. Zanetto, G. Ferrari,
M. Sampietro, F. Morichetti, and A. Melloni, “Automatic tuning of silicon pho-
tonics microring filter array for hitless reconfigurable add–drop,” Journal of
Lightwave Technology, vol. 37, no. 16, pp. 3939–3947, 2019.

[29] Q. Fang, J. F. Song, T.-Y. Liow, H. Cai, M. B. Yu, G. Q. Lo, and D.-L. Kwong,
“Ultralow power silicon photonics thermo-optic switch with suspended phase
arms,” IEEE Photonics Technology Letters, vol. 23, no. 8, pp. 525–527, 2011.

[30] D. Celo, D. J. Goodwill, J. Jiang, P. Dumais, C. Zhang, F. Zhao, X. Tu, C. Zhang,
S. Yan, J. He, M. Li, W. Liu, Y. Wei, D. Geng, H. Mehrvar, and E. Bernier, “32×
32 silicon photonic switch,” in 2016 21st OptoElectronics and Communications
Conference (OECC) held jointly with 2016 International Conference on Photon-
ics in Switching (PS). IEEE, 2016, pp. 1–3.

[31] P. Dumais, D. J. Goodwill, D. Celo, J. Jiang, C. Zhang, F. Zhao, X. Tu, C. Zhang,
S. Yan, J. He, Ming, W. Liu, Y. Wei, D. Geng, H. Mehrvar, and E. Bernier, “Sil-
icon photonic switch subsystem with 900 monolithically integrated calibration
photodiodes and 64-fiber package,” Journal of Lightwave Technology, vol. 36,
no. 2, pp. 233–238, 2017.

[32] K. Suzuki, K. Tanizawa, S. Suda, H. Matsuura, T. Inoue, K. Ikeda, S. Namiki,
and H. Kawashima, “Broadband silicon photonics 8× 8 switch based on double-
mach–zehnder element switches,” Optics Express, vol. 25, no. 7, pp. 7538–7546,
2017.

[33] R. Konoike, K. Suzuki, S. Namiki, H. Kawashima, and K. Ikeda, “Ultra-compact
silicon photonics switch with high-density thermo-optic heaters,” Optics Ex-
press, vol. 27, no. 7, pp. 10 332–10 342, 2019.

[34] K. Ikeda, K. Suzuki, R. Konoike, S. Namiki, and H. Kawashima, “Large-scale
silicon photonics switch based on 45-nm cmos technology,” Optics Communica-
tions, p. 125677, 2020.

139



[35] A. Melloni, A. Canciamilla, C. Ferrari, F. Morichetti, L. O’Faolain, T. Krauss,
R. De La Rue, A. Samarelli, and M. Sorel, “Tunable delay lines in silicon pho-
tonics: coupled resonators and photonic crystals, a comparison,” IEEE Photonics
Journal, vol. 2, no. 2, pp. 181–194, 2010.

[36] S. Khan, M. A. Baghban, and S. Fathpour, “Electronically tunable silicon pho-
tonic delay lines,” Optics Express, vol. 19, no. 12, pp. 11 780–11 785, 2011.

[37] S. Kaushal and B. Das, “Design of maximally flat delay lines using apodized
crow structure in soi,” in International Conference on Fibre Optics and Photon-
ics. Optical Society of America, 2014, pp. T4B–3.

[38] H. Sun and L. R. Chen, “Discretely tunable optical delay lines using step-chirped
subwavelength grating bragg gratings.”

[39] Q. Xu, V. R. Almeida, and M. Lipson, “Micrometer-scale all-optical wavelength
converter on silicon,” Optics Letters, vol. 30, no. 20, pp. 2733–2735, 2005.

[40] L. Chen, K. Preston, S. Manipatruni, and M. Lipson, “Integrated ghz silicon
photonic interconnect with micrometer-scale modulators and detectors,” Optics
Express, vol. 17, no. 17, pp. 15 248–15 256, 2009.

[41] A. Vorckel, M. Monster, W. Henschel, P. H. Bolivar, and H. Kurz, “Asymmet-
rically coupled silicon-on-insulator microring resonators for compact add-drop
multiplexers,” IEEE Photonics Technology Letters, vol. 15, no. 7, pp. 921–923,
2003.

[42] M. Geng, L. Jia, L. Zhang, L. Yang, P. Chen, T. Wang, and Y. Liu, “Four-channel
reconfigurable optical add-drop multiplexer based on photonic wire waveguide,”
Optics Express, vol. 17, no. 7, pp. 5502–5516, 2009.

[43] M. S. Dahlem, C. W. Holzwarth, A. Khilo, F. X. Kärtner, H. I. Smith, and E. P.
Ippen, “Reconfigurable multi-channel second-order silicon microring-resonator
filterbanks for on-chip wdm systems,” Optics Express, vol. 19, no. 1, pp. 306–
316, 2011.

[44] S. Nakamura, S. Yanagimachi, H. Takeshita, A. Tajima, T. Hino, and K. Fukuchi,
“Optical switches based on silicon photonics for roadm application,” IEEE Jour-
nal of Selected Topics in Quantum Electronics, vol. 22, no. 6, pp. 185–193, 2016.

[45] S. Chen, Y. Shi, S. He, and D. Dai, “Compact eight-channel thermally recon-
figurable optical add/drop multiplexers on silicon,” IEEE Photonics Technology
Letters, vol. 28, no. 17, pp. 1874–1877, 2016.

[46] S. Wang, H. Wu, H. K. Tsang, and D. Dai, “Monolithically integrated recon-
figurable add-drop multiplexer for mode-division-multiplexing systems,” Optics
Letters, vol. 41, no. 22, pp. 5298–5301, 2016.

[47] B. Naghdi and L. R. Chen, “Silicon photonic four-channel optical add-drop mul-
tiplexer enabled by subwavelength grating waveguides,” IEEE Photonics Jour-
nal, vol. 10, no. 4, pp. 1–10, 2018.

140



[48] S. Clemmen, K. P. Huy, W. Bogaerts, R. G. Baets, P. Emplit, and S. Massar,
“Continuous wave photon pair generation in silicon-on-insulator waveguides and
ring resonators,” Optics Express, vol. 17, no. 19, pp. 16 558–16 570, 2009.

[49] E. Engin, D. Bonneau, C. M. Natarajan, A. S. Clark, M. G. Tanner, R. H. Had-
field, S. N. Dorenbos, V. Zwiller, K. Ohira, N. Suzuki, H. Yoshida, N. Iizuka,
M. Ezaki, J. L. O’Brien, and M. G. Thompson, “Photon pair generation in a
silicon micro-ring resonator with reverse bias enhancement,” Optics Express,
vol. 21, no. 23, pp. 27 826–27 834, 2013.

[50] K. Guo, L. Yang, X. Shi, X. Liu, Y. Cao, J. Zhang, X. Wang, J. Yang, H. Ou,
and Y. Zhao, “Nonclassical optical bistability and resonance-locked regime of
photon-pair sources using silicon microring resonator,” Physical Review Applied,
vol. 11, no. 3, p. 034007, 2019.

[51] S. Paesani, M. Borghi, S. Signorini, A. Maïnos, L. Pavesi, and A. Laing, “Near-
ideal spontaneous photon sources in silicon quantum photonics,” Nature Com-
munications, vol. 11, no. 1, pp. 1–6, 2020.

[52] X. Zheng, I. Shubin, G. Li, T. Pinguet, A. Mekis, J. Yao, H. Thacker, Y. Luo,
J. Costa, K. Raj, J. E. Cunningham, and A. V. Krishnamoorthy, “A tunable 1x4
silicon cmos photonic wavelength multiplexer/demultiplexer for dense optical
interconnects,” Optics Express, vol. 18, no. 5, pp. 5151–5160, 2010.

[53] B. A. Dorin and N. Y. Winnie, “Two-mode division multiplexing in a silicon-on-
insulator ring resonator,” Optics Express, vol. 22, no. 4, pp. 4547–4558, 2014.

[54] D. Tan, A. Grieco, and Y. Fainman, “Towards 100 channel dense wavelength
division multiplexing with 100ghz spacing on silicon,” Optics Express, vol. 22,
no. 9, pp. 10 408–10 415, 2014.

[55] H. Guan, Z.-Y. Li, H.-H. Shen, and Y.-D. Yu, “Compact optical add-drop de-
multiplexers with cascaded micro-ring resonators on soi,” Chinese Physics Let-
ters, vol. 34, no. 6, p. 064201, 2017.

[56] J. K. Poon, J. Scheuer, Y. Xu, and A. Yariv, “Designing coupled-resonator optical
waveguide delay lines,” JOSA B, vol. 21, no. 9, pp. 1665–1673, 2004.

[57] J. Cardenas, M. A. Foster, N. Sherwood-Droz, C. B. Poitras, H. L. Lira, B. Zhang,
A. L. Gaeta, J. B. Khurgin, P. Morton, and M. Lipson, “Wide-bandwidth con-
tinuously tunable optical delay line using silicon microring resonators,” Optics
Express, vol. 18, no. 25, pp. 26 525–26 534, 2010.

[58] J. Xie, L. Zhou, Z. Zou, J. Wang, X. Li, and J. Chen, “Continuously tunable
reflective-type optical delay lines using microring resonators,” Optics Express,
vol. 22, no. 1, pp. 817–823, 2014.

[59] S. J. Emelett and R. Soref, “Design and simulation of silicon microring optical
routing switches,” Journal of Lightwave Technology, vol. 23, no. 4, pp. 1800–
1807, 2005.

141



[60] S. Xiao, M. H. Khan, H. Shen, and M. Qi, “Silicon-on-insulator microring add-
drop filters with free spectral ranges over 30 nm,” Journal of Lightwave Technol-
ogy, vol. 26, no. 2, pp. 228–236, 2008.

[61] B. G. Lee, A. Biberman, P. Dong, M. Lipson, and K. Bergman, “All-optical comb
switch for multiwavelength message routing in silicon photonic networks,” IEEE
Photonics Technology Letters, vol. 20, no. 10, pp. 767–769, 2008.

[62] P. Dong, W. Qian, H. Liang, R. Shafiiha, N.-N. Feng, D. Feng, X. Zheng, A. V.
Krishnamoorthy, and M. Asghari, “Low power and compact reconfigurable mul-
tiplexing devices based on silicon microring resonators,” Optics Express, vol. 18,
no. 10, pp. 9852–9858, 2010.

[63] Z. Guo, L. Lu, L. Zhou, L. Shen, and J. Chen, “16× 16 silicon optical switch
based on dual-ring-assisted mach–zehnder interferometers,” Journal of Light-
wave Technology, vol. 36, no. 2, pp. 225–232, 2017.

[64] S. Palermo, P. Chiang, C. Li, C.-H. Chen, M. Fiorentino, R. Beausoleil, H. Li,
K. Yu, B. Wang, R. Bai et al., “Silicon photonic microring resonator-based
transceivers for compact wdm optical interconnects,” in 2015 IEEE Compound
Semiconductor Integrated Circuit Symposium (CSICS). IEEE, 2015, pp. 1–4.

[65] M. Rakowski, M. Pantouvaki, P. De Heyn, P. Verheyen, M. Ingels, H. Chen,
J. De Coster, G. Lepage, B. Snyder, K. De Meyer, M. Steyaert, N. Pavarelli,
J. Su Lee, P. O’Brien, P. Absil, and J. Van Campenhout, “22.5 a 4× 20gb/s
wdm ring-based hybrid cmos silicon photonics transceiver,” in 2015 IEEE In-
ternational Solid-State Circuits Conference-(ISSCC) Digest of Technical Papers.
IEEE, 2015, pp. 1–3.

[66] M. S. Rasras, K.-Y. Tu, D. M. Gill, Y.-K. Chen, A. E. White, S. S. Patel,
A. Pomerene, D. Carothers, J. Beattie, M. Beals et al., “Demonstration of a
tunable microwave-photonic notch filter using low-loss silicon ring resonators,”
Journal of Lightwave Technology, vol. 27, no. 12, pp. 2105–2110, 2009.

[67] W. Yang, X. Yi, S. Song, S. X. Chew, L. Li, and L. Nguyen, “Tunable sin-
gle bandpass microwave photonic filter based on phase compensated silicon-on-
insulator microring resonator,” in 2016 21st OptoElectronics and Communica-
tions Conference (OECC) held jointly with 2016 International Conference on
Photonics in Switching (PS). IEEE, 2016, pp. 1–3.

[68] Y. Long and J. Wang, “All-optical tuning of a nonlinear silicon microring assisted
microwave photonic filter: theory and experiment,” Optics Express, vol. 23,
no. 14, pp. 17 758–17 771, 2015.

[69] M. Borghi, C. Castellan, S. Signorini, A. Trenti, and L. Pavesi, “Nonlinear silicon
photonics,” Journal of Optics, vol. 19, no. 9, p. 093002, 2017.

[70] J. W. Silverstone, J. Wang, D. Bonneau, P. Sibson, R. Santagati, C. Erven,
J. O’Brien, and M. Thompson, “Silicon quantum photonics,” in 2016 Interna-
tional Conference on Optical MEMS and Nanophotonics (OMN). IEEE, 2016,
pp. 1–2.

142



[71] X. Qiang, X. Zhou, J. Wang, C. M. Wilkes, T. Loke, S. O’Gara, L. Kling, G. D.
Marshall, R. Santagati, T. C. Ralph et al., “Large-scale silicon quantum photonics
implementing arbitrary two-qubit processing,” Nature Photonics, vol. 12, no. 9,
pp. 534–539, 2018.

[72] S. T. Fard, S. M. Grist, V. Donzella, S. A. Schmidt, J. Flueckiger, X. Wang,
W. Shi, A. Millspaugh, M. Webb, D. M. Ratner et al., “Label-free silicon pho-
tonic biosensors for use in clinical diagnostics,” in Silicon Photonics VIII, vol.
8629. International Society for Optics and Photonics, 2013, p. 862909.

[73] M. Iqbal, M. A. Gleeson, B. Spaugh, F. Tybor, W. G. Gunn, M. Hochberg,
T. Baehr-Jones, R. C. Bailey, and L. C. Gunn, “Label-free biosensor arrays
based on silicon ring resonators and high-speed optical scanning instrumenta-
tion,” IEEE Journal of Selected Topics in Quantum Electronics, vol. 16, no. 3,
pp. 654–661, 2010.

[74] D.-X. Xu, M. Vachon, A. Densmore, R. Ma, A. Delâge, S. Janz, J. Lapointe,
Y. Li, G. Lopinski, D. Zhang et al., “Label-free biosensor array based on silicon-
on-insulator ring resonators addressed using a wdm approach,” Optics Letters,
vol. 35, no. 16, pp. 2771–2773, 2010.

[75] Q. Xu, B. Schmidt, S. Pradhan, and M. Lipson, “Micrometre-scale silicon
electro-optic modulator,” nature, vol. 435, no. 7040, pp. 325–327, 2005.

[76] R. Soref and B. Bennett, “Electro-optical effects in silicon,” IEEE Journal of
Quantum Electronics, vol. 23, no. 1, pp. 123–129, 1987.

[77] G. Cocorullo, F. Della Corte, and I. Rendina, “Temperature dependence of the
thermo-optic coefficient in crystalline silicon between room temperature and 550
k at the wavelength of 1523 nm,” Applied Physics Letters, vol. 74, no. 22, pp.
3338–3340, 1999.

[78] H. Yu et al., “Performance trade-off between lateral and interdigitated doping
patterns for high speed carrier-depletion based silicon modulators,” Optics Ex-
press, vol. 20, no. 12, pp. 12 926–12 938, 2012.

[79] A. Atabaki, E. S. Hosseini, A. Eftekhar, S. Yegnanarayanan, and A. Adibi, “Op-
timization of metallic microheaters for high-speed reconfigurable silicon photon-
ics,” Optics Express, vol. 18, no. 17, pp. 18 312–18 323, 2010.

[80] F. Testa, C. J. Oton, C. Kopp, J.-M. Lee, R. Ortuño, R. Enne, S. Tondini,
G. Chiaretti, A. Bianchi, P. Pintus et al., “Design and implementation of an
integrated reconfigurable silicon photonics switch matrix in iris project,” IEEE
Journal of Selected Topics in Quantum Electronics, vol. 22, no. 6, pp. 155–168,
2016.

[81] B. Guha, B. B. Kyotoku, and M. Lipson, “Cmos-compatible athermal silicon
microring resonators,” Optics Express, vol. 18, no. 4, pp. 3487–3493, 2010.

[82] B. Guha, J. Cardenas, and M. Lipson, “Athermal silicon microring resonators
with titanium oxide cladding,” Optics Express, vol. 21, no. 22, pp. 26 557–
26 563, 2013.

143



[83] K. Padmaraju, D. F. Logan, T. Shiraishi, J. J. Ackert, A. P. Knights, and
K. Bergman, “Wavelength locking and thermally stabilizing microring resonators
using dithering signals,” Journal of Lightwave Technology, vol. 32, no. 3, pp.
505–512, 2013.

[84] H. Jayatilleka, K. Murray, M. Á. Guillén-Torres, M. Caverley, R. Hu, N. A.
Jaeger, L. Chrostowski, and S. Shekhar, “Wavelength tuning and stabilization
of microring-based filters using silicon in-resonator photoconductive heaters,”
Optics Express, vol. 23, no. 19, pp. 25 084–25 097, 2015.

[85] D. Llewellyn, Y. Ding, I. I. Faruque, S. Paesani, D. Bacco, R. Santagati, Y.-J.
Qian, Y. Li, Y.-F. Xiao, M. Huber et al., “Chip-to-chip quantum teleportation
and multi-photon entanglement in silicon,” Nature Physics, vol. 16, no. 2, pp.
148–153, 2020.

[86] J. Wang, S. Paesani, Y. Ding, R. Santagati, P. Skrzypczyk, A. Salavrakos, J. Tura,
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