Nonlinear Silicon Waveguides for

Integrated Fiber Laser Systems

WONG, Chi Yan

A Thesis Submitted in Partial Fulfillment
of the Requirements for the Degree of
Doctor of Philosophy
in
Electronic Engineering

The Chinese University of Hong Kong
August 2013



Abstract of thesis entitled:

Nonlinear Silicon Wavequides for Integrated Fiber Laser Systems

Submitted by WONG, Chi Yan

for the degree of Doctor of Philosophy in Electronic Engineering

at The Chinese University of Hong Kong in August 2013

Silicon-on-insulator (SOI) based photonic devices have attracted great
interest from photonics community because of its compatibility with state-of-the-art
CMOS fabrication processes and its potential of making energy efficient and low
cost photonic integrated circuits (PICs) for high bandwidth optical interconnects and
integrated optical sensors. Wavelength division multiplexing (WDM) is already
widely used in optical communications and is also of interest for optical sensors,
providing advantages of low cost, and high speed compared with single wavelength
approach. However, the cost and the bulkiness of WDM systems increase
proportionally with the number of wavelengths if conventional external laser source
is used. Therefore, low cost and compact laser source with stable and high line

quality is of great interest for integrated sensors.

In this thesis, we investigate the incorporation of silicon photonic devices as
intracavity elements in fiber lasers for various applications. Therefore, the high
flexibly and rich functionalities of fiber lasers can be directly used in the PIC. Also,
high-speed feedback control of the cavity becomes possible. The possibility of

applying nonlinear SOI waveguides to fiber lasers is investigated. We propose and



demonstrate a multiwavelength erbium-doped fiber laser stabilized by four-wave
mixing (FWM) in a nonlinear SOl waveguide. Such multiwavelength lasers are
potentially suitable for WDM sensing. The wavelength selectivity was achieved by
an intracavity Fabry-Pérot comb filter. Making use of the nonlinearity of the SOI
waveguide, a multiwavelength laser with six output wavelengths at 0.8 nm spacing

was achieved.

We study a passive mode-locked erbium-doped fiber ring laser based on a
nonlinear SOI microring resonator (MRR). By using the MRR as the comb filter and
the nonlinear medium, a stable mode-locked pulse train at 100 GHz was produced by
filter-driven four-wave mixing. Such lasers can act as high repetition rate optical
clocks for high speed applications and coherent optical comb source for high spectral
efficiency modulation schemes such as orthogonal frequency division multiplexing

(OFDM).

Besides the parametric processes, we study a graphene based saturable
absorber which can be used to achieve ultrafast passive mode-locked laser for SOI
sensing platform. Graphene based photonic devices have attracted considerable
interest because of their unique zero bandgap and linear electronic dispersion. The
graphene on silicon waveguide structure offers the advantage of greatly increasing
the interaction length compared to the geometry with light incident normal to the
graphene plane. We describe a mode-locked fiber laser using graphene on silicon

saturable absorber.

Finally, we study the possibility of expanding the working wavelengths to

mid-infrared (mid-IR) for chemical sensing or free-space communications. MRRs



were fabricated on silicon-on-sapphire (SOS) wafer and characterized at 2.75 um.
We developed a characterization technique to measure the Q of MRRs using a fixed
wavelength source by only varying the temperature of the device. The proposed
method provides an alternative method of Q measurement for MRRs in mid-IR

where tunable lasers may not be easily available.
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1 Introduction

1.1 Integrated photonics

Integrated photonics is inspired by the great success of integrated electronics.
Photonics means the manipulation of photons (optical signal) rather than electrons
(electrical signal). The idea of integrated photonics (or integrated optics) was first
proposed by S. E. Miller in 1969 [1]. By using the similar idea of integrated
electronic circuits, a number of different small footprint optical devices are
fabricated on the same substrate simultaneously. They are connected through optical
waveguides and forming a complex optical systems for various potential applications,
especially for optical communications. However, this idea was far beyond the
fabrication technology and the market demand in this era, especially the optical

communications have not realized yet.

This situation was changed by the first low loss optical fiber produced by Corning
Glass in 1970. This idea of optical fiber communication was first proposed by C. K.
Kao and G. Hockham in 1966 [2]. By using the advantages of ultrahigh bandwidth
(>5 THz for communication band (C-band)) and low power attenuation (<0.2
dB/km), optical fiber commutation networks dominates the local and long-haul data
transmission after only 4 decades of development. As the demand of commutation
bandwidth continues to grow, a number of networking scheme have been used,
including wavelength division multiplexing (WDM) networks. One of the major
issues of optical communication is the limitation due to optoelectronic conversions.

Since the optical signal is not easy to be manipulated as the electrical one, the routing



and regeneration of the optical networks are still done by electronic systems. Due to
the limited processing speed and the high power consumption of electronic systems,
a number of optoelectronic conversions limit the performance and the growth of the

optical communication networks.

Integrated photonic devices provide a new solution to replace the electronic
systems of the networks without optoelectronic conversions. If the optical signals can
be processed without the needs of regenerating the signal at the end, it greatly
reduces the power consumption and the transmission speed of the networks. In fact, a
number of individual integrated photonic devices are already used in the practical
networks. For example, optical intensity/phase modulators and arrayed waveguide
gratings (AWGS), as optical (de)multiplexer, are used as the key components for
constructing the modern optical networks. Some of the add-drop optical
(de)multiplexers (Cisco Co.) are already integrating the optical and electronic
components on same printed circuit board [3]. The problem becomes how to further
low down the production and operation costs, e.g. scaling down the footprints or

integrating the optical and electronic components on a single chip.

On the other hand, modern electronic computing is facing the problems of heat
dissipation and limited speed of on-chip electronic interconnects. As the number of
transistors almost doubles every 18 months, by Moore’s law, the heat generation is
also increased exponentially. Although the power consumption (as the heat
generation) can be compensated by employing shorter transistor gate lengths, the
clock rate of the processor is still limited by heat dissipation of the chip. One
approach is using parallel computation, which has been already implemented in

multi-core CPU/GPU for latest desktop computers. However, as the number of core



increases, the required bandwidth of communications between cores also increases
exponentially. The limited electrical bandwidth of electronic interconnects sets the
upper bound of the parallel computation. Moreover, a large portion of power
consumption and heat generation of microprocessors is due to the electronic
interconnects. Photonic integrated circuit (PIC) provides a promising solution to
break this bandwidth limit. Also, the potentially low power consumption of optical

interconnects also helps the heat dissipation of the chip.

1.2 Silicon photonics

Silicon, a well known semiconductor has been driving the information technology
revolution for over a half-century. In fact, silicon is a very good optical material
since it is transparent in optical communication band (C-band) (1530-1565 nm). By
making use of the high refractive index of 3.46 at C-band, much smaller footprint
photonic devices, compared with other materials such as polymers and fused silica,
can be made. Therefore, silicon provides an integrated photonic platform with much
higher device density. However, as the footprint is smaller, the major challenge is the
precise fabrication technology. By the success of silicon based integrated electronic
circuits, mature and high precise complementary metal-oxide-semiconductor (CMQS)
technologies had been developed. It opens the possibility of making silicon based
PIC in silicon-on-insulator (SOI) wafer, so-called “silicon photonics”. As using the
same fabrication technologies, silicon photonic circuit becomes the most promising
choice for achieving monolithic integration with electronic circuit in order to provide

ultrahigh bandwidth optical interconnects for future microprocessors.



A number of high quality passive components have been demonstrated, such as
Mach—Zehnder interferometers (MZIs), microresonators, photonic crystal waveguide
and AWGs [4]. Recently, surface plasmon waveguides (SPWSs) were demonstrated in
SOI platform which have over one order of magnitude smaller footprint than the
dielectric waveguides [5]. Figure 1.1 shows image of the fabricated passive PIC on
SOI wafer. However, because of the centrosymmetry of silicon crystal lattice
structure, it is not possible to make the active devices, e.g. optical modulators by
Pockels effect in other materials such as lithium niobate and gallium arsenide.
Fortunately, since the observation of free-carrier plasma dispersion effects in silicon
by R. A. Soref in 1987 [6], it becomes possible to make optical modulators in silicon.
During over two decades of development, a number of optical modulators and

add/drop multiplexer based on MZIs and microresonators have been demonstrated

Figure 1.1 SOI wafer with integrated photonic circuits.



[71, [8], [9], [10]. The highest modulation speed is up to 50 Gb/s via carrier depletion

in MZI structure [10].

On the other hand, the on-chip photodetectors for silicon photonics are also a hot
research topic of silicon photonics. As mention above, the silicon has bandgap
energy of 1.12 eV which makes silicon transparent to C-band. Fortunately, it has
been solved by deposition of a layer germanium on top of silicon waveguides [11] or
introducing defect states by ion-implantation [12]. By integrating the components of
demodulators and detectors, a number of different integrated optical receivers for
advance optical communication format have been demonstrated, e.g. DPSK receivers

[13].

As the on-chip modulation and detection have been done, the last holy grail of
silicon photonics is the optical gain/laser source. Due to the indirect bandgap nature
of silicon, it is hard to achieve efficient light emission. Even it does, the wavelength
is still not suitable for optical communication. The first step is achieving the optical
gain in silicon. One approach is using optical nonlinearity of silicon, the first
successfully demonstrated optical gain in silicon waveguide was stimulated Raman
scattering (SRS) [14], [15]. Several years later, the first silicon Raman laser was
achieved [16]. Finally, monolithic silicon Raman lasers were demonstrated in fully
CMOS compatible SOI platform [17], [18]. Another approach is using parametric
processes, the first efficient parametric gain in SOl waveguides was demonstrated in
2006 [19]. However, parametric gain is not strong enough to compensate the loss of
two-photon absorption (TPA) and the resulting free-carrier absorption (FCA) inside
the cavity. Silicon optical parametric oscillator (OPO) has not been demonstrated yet.

Those optical amplifiers and lasers using optical nonlinearity, however, require



external high power pump lasers which set the lower bound of total power
consumption of the systems. Those solutions may not be suitable for low-power

requirement applications, e.g. microprocessor on-chip interconnects.

Besides those optical nonlinear approaches, some linear (lower power
consumption) approaches are proposed and demonstrated: deposition of a layer of
I11-V on top of waveguide and erbium doping in silicon/silicon dioxide. Especially
the methods of I11-V deposition, a different type of integrated lasers are achieved,
such as continuous-wave (CW) lasers, active mode-locked lasers, passive mode-
lasers and even hybrid mode-lock lasers [20], [21]. However, 111-V deposition is not
a CMOS compatible process. This problem can be solved by using germanium on
top of silicon. By adding tensile strain and n-type doping to the germanium layer,
efficient direct bandgap emission can be achieved [22], [23], [24]. The major
challenge remains: if the WDM scheme is used in on-chip interconnects, a number of
lasers with different lasing wavelengths are needed to be integrated on the same chip.
The heat generation of each laser may alter the lasing wavelengths among the others
since the lasing wavelengths depend on the refractive index of the cavities which are
very thermal sensitive in silicon [25]. Moreover, the short cavity length also limits
the laser line quality which limits the performance in high precision requirement
applications such as time and frequency metrology. It may need an alternative
solution to provide stable WDM laser sources or good line quality as the

conventional lasers for silicon photonics.



1.3 Integrated optical sensing

Integrated optical sensors have been shown great potential of chemical detection
and analysis, with the advantages of high sensitivity, compact and immune to
environmental electromagnetic interference. There is a considerable attention
focused on biochemical sensors because they have a number of applications in
fundamental biomedical research, healthcare and environmental monitoring. Analogy
to optical communication, WDM sensing scheme can be used and provides

multiplexed detection inside a single device.

In optical biochemical sensing, the most attractive method is label-free optical
sensing which is measuring the refractive index change, optical absorption induced
by the interactions of molecules which is not related by the total sample mass but the
surface density or concentration. Also, the target molecules are not needed to be
labeled (chemically modified). Therefore, the detection is performed in the natural
forms of the molecules. Compared with other sensing schemes, e.g. fluorescence-
based detection, this kind of detection is relatively easy and low cost, and can be

done in real time and on site.

There are a number of optical structures for label-free biosensors: surface plasmon
resonance, interferometers (e.g. MZI), special waveguide structures (e.g. metal-clad
waveguides), resonators and photonic crystals [26], [27], [28], [29]. Interferometers
and resonators are relatively easier to be implemented in integrated platform. For
example, MZI structures can be used to compare the refractive index change in two
paths, as shown in Figure 1.2 [28]. Also, by using optimized waveguide design, the

refractive index change (propagation constant change) in waveguide is much higher



than directly passing through the sample in free space [30]. MZlIs are easy in design

and high fabrication tolerance. However, they are limited in sensitivity and large

footprint.
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Figure 1.2 MZI based biosensor, adapted from [28].

Compared with interferometer structure, resonator structures have much higher
sensitive and smaller footprint. The tiny refractive index change in cavity leads an
enlarged change in resonant wavelength. By using high quality factor (Q)
microresonators, single-molecule detection can be achieved [26]. Also, the optical
field enhancement inside the cavity as the light is effectively trapped inside for a
period. Therefore, the effective interaction length between light and molecules is
much longer than the round-trip length of the cavity. The absorption change can also
be enlarged. If it is used with microfluidic system, the sample can be efficiently
sensed by directly transferring to the sensors [31]. The total sample mass can be

further reduced.
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Figure 1.3 (a) SOl microresonator and (b) polymer microresonator based

biosensors, adapted from [27], [29].

Although the integrated sensors are compact, the detection and analysis have to
perform in external systems for silica and polymer platform. Making use of the
optoelectronic integration of silicon photonics, it provides a promising sensing
platform including sensing and processing functionalities in the same chip which is a
truly lab-on-a-chip solution. A number of silicon optical sensors have been
demonstrated: (bio)chemical detection using microresonators/MZlIs [27], [32], [33],
photonic crystal based biosensor for protein detection [34], (bio)chemical on-chip
absorption spectroscopy using microring resonators (MRRs) [35], [36], and WDM-

addressed microring sensor array [37].

Similar to optical interconnects, the on-chip laser sources is still the major

challenge to integrated optical sensor. As mention above, the I11-VV/germanium on-



Figure 1.4 24 channel WDM Source, adapted from [38].

chip laser still have a number of practical issues in WDM applications. Also, if
external WDM source is used, the bulkiness of the source increases with the number
of wavelengths [38]. Multiwavelength erbium-doped fiber lasers (EDFLS) provide
compact and low cost multiwavelength sources [39]. However, it needs to suppress
the gain competition due to homogeneous gain broadening of erbium-doped fibers.
One option is using optical nonlinearity. SOl waveguides already have different
optical nonlinearities as mentioned above. If the SOI chip is embedded as part of the
fiber laser cavity, it provides the similar advantages of on-chip laser sources without
their disadvantages: the WDM laser output can be directly used in the integrated
sensor components in order to achieve a compact sensor system. Also, a number of

different types of fiber lasers can be used in SOI platform for different applications.

10



On the other hand, as the original purpose of integrated optics, it is possible to
integrate the optical components of the laser to the chip in order to simplify the fiber
laser system and enhance its stability. Furthermore, SOl embedded fiber laser opens
the possibility to intracavity optical sensing, which provides a much higher
sensitivity compared with normal sensing schemes. Making use of integrated
electronics, it is also able to achieve high speed data processing and fast feedback
control to the cavity while the other fiber laser systems cannot provide (even using

other integrated platforms).

1.4 Overview of thesis

In this thesis, we will describe how to develop SOI photonic device embedded
fiber laser systems for various applications. In Chapter 2, we propose and
demonstrate a multiwavelength erbium-doped fiber laser stabilized by four-wave
mixing (FWM) in a nonlinear silicon-on-insulator (SOI) waveguide for WDM
sensing. The optical gain was provided by an erbium-doped fiber amplifier, and the
wavelength selectivity was achieved by a comb filter in the ring cavity. The FWM in
the SOI waveguide was enhanced by applying a reverse-biased p-i-n diode structure
to reduce free-carriers absorption (FCA). The coupling between the single-mode
fiber (SMF) and the SOI waveguide was using grating coupler which also works as
the bandpass filter and polarizer. Making use of the nonlinearity of the SOI
waveguide, multiwavelength laser with six output wavelengths at 0.8 nm spacing
was achieved. The power difference among modes was equalized within a range of
1.8 dB. The power fluctuation of each mode was stabilized to less than 0.65 dB

during 20 minutes observation at room temperature.

11



In Chapter 3, we further combine the comb filter and the nonlinear waveguides as
a nonlinear MRR. From the pulsation result of the laser in Chapter 2, we found that
multiwavelength laser using FWM with comb filter can be treated as a mode-locked
laser using dissipative FWM (DFWM). It is able to be the potential comb source for
orthogonal frequency division multiplexing (OFDM) and ultrahigh speed on-chip
optical clocks. We propose a passive mode-locked EDFL based on a nonlinear
silicon MRR by using filter driven FWM (FD-FWM). The Q and free-spectral range
(FSR) of the MRR are ~50000 and 0.78 nm, respectively. By using the nonlinearity
of the silicon MRR, it achieves stable mode-locking pulse train with 100 GHz

repetition rate.

In Chapter 4, in order to explore other possible laser source for integrated sensor, a
new hybrid structure: graphene on silicon suspend membrane waveguide (SMW)
was investigated. We studied the saturable absorption in this hybrid structure and
observed a large saturable absorption, as high as 50% change in transmission.
Furthermore, we propose and demonstrate a mode-locking of an erbium fiber laser
using a graphene on silicon SMW. By using the saturable absorption of graphene in
the evanescent field of the waveguide mode, a stable mode-locked fiber laser is
achieved. The structure is compatible with silicon optical waveguides and may be
easily integrated with other passive waveguide devices such as tunable filters or

silicon modulators for making tunable mode-locked lasers.

In Chapter 5, we explore how to transfer the current results to mid-infrared (mid-
IR) range. We fabricated mid-IR MRRs and characterized them by thermal tuning
using a fixed wavelength Er/Pr-codoped ZBLAN fiber laser at 2.75 pum [40]. A

method of Q estimation by temperature scanning transmission curve is proposed

12



which does not need any curve fitting. Similar results are obtained if we assume the
ratio of resonant period (in temperature) to the FWHM of resonant dip/peak, AT/oT,
is equal to the cavity finesse [41]. Finally, the thermo-optic coefficient of the
epitaxial silicon layer of SOS is also estimated by perturbation method [42], [43].
The measurement techniques were verified with conventional SOI microring

resonators in near-IR.

In the last chapter, we summarize our works in this thesis. Based on the current

results, including the results from other groups, potential future work is proposed.
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2 Nonlinear silicon waveguide & multiwavelength

laser

2.1 Introduction

Silicon photonic integrated devices have attracted a considerably interest in bio-
sensing, gas detection, and spectroscopy because of their potential of lab-on-a-chip
applications with a number of advantages, such as low cost, high sensitivity, small
size, and high scale integration [34], [35], [37], [44], [45], [46]. Recently,
wavelength division multiplexing (WDM) sensing schemes have been investigated,
which provide a simpler, lower cost and higher speed solution compared with single
wavelength approach [39], [46]. However, the bulkiness and cost of conventional

WDM light sources are proportional to the number of wavelengths.

Multiwavelength erbium-doped fiber lasers (EDFLs) provide compact and low
cost multiwavelength sources [39]. However, the homogeneous gain broadening of
erbium-doped fibers (EDFs) leads to the laser instability because of gain competition
[47], [48] since the energy transitions share the same energy levels of erbium ion, as

shown in Figure 2.1 [49].
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Figure 2.1 Energy level transitions of erbium ion, adapted from [49].

There are several different approaches that have been previously proposed to
suppress these instabilities [39], [50], [51], [52], [53], [54], [55]. Among those
techniques, FWM provides a simple and flexible method for laser cavity design. It
has been successfully demonstrated in dispersion shifted fibers (DSFs), highly

nonlinear fibers (HNLFs), photonic crystal fibers (PCFs) and graphene [51], [52],

[53], [54], [55].

Moreover, for silicon optical sensor platform, the nonlinear media can be directly
replaced by nonlinear silicon-on-insulator (SOI) waveguides which have been used
in high speed nonlinear all-optical signal processing [56]. It is due to the high Kerr
nonlinearity, n,, of bulk silicon which is over 2 orders of magnitude larger than that
of silica. Together with smaller effective area in SOI waveguides, the resulting

nonlinear optical coefficient (y) is typically of the order of 100 W'm™ [56], [57],
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which is about four orders of magnitude larger than commercial HNLF and PCF
which have y of about 0.01 W™m™. Thus a centimeter length of SOI waveguide may
replace an HNLF or PCF with hundreds of meters length. It is also possible to
simplify the laser cavity by integrating a number of optical components onto a single
chip, which decreases the cost and complexity of the system. Furthermore,
employing SOI waveguide in the multiwavelength EDFL greatly reduces the fiber
laser cavity length and potentially improves the laser stability. By embedding part of
the laser cavity into the silicon chip, the laser output can be directly used in the
integrated sensor components and high speed feedback control of the cavity becomes
possible. In this chapter, we propose and demonstrate the stabilization of a
multiwavelength EDFL which uses FWM in a SOl waveguide to stabilize

simultaneous lasing at different wavelengths.
2.2 Nonlinear silicon photonics

2.2.1 Silicon nonlinearity

The optical nonlinear effects of silicon are related to the interaction between the
optical field with the electrons and phonons of silicon crystal. The optical field
excites the vibration of the outer shells’ electron orbitals of silicon atoms. The
induced displacement between electron orbitals and the nucleus produces
polarizations. Figure 2.2a shows the schematic diagram of the optical field, at
frequency w, induces the polarization of a silicon atom. The nonlinear effects are due
to the nonlinear response of the polarization to the optical field. In classical

electrodynamics, the macroscopic polarization of the isotropic material, P, can be
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Figure 2.2 (a) The schematic diagram of the optical field, at frequency ®, induces
the polarization of a silicon atom. Energy diagrams of optical transitions: (b)
refractive index changes (left) and FCA (right); (c) SPM, TPA, XPM, THG, FWM,

and SRS. Figures are adapted from [56].

expressed in a power series of the driving electric field, E by assuming the

instantaneous dielectric response [58], [59]:

P=¢g,(y"E+ yPE* + y9E* +..), (2.1)
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where & and » are the vacuum permittivity and the complex i-order susceptibility,
respectively, with P and E are scalars for simplification. » contain all the
information of the linear and nonlinear effects of the materials such as phase shift,
amplification, absorption of the incident field, or even new frequency generations. In
general, » are tensors in rank (i + 1). For simplification, those susceptibility terms

are scalars in following discussion.

The linear processes are related to the complex first-order susceptibility term ;((1).
The real part of the X(l) mainly contributes to the real part of the refractive index
while the imaginary part of ' induces the gain and loss. y® of silicon comes from
the bounded electrons and free-carriers which can be classically described by the
Lorentz model and Drude model, respectively [59]. In quantum mechanical picture,
the bounded electron contribution can be described by single-dipole oscillation of the
electron between the bounded state and the virtual state, as shown in the energy
diagram of Figure 2.2b. On the other hand, the FCA contribution can be described by
an absorption process followed by a non-radiative recombination, as shown in Figure
2.2b. The resulting total refractive index change due to free-carriers can be expressed

by an empirical function:

n(4,N,,N,)=n,(4)+4n, (N,, Nh)—i%Aaf (N,,N,), 2.2)
T

where ng(1) is the refractive index in wavelength A without free-carriers, An; is the
free-carrier index (FCI), Aos is the FCA, N and Ny are the concentrations of free
electrons and holes, respectively. In wavelength of 1550 nm in silicon, the empirical

function of FCI and FCA is [6], [60]:
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where N and Ny, are in unit of cm™, and Ag is in unit of cm™. This FCI and FCA
have been widely used in silicon photonics for optical modulator and variable optical

absorbers [5].

The second-order susceptibility term X(Z) describes the nonlinear processes such as
second harmonic generation, sum-/difference-frequency generation and optical
rectification. However, it is zero in silicon due to its centrosymmetric crystal
structure [56], [59]. Fortunately, »® in silicon can be induced by breaking the

centrosymmetric, e.g. adding stress on the silicon [61].

The major optical nonlinear effects of silicon come from the third-order
susceptibility term X(B)- The related effects are much more complicate than second-

order one. By setting the third-order polarization P® as:

pe =80;((3)E3, (2.4)

and setting the driving electric field, E, as the superposition of three frequencies wy

fork=1,2, 3:
(2.5)

where c.c. indicates the complex conjugate, the resulting terms can be sort by their

frequency components:
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where .. indicates the all permutations of frequencies. In quantum mechanical picture,
these third-order nonlinear processes can be described by an electron excited to a
virtual state via three photon induced dipole transitions and then relax back to the
original state by releasing the fourth photon, as shown in Figure 2.2c. Because of the
transitions involved virtual states, the photon energies are conserved, therefore, they
called optical parametric processes. Moreover, the relaxation processes are ultrafast.
It makes these parametric processes as a promising solution for ultrafast optical

communications.

The first term in Egs. (2.6) is called self-phase modulation (SPM) which involved
three dipole transitions with same the frequency, shown in Figure 2.2c. The resulting
effect is an intensity dependent refractive index, n,, so-called the Kerr coefficient.

SPM leads to the pulse compression and spectral broadening of ultrashort optical

20



pulse, as the major process of achieving optical soliton in »® materials. It also plays
the major role in supercontinuum generation [62]. If the first two transitions lead to a
real eigenstate of the electron, e.g. conduction band of silicon, a pair of electron and
hole is generated as free carriers. This effect is called two-photon absorption (TPA).
It induces intensity dependent loss in the material. The resulting free carriers also

lead to FCA. Together with SPM, the refractive index can be expressed as:

n= n0+n2I—ii(ao+a2I), (2.7)
Ar

where ag and a; are the linear loss and the TPA coefficients, respectively.

The second term in Eqgs. (2.6) is called cross-phase modulation (XPM) which
means the refractive index change was due to another frequency. The effect is twice

of SPM, as shown in their coefficients.

The third term is accounted for the third harmonic generation (THG). It means
there is a new frequency at three times of the original frequency. It has been
demonstrated in green light generation from silicon photonic crystal waveguides at

1550 nm [63].

The remaining terms is FWM which also generates new frequency but involving
three dipole transitions with different frequencies. If two photons of these transitions
are in same frequency, it is called degenerated FWM, otherwise non-degenerated
FWM. FWM has a number of photonic applications such as wavelength conversion

and parametric amplification.
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Besides these parametric processes, silicon also has strong simulated Raman
scattering (SRS). In Figure 2.2c, a pump photon is annihilated and then a photon and
an optical phonon are created. The new photon is called Stoke wave with frequency
of the difference of the pump photon and phonon (15.6 THz). As the crystal structure
of silicon is better defined than that of silica, the SRS in silicon is much stronger than
silica but full-width-half-maximum (FWHM) bandwidth (105 GHz) is much

narrower than silica [64].

2.2.2 FWM in SOI waveguides

To achieve efficient nonlinear effect in silicon, SOl waveguide is made. If we
consider 4 different frequencies CW waves propagates along the waveguide with

same polarization X :

E=

N |-

4 .
R (B vec), (2.8)
k=1

where py is the propagation constant of the wave with frequency wy (w1 + wz = w3 +

®4), the waves interact in the waveguide through well-known wave equations [65]:

1 6’E o’p® o°p® (2.9)
VE G Tt Ty

where P® =g, yE is the linear polarization. By assuming the waveguide modes

can be expressed in following form:

E, = F, (x A (2). (2.10)
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where Fy(x,y) and Ay(z) is the spatial mode profile and the amplitude of k-th mode,

we substitute Eq. (2.1) into Eqg. (2.9) and then integrate over spatial mode profile. We

obtain a set of coupled equations [65]:

Z_Azl n,o, H 22|AK|ZJA1+2A;A3A4eiAkZ}

dA2 in (02 iAkz

0 cA, (|A2| +2;|Ak| jA 2R AAE } (2.11)
- Inﬂ_(lAslz+22|Ak|2jAs+2A1A2A*e-im |

dz  cAy | e~ ’

aA, _ I, [|A| +2|A] jA +2AA, Aae"Akz}

dz CA Y

where Ak = S, + S8, — B, — B, is the phase mismatch, and

) (FEY YR )] (RRE) e
i (FFRF) [<|Fi|2‘Fj‘2>}

is the effective modal area. The approximation is valid for single-mode
waveguides [65]. The angle brackets denote the integration of the mode over the
transverse spatial coordinates. Also, we can define a useful and simple parameter,

so-called the nonlinear coefficient y:

No 7 (2.13)
CA

Vv =

We can see that higher y leads to stronger nonlinear coupling among those waves. As

mentioned above, the high nonlinearity of silicon waveguides are due to their higher
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n, and smaller Ag compared with silica optical fiber. In high index contrast

waveguide, this quantity can be modified to [57]:

=kl 2 j<n2n2(2|E|4 ) @10
0 /J_O .

3‘<EXH*-2>2

Egs. (2.11) do not have general analytical solution and must be solved numerically.
Fortunately, we still can have some valuable physical insights by taking reasonable
approximations. If we assume A; and A, are the pump waves which are much intense

than Az and A4 and remain undepleted during FWM, they can be easily solved:

A = [P, expliy(P, +2P,)z] (2.15)
A = \/erXp[i?/(Pz + 2P1)Z],

where P, =|A (0)"is the incident pump power at z = 0. And we introduce:

) (2.16)
B, = A exp[-2iy(R, +P,)z],
for k = 3,4. The B3 and B4 can be solved to have general solutions:
B, = (a,e” +b,e %) exp[-ixz/2] (2.17)

B, = (a,e” +b,e %) explixz/2]

where ax and by are determined by boundary conditions; « is the effective phase
mismatch:
(2.18)
k= ANk+yR +PR);

g is the parametric gain which depends on pump powers and phase matching:

9 =GR ~(e2) 2.9
In Eq. (2.19), we introduced parameters r and Py:
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r=2,/PP, /P, P,=P +P,. (2.20)

Egs. (2.17) show the parametric gain is proportional to y when it is effectively
phase matched (x= 0). We can also observe the phase mismatch suppresses the gain.
The phase mismatch is mainly due to the dispersion of waveguide propagation

constant S(w). By using Taylor expansion, the propagation constant can be expressed

by:

ﬂ(w)=ﬁ(wo>+(w—wo)ﬁ'(wo)+%(w—wo)2ﬂ"(wo)+..., (2.21)

where wo is the reference (central) frequency. For single pump configuration,
degenerated FWM (w1 = w,, P1 = P, = Po/2, r = 1), in short waveguide, the

bandwidth of the parametric gain is approximated up to second-order dispersion:

»
Q~ [—— 1.
V28" (@) (2.22)

It shows that smaller second-order dispersion of the waveguide leads to wider gain
bandwidth. In the small-gain limit, 2yPoL << z, the bandwidth is independent to the

pump power and only depends on second-order dispersion [66]:

A
AQ ~ : .
VA (@)L @29
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The SOI waveguides were fabricated on the SOI wafer with 220 nm top silicon
layer and 2 pm buried oxide (BOX). The typical waveguide structure is in rib
geometry. Waveguide width is 500 nm in order to satisfy the single mode condition
of quasi-transverse electric (TE) mode at 1550 nm [67]. The slab height is 60 nm.
The theoretical mode field profile is calculated by finite-element method (FEM), as
shown in Figure 2.3. By Egs. (2.12), (2.14) and (2.21), it has Acs and theoretical y

and 8" of 0.17 um?, 59 W'm™, and 1.14 ps’m™ [57], respectively.

Figure 2.3 The electric field mode profile of corresponding quasi-TE mode,

calculated by FEM.

2.2.3 Grating couplers

As FWM is an intensity dependent process, the efficient coupling between SOI
waveguides and SMFs is essential. However, as shown in Figure 2.4, the cross-
section area of the SOl waveguide core is much smaller than standard single mode
fiber (SMF). Moreover, the propagation constants (wave vectors) of their modes are

also different.
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2 um Buried Oxide

Silicon Substrate

Figure 2.4 The comparison of cross-section area between SOI waveguide and

standard SMF.

In order to match the mode field profile and the wave vector between two modes,
grating couplers were implemented, which are widely used in silicon optical sensor
systems [34], [37], [45], [46], [68]. The grating couplers were designed for coupling
quasi-TE light between the SOI waveguide and standard SMF with 9 pm core
diameter at 10° off-vertical orientation, as shown in Figure 2.5. The wave vector
matching, also called phase-matching, is using modified diffraction grating equation
[68]:

KoMy = Koh, SiN ¢9+q2%, (2.24)

where ko=27/1, n. is the refractive index of the top cladding material (silica), & is the
angle between the input/output light and the normal axis of the SOI wafer, nes is

average effective index of the grating, g is the diffraction order (equals to 1 in our
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case), and A is the grating period. To match the model field profile, the width of
grating couplers region is expanded from 500 nm of single mode region to 10 um

through an adiabatic taper.

Top Silica
BOX

Silicon

Figure 2.5 The schematic diagram of the experimental setup: light coupled in from
input SMF to the silicon strip waveguide and then coupled to output SMF through

grating couplers.

To optimize the design of grating parameters, a numerical simulation based on
Finite-difference time-domain (FDTD) was used. Due to the limitation of
computational power, the model is simplified to two-dimensional (2D), assuming the
grating coupler on a 2D slab waveguide with infinite width. We first launched a CW
optical fiber mode (effectively a Gaussian mode) at the top cladding with angle of
10° off-vertical. The coupling efficiency was obtained by measuring the optical
power of slab waveguide when the system has come to steady state. The preset 70
nm shallow-etched for grating groove was defined by the fabrication process which

was optimized to prevent the unwanted reflections at interface by reducing the lateral
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index contrast. Under those restrictions, the optimized grating structure has a period

of 630 nm and 0.5 filling factor. The typical optical field in steady state is shown in

Figure 2.6.
N PN Pl T T3 T3 FS 8 071 62 & Y PN 62 S A 150 P D S IS
= ‘GaUssian Mode Input
= Oxide =
:EOXide

Figure 2.6 The 2D FDTD simulation result of grating couplers in steady state.

In practice, the input and output fibers are mounted on a V-groove fiber holder
with three axis positioners at 10° off-vertical orientation while the silicon chip is
mounted on a stage horizontal below the fibers, as shown in Figure 2.7a. Figure 2.7b
shows the magnified optical image of the fiber and waveguide orientation in efficient

coupling.

The fabrication processes of waveguides and grating couplers are based on deep-
UV lithography technology from Interuniversity Microelectronics Centre (IMEC),

ePIXfab (http://www.epixfab.eu) [69].
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Figure 2.7 (a) The setup of optical coupling using grating couplers in practice. (b)

The magnified image of fiber and waveguide in efficient coupling.

2.2.4 SOl waveguide nonlinearity

To clarify the nonlinearity of SOl waveguide, we have performed a FWM
experiment in a SOI waveguide in cross section 460 nm x 220 nm and 17 mm long
with effective length of 8.14 mm. The 2nd-order dispersion, also called group

velocity dispersion (GVD), is calculated by applying numerical differentiation to the
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effective index of the waveguide mode. The calculated GVD of quasi-TE mode is

shown in Figure 2.8. By Eq. (2.23), the conversion bandwidth is about 47 nm.

1.3 4

1.2

GVD (ps*/m)

1.1

1.0 . , . , . , .
1530 1535 1540 1545 1550 1555 1560 1565 1570

Wavelength (nm)

Figure 2.8 Calculated GVD of SOl waveguide.

The experimental setup is shown in Figure 2.9. A CW signal wave at wavelength
1535.5 nm and a CW tunable pump wave are first amplified by erbium-doped fiber
amplifiers (EDFASs) individually. Since the grating couplers only couple quasi-TE

mode, polarization controllers are inserted before EDFA. The signal and the pump

50/50 0|
0C Waveguide

Figure 2.9 Experimental setup of degenerated FWM in SOl waveguide.
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waves are combined by a 3-dB optical coupler and then 5% taped out for monitoring

before coupled to SOI waveguide.

The pump wave is first set to 1549.5 nm. The optical spectrum of the 5% tapped
light is shown in Figure 2.10a. There are two wavelengths with amplified
spontaneous emission (ASE) from the EDFA. It ensures that this is no observable
FWM before the SOl waveguide. After passing through the SOI waveguide, the
optical spectrum of the output is shown in Figure 2.10b. There is clearly a new
wavelength, so-called idler generated at 1563.8 nm. The conversion efficiency is

about -29 dB which is ratio of idler wave to signal wave at output.

In order to measure the bandwidth of conversion efficiency, we vary the pump
wavelength from 1537.5 nm to 1569.5 nm. The conversion efficiency is plotted as a
function of pump-signal detuning, as shown in Figure 2.10c. We can see that the
conversion efficiency drops down with the wavelength detuning. The half-width-
half-maximum (HWHM) is about 20 nm which is well matched to the theoretical
prediction. Compared to the results of SMF with length in order of km, these
experiments show that the SOI waveguide in length of only 17 mm has better

performance in FWM [70].
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Figure 2.10 Optical spectra of (a) 5% input and (b) output. (c) The conversion

efficiency of different pump wavelengths.

2.3 Multiwavelength laser using SOI strip waveguides and PMF

Sagnac loop-based comb filter

The experimental setup is shown in Figure 2.11. An erbium-doped fiber amplifier
(EDFA) having a maximum saturated power of 28 dBm was operated as the gain

medium. An optical isolator ensured unidirectional operation of the ring cavity. A
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Figure 2.11 Experimental Setup of multiwavelength EDFL using SOI strip

waveguides with PMF Sagnac loop-based comb filter.

SOI strip waveguide (no remaining slab) of 19 mm length was inserted after the
output 10/90 optical coupler (OC) and the polarization controller (PC) following the
EDFA in order to ensure reasonable optical power in the silicon for triggering FWM
which stabilizes and equalizes optical power between each wavelength. The lasing
wavelengths were selected by a comb filter with 0.38 nm wavelength spacing which
is a polarizing-maintaining fiber (PMF) Sagnac loop consists of 13.1 meter PMF,
with birefringence AnX_y=0.42x10'3, and 50/50 optical coupler (OC). It provides a
sinusoidal transmission spectrum, shown in Figure 2.12. The peak insertion loss and
the extinction ratio are 0.6 dB and 17.7 dB, respectively. The FWHM bandwidth is
~0.195 nm (24 GHz), about half of its FSR (48 GHz). Only the cavity modes
coinciding with the comb filter resonances will be able to lase and the other cavity

modes are suppressed.
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Figure 2.12 Transmission spectrum of PMF Sagnac loop-based comb filter

transmission.

The total transmission spectrum of input/output grating couplers and the 19 mm
SOl strip waveguide is shown in Figure 2.13. A total insertion loss of ~21 dB at 1565
nm is observed for two grating couplers and 19 mm length of SOI waveguide. Thus,
the total cavity loss is ~22 dB, including the OC and the comb filter. As the grating
couplers only couple the quasi-TE mode, they serve as linear polarizers inside the
laser cavity. Such polarizer property introduces a wavelength dependence loss into

the laser cavity due to the fiber birefringence which can be adjusted by PC.
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Figure 2.13 Fiber-to-fiber transmission spectra of the SOI strip waveguide with

length of 19 mm.

2.3.1 Results and discussions

When the EDFA output power was increased to 27 dBm, the laser was operated in
multiwavelength mode. The output spectrum of the MEDFL at room temperature is
shown in Figure 2.14a. There are 5 lasing wavelengths center at 1562.26 nm with
0.38 nm spacing and within 3.2 dB channel power difference. The extinction ratio is
about 20 dB. As the above discussion, a pair of grating couplers suppressed the gain
maximum around 1530 nm of the EDFA as a window leading the lasing wavelength

near the maximum coupling efficiency of the couplers at around 1560 nm.

In order to investigate the stability of the laser, we measured the power

fluctuations of the selected wavelengths, 1;: 1561.88 nm and 4,: 1562.26 nm, with a
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Figure 2.14 (a) Normalized output spectrum of the MEDFL at room temperature.
(b) Power fluctuations of selected channels for 10 min.

tunable band pass filter. The output powers of those wavelengths were stable during
10 min scanning with fluctuation less than 0.8 dB, as shown in Figure 2.14b.

However, the linewidths of the lasing modes are >0.15 nm. Also, the side-mode

37



suppression ratio is only ~3 dB. The linewidth may be due to the poor

FSR/bandwidth ratio of the comber filter.

Another major concern in sensing applications is the wavelength stability which is
mainly related to the stability of the comb filter. It affects the accuracy in the

applications of absorption spectroscopy.

2.4 Multiwavelength laser using SOI rib waveguides and F-P comb

filter

To improve the linewidth and wavelength stability of the lasers, an athermal F-P

filter is used. The transmission spectrum is shown in Figure 2.15. Comparing with
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Figure 2.15 Transmission spectrum of F-P comb filter length of 19 mm.

38



the PMF based Sagnac loop, it provides a better free spectral range/bandwidth ratio,
finesse, and average wavelength thermal stability of (100 GHz/13.1 GHz = 7.63) and

+0.08 GHz (-5-70 °C), respectively.

As FWM is proportional to the effective interaction length of the waveguides, we
replace the SOI strip waveguide by a longer SOI rib waveguide (21 mm) but lower
propagation loss (using newer fabrication technology). The waveguide dimension is
same as the Figure 2.3 (width of 500 nm and slab height of 60 nm) which has a mode

effective area and theoretical y of 0.17 um?® and 59 W'm™ [57], respectively.

The wavelength of the maximum coupling efficiency can be changed by detuning
the incident angle of the fiber. We discover that it can be easily achieved by fine
adjustment of the position of the fiber relative to the grating coupler. The total
transmission spectra of input/output grating couplers and the 15 mm silicon
waveguide with different fiber positions are shown in Figure 2.16b. Defining the
fiber position with maximum coupling efficiency of 1560 nm as position A, the
center wavelength can be red-shifted by detuning the fiber position forward to the
tapper along x'-axis, as shown in Figure 2.16a, reaching position B and position C.
Therefore, the grating couplers serve additional role: as tunable broad bandpass

filters.
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Figure 2.16 (a) Schematic diagram of coupling between SMF and SOI waveguide
through grating coupler with fiber position moving along x'-axis. (b) Fiber-to-fiber
transmission spectra with different fiber positions.

The new laser configuration is shown in Figure 2.17. A total insertion loss of ~17.5

dB at 1560 nm is observed for two grating couplers and 21 mm length of SOI length
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waveguide. Thus, the total cavity loss is cavity loss is ~20.5 dB, including the OC

and the comb filter.

SOl
10% PC Waveguide
Output
10/90
ocC

Figure 2.17 Experimental Setup of multiwavelength EDFL using SOI rib

waveguides with F-P comb filter.

2.4.1 Results and discussions

To verify the contribution of FWM to the laser stabilization, the laser output
characteristics with different pump power was investigated. When the output power
of EDFA was set to 2.5 dBm, one channel started lasing stably at 1562.54 nm. As the
power reached 10.5 dBm, the output spectrum became unstable. Another channel at
1563.34 nm started lasing and competed with the former one (see Figure 2.18
(center), which shows snapshots of the spectra over a 3 minute time interval). The
output spectrum at any given time only has one channel dominant or two channels
coexisted. The individual channel peak power fluctuations are larger than 25 dB in a

short 3 minute observation interval. At the low output powers, there is insufficient
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FWM to exchange power among the channels to overcome the gain competition and
stabilize the output [52]. The number of lasing channels was increased gradually with
the EDFA output power, as shown in Figure 2.18 (right). The channel peak powers

also became more stable as the EDFA output power was increased.
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Figure 2.18 The typical output spectra of 3 min scanning at different EDFA output

powers: 2.5 dBm (left), 10.5 dBm (center), and 22.5 dBm (right).

When the EDFA output power was increased to 27 dBm, the laser was operated in
multiwavelength mode. The output spectrum of the MEDFL at room temperature is
shown in Figure 2.19a. There are 5 lasing wavelengths center at 1562.53 nm with
~0.8 nm spacing and within 2.8 dB channel power difference. By using the F-P comb
filter, the extinction ratio is increased to over 40 dB. The side-mode suppression ratio
is increased to ~15 dB. The line width is less than 0.01 dB which is limited by the
resolution of the optical spectrum analyzer. Similar to the previous results, the lasing

wavelength is near the maximum coupling efficiency of the couplers.
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In order to investigate the stability of the laser, we measured the power
fluctuations of the selected wavelengths, A;: 1561.71 nm and 1,: 1563.34 nm, with

tunable band pass filters. The output powers of those wavelengths were stable during
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Figure 2.19 (a) Normalized output spectrum of the MEDFL at room temperature.

(b) Power fluctuations of selected channels for 10 min.
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10 min scanning with fluctuation less than 1 dB, as shown in Figure 2.19b. The laser
has better performance than the last one in even wider wavelength difference. It

suggests the FWM is more efficient in the lower loss SOI waveguide.

2.5 Reverse biased p-i-n SOl waveguides

To further improve the laser, we try to further decrease the propagation loss of the
waveguide. We focus on the nonlinear loss at that moment. To reduce FCA
generated by TPA in high power regime, a rib waveguide structure with a reverse-
biased p-i-n diode was applied [71]. The fabrication process is the deep-UV
lithography technology from the Institute of Microelectronics (IME), Agency for
Science, Technology and Research (A*STAR), Singapore, the details are refer to

[72].

The new laser configuration is shown in Figure 2.20a. From the transmission
spectra of the new waveguides, the total insertion loss of ~15 dB at 1560 nm is
observed for two grating couplers and 15 mm length of SOl waveguide, as shown in
Figure 2.20b. As the last waveguide, the coupling efficiency can be detuned by the

fiber positions. The total cavity loss is ~18 dB, including the OC and the comb filter.
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Figure 2.20 (a) Schematic diagram of experimental Setup of MEDFL using SOI rib
waveguides (p-i-n diode) with F-P comb filter. (b) Fiber-to-fiber transmission

spectra of SOI waveguide with different fiber positions.
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2.5.1 Results and discussions

When the output power of EDFA was set to 8 dBm and without any reverse-bias
applied to the SOl waveguide, one channel started lasing stably at 1564.1 nm. As the
power reached 22 dBm, the output spectrum became unstable. Another channel at
1563.3 nm started lasing and competed with the former one, as shown in Figure
2.21a. The individual channel peak power fluctuations are larger than 40 dB in a
short 3 minute observation interval. Similar to the previous version, the number of
lasing channels and the channel power stability were increased gradually with the
EDFA output power. However, the uniformity of channel peak powers was not good

and had up to 10 dB power difference.

Without the reverse-bias, the nonlinearity of the SOI waveguide was insufficient to
equalize the lasing channels since the waveguide is not long enough as the previous
waveguide. Moreover, the effective interaction length of FWM in the waveguide was

limited by FCA.

To equalize the laser channel powers, the EDFA output power was increased to 28
dBm. A reverse-bias of 4.0 V was applied to the diode to increase the effective
length of the waveguide by removing the free-carriers, which generated a
photocurrent of 10.1 mA. By adjusting the optical fiber position and PC to optimize
the wavelength dependent loss, a stable output spectrum of the multiwavelength
EDFL at room temperature was achieved, as shown in Fig. 3b. There are six lasing
wavelengths between 1560.9-1564.9 nm with 0.8 nm spacing. The power difference
among wavelengths is within 1.8 dB. The extinction ratios and the side-mode-

suppression are over 49 dB and over 10 dB, respectively. There is some periodic

46



0+ ﬂ - - - - ” -
3 - ' s |
g b 4
Z -20- - - L - -
o
3
N 304 o o i
T - o - |
£
S 404 - - - - -
Z - 3 - > - 4
_50-_}UU . U --JUL“J U\JL

v 1 v 1 T Tl '3 T
1562 1564 1566 1562 1564 1566 1562 1564 1566
Wavelength (nm)

KT

=]

Normalized Power (dB)

1560 1565 1570
b Wavelength (nm)

Figure 2.21 (a) The typical output spectra of 3 minutes scanning at 22 dBm EDFA
output power without reverse-bias. (b) Multiwavelength output spectrum of the

laser at 28 dBm EDFA output power with reverse-bias of 4.0 V.
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variation to the peak power of the different modes. It may be due to F-P interference
inside the SOI waveguide produced by the weak back reflections between the pair of
grating couplers and seen as small, repeatably measured, fluctuations in the spectral
transmission characteristic of the grating couplers in Fig. 2b. Fig. 2b also shows that
the grating coupler has higher loss at the wavelength of erbium gain peak, around

1530 nm, and thus the laser operated in a wavelength window around 1560 nm.

The laser stability was verified by repeating the spectral measurements over 20
minutes, as shown in Figure 2.22a. Figure 2.22b shows the channel power evolution
of the laser respect to time over a 2 minutes interval. The power fluctuation per
channel over a 20 minute period is less than 0.65 dB. The laser was obviously more
stable than Fig. 3a in terms of power stability. Mechanical/thermal drift in the fiber-
waveguide alignment may also contribute to some of the power fluctuation. The
power stability may be sufficient for some sensor applications, e.g. gas sensing.
Moreover, the stability requirement of sensing applications can be relaxed by using
differential detection method, which is similar to the design used in balanced
detectors [73]. In order to further improve the power stability, this may be done in

future by fixing the fiber position by (index matching) epoxy [74].
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Figure 2.22 (a) Repeated scanning spectra for every 2 minutes. (b) Channel peak

power evolution of the laser respect to time over 20 minutes.
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As FWM maintains a definite phase relationship among the lasing modes [52], the
combined wavelengths output will have 100 GHz beating due to the comb filter and
also exhibit some evidence of mode-locking because of the well defined phase
relationship among the modes. We measured autocorrelation of the combined
wavelengths output, to examine their coherence and temporal characteristics, as
shown in Figure 2.23. The experiment results clearly show a ~100 GHz beating,
confirming the coherent relationship among the 100 GHz spaced wavelength outputs.
It is clear evidence that these modes have interaction through FWM. Furthermore,
the other possible nonlinearities in the cavity, such as simulated Raman scattering
(SRS) and stimulated Brillouin scattering (SBS), are negligible. It is because the

Stokes shift of SRS in silicon operates only over a narrow bandwidth (<100 MHz) at
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Figure 2.23 The autocorrelation trace of the multiwavelength output.
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15.6 THz detuning from the pump which is blocked by grating couplers [56], while
the magnitude of SRS or SBS in only ~3 m SMF at this optical power level is much

weaker than FWM in SOI waveguide.

To further investigate the effect of FCA and reverse-bias in power equalization, the
output spectra measured for different reverse-biases across the diode are shown in
Figure 2.24. The power level difference among modes is increased from 1.8 dB to
3.1 dB when the reverse-bias is reduced from 4 to 0 V (short circuit). If no external
circuit is connected to the diode (open circuit), the power level difference increases
further to 5.9 dB. The reverse-bias and external circuit increase the effective length
of the waveguide by reducing the optical loss from FCA, and thus increase the FWM

and power exchange rate between the laser channels: the results clearly show that the
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Figure 2.24 The output spectra of different reverse-bias voltages.
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power equalization from FWM is enhanced by reverse-bias. Compared with our
earlier work without a reverse-biased diode, the removal of the free carriers allows
the fiber laser to support more lasing channels and more channel power stability with

a shorter waveguide.

The number of equalized channels and power level requirement for the
multiwavelength operation mainly depend on the FWM effect in SOl waveguide and
the gain bandwidth of the laser cavity. The FWM process is limited by the insertion
loss of the input grating coupler and the interaction length due to waveguide linear
propagation loss, besides FCA suppressed by reverse-biased p-i-n diode. The
insertion loss of the SOI chip can be potentially reduced to ~4.7 dB using the
apodized grating couplers with 1.2 dB loss and waveguides with losses of about 1.5
dB/cm [75], [76], therefore, relaxing the power level requirement. The cavity gain
bandwidth is limited by the bandwidth of the grating couplers which can be increased
by the use of wideband grating couplers [77]. Moreover, by designing the center
wavelength of the grating coupler towards longer wavelengths with the use of L-
band EDF, it is possible to produce L-band multiwavelength operation for gas

sensors, e.g., carbon dioxide around 1572 and 1578.6 nm [39].

As shown in Figure 2.23, the output wavelengths of the laser superpose coherently
to generate 100 GHz pulses. However, the major challenge is achieving single
longitudinal mode lasing for each wavelength, otherwise, the cavity mode coupling,
with frequency spacing in the order of MHz, will affect the temporal stability. In our
proposed laser, the average FWHM of the F-P filter is 0.107 nm (13.1 GHz) which is
much wider than cavity mode-spacing. It is not sufficient to suppress the cavity mode

coupling. A possible approach towards single longitudinal mode lasing in each line
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of the frequency comb is to cascade comb filters to reduce the number of cavity

modes via Vernier effect [78].

2.5.2 Conclusion

In conclusion, we first demonstrated a MEDFL based on FWM in SOI strip
waveguide with PMF-based Sagnac loop comb filter. Five lasing wavelengths
centered at 1562.26 nm with 0.38 nm spacing were achieved. The output powers of
those wavelengths were stable during 10 min. scanning with fluctuation less than 0.8

dB at room temperature.

In order to improve the line width and the thermal stability, athermal F-P comb
filter and longer (and lower loss) SOI rib waveguide were used. Five lasing
wavelengths with 0.8 nm spacing were achieved. The extinction ratio and the side-
mode suppression ratio are increased to over 40 dB and ~15 dB, respectively. The

power fluctuations of selected channels were less than 1 dB during 10 min scanning.

By employing a reverse-bias to remove the free carriers generated by TPA in the
SOl waveguide, we have demonstrated a multiwavelength EDFL with six lasing
wavelengths between 1560.9-1564.9 nm. The power fluctuation per channel (all six

channels) is less than 0.65 dB.

The proposed silicon/erbium-doped fiber hybrid ring laser provides a potentially
compact and low cost solution for possible applications in integrated WDM gas

Sensors.
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3 Nonlinear microresonators & dissipative four-wave

mixing mode-locking

3.1 Introduction

In previous chapter, we have demonstrated the FWM multiwavelength EDFL for
optical sensing using a nonlinear SOI waveguide and a F-P comb filter. In system
integration, it is natural to integrate these two components into a single chip. In
silicon photonic platform, the F-P comb filter can be replaced by a MRR. MRR has
almost the same spectral behavior as the F-P filter except the wave propagation
direction. In fact, we can even further integrate the SOl waveguide and the MRR into
a single device: nonlinear silicon MRR. This device can take advantage of the
resonation enhancement to reduce the footprint of the whole system. It will be

discussed in the following section in details.

Moreover, the autocorrelation trace of the combined multiwavelength output
shows that such kind of FWM multiwavelength laser with comb filter has an
pulsation output with ultrahigh repetition rate, up to hundreds GHz. This results link
the multiwavelength lasers to another type of lasers: passive mode-locked fiber lasers
based on DFWM [79], [80]. By adding an intracavity comb filter, only the cavity
modes coinciding with the comb filter will be able to lase and the other cavity modes
are suppressed. The lasing modes are phase-locked by FWM through the Kerr
nonlinear medium. The resulting output would be a pulse train in high repetition rate.

Recently, in order to suppress the instability due to the long cavity length, a new
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scheme employing a high-Q silica MRR as both the Kerr medium and the comb filter,

named FD-FWM, was demonstrated stable operation at 200 GHz [81].

This kind of lasers can be the potential solution for the demands of the recent
advances in optical communication for the high speed applications such as optical
clocks. Also, they can also act as the coherent optical comb source for high spectral
efficiency modulation schemes such as OFDM. Recently, optical OFDM employing
silicon photonic devices have been reported [82], [83]. High repetition rate mode-
locked pulse source directly generated in silicon waveguide using FD-FWM with
nonlinear silicon MRR provides an attractive solution for making integrated OFDM

systems and on-chip optical clocks.

In fact, optical comb source in integrated platform can be provided by OPO. It has
been demonstrated in high Q silica and silicon nitride microresonators recently [84].
For silicon MRR, although the Q of silicon MRRs are typically lower than the silica
and silicon nitride by 1-2 orders of magnitude, their higher nonlinearity can
compensate for the lower Q. However, the TPA and resultant FCA in SOI [56], [71]
will limit the parametric gain inside the waveguide and is the major impediment for
efficient silicon based OPO [84]. FD-FWM provides an alternative solution for comb

generation, by moving the gain mechanism to EDF.

In this chapter, we employed a nonlinear silicon MRR with reverse-biased p-i-n to
demonstrate a FD-FWM mode-locked laser. A stable mode-locked laser with 100

GHz mode spacing is achieved at high pump powers.
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3.2 Dissipative four-wave mixing

Passive mode-locked fiber lasers have been used in many applications such as
optical spectroscopy, medical sensing and optical communication. However, the
repetition rate is typically limited by the cavity roundtrip time, resulting in repetition
rates below 200 MHz which limit the usage in high speed optical communication. In
order to increase the fiber laser repetition, many different approaches have been
proposed [85], [86]. The most straightforward approach is simply making a very
short cavity in order to reduce the round trip time such as integrated semiconductor
lasers which repetition rate can be up to 400 GHz [85], [87], [88]. However, the line
quality is worse than usual fiber laser. Another approach is combining active and
passive mode-locking schemes, so-called hybrid mode-locking. However, the
repetition rate is limited by the speed of the optical modulators which is below 100

GHz [89].

In order to preserve the line quality with hundreds GHz repetition rate, a comb
filter insert to the fiber laser cavity with nonlinear medium has been proposed by
Yoshida et al. in 1997 [79]. The experimental setup is shown in Figure 3.1a. The F-P
filter has FSR of 115 GHz and finesse of 75.5. The nonlinear medium is the
polarization-maintaining dispersion-shifted fiber (PM-DSF) with the length of 1.2
km. The optical spectrum and the autocorrelation trace of the laser out are shown in
Figure 3.1b. They show the laser has 115 GHz mode spacing and the corresponding
pulsation output. A year after, this type of laser has been proposed again theoretically
and independently by Quiroga-Teixeiro et al. who also named it to DFWM mode-

locking [80].
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Figure 3.1 (a) The schematic diagram of the laser configuration. (b) The
autocorrelation trace (left) and the optical spectrum (right) of the laser output.

Figures are adapted from [79].

Quiroga-Teixeiro et al. started from the nonlinear Schrodinger (NLS) equation [65].
First, they consider the optical wave with center frequency wo, as Eg. (2.8) while the
other frequency components are absorbed to the amplitude of the center frequency,
A(z,t). By assuming A(z,t) as the slowly varying wave envelope and the waveguide

without gain or loss, the evolution of A(z,t) can be described by NLS equation:
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where T is the time of the frame propagates with the wave at the group velocity vy

(T=t-2z/vy), and y is the nonlinear coefficient in Eq. (2.13). We introduce a

spectral (dispersive) dependent gain g(w) with two peaks equally separated from

center frequency wo:
g(w) =9, +ﬁga)2 —Kga)4, (3.2)

where o is the frequency respect to wg. Figure 3.2 shows the gain spectrum of g(w).
There are two peaks in the gain region. Outside the gain region, the light experiences

net loss.
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I
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Figure 3.2 The gain spectrum of spectral (dispersive) dependent gain g(w). The

figures is adapted from [79] which uses y(w) to represent g(w).

By using Fourier transform, Eq. (3.2) can be transformed to time domain,
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By inserting Eg. (3.3) into the NLS equation:
%A——Iﬁzﬂ 22A+|7/|A|2A+{g0 B, 8t22 gaa;}A, (3.4)
the system becomes a Ginzburg—Landau type equation:
%A:{go—(i ﬂz"+ﬁg)§t—22—;<g ;—i}A+iy|A|2A- (3.5)

This type of equation has attracted a considerable interest from the studies of pattern
generations and self-organization. Because of it does not have analytical solution, it
has to be solved by numerical method. The most commonly used method for this
kind of problem is split-step Fourier method [65]. The initial condition of the system
is set as a random white noise which simulates the starting ASE from the gain
medium. After several hundreds of round trip of the cavity, the system converges to a
static state. However, the results depend on the frequency spacing (length of the time
window T) and the initial condition. A stable static solution can be achieved for T =
8 (frequency resolution =~ 0.785 Hz). The spectrum of the static state is shown in
Figure 3.3a. There are mainly two wavelengths lasing around the gain peaks with
equal amplitude. These two wavelengths generate some harmonics through FWM
while those harmonics are at the region of net loss. The system is balanced by

transferring the energies from two major wavelengths with gain to their harmonics
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with loss. As the energy loss through FWM, the name of this mode-locking scheme
has word “dissipative”. If the time window is increased, the results become more
independent to the initial condition and converge to similar solution. Figure 3.3b
shows the static solution at time domain for T = 100. We can see that a pulse train is
formed with the repetition rate equals to the frequency difference between two gain
peaks. This system was experimentally demonstrated again using a non-chirped fiber

Bragg grating (FBG) filter in 2001 [90].
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Figure 3.3 (a) The frequency spectrum of the static state (T = 8). (b) Static solution
at time domain (T = 100). Figures are adapted from [79] which use u(zt) to

represent A(z,t).

3.2.1 Supermode noise

As a pulse source with repetition rates up to 100 GHz, the temporal and power
stabilities of DFWM mode-locking are very crucial in practice. The laser stabilities
have been studied by Schroder et al. in 2008 [78]. The laser configuration was based
on a Raman fiber laser using HNLF of 1 km as the gain medium, shown in Figure 3.4.

The comb filter was a FBG filter with 100 GHz frequency spacing.
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Figure 3.4 (a) Experimental setup. (b) Reflection spectrum of the FBG. Figures are

adapted from [78].

When the pump power was increased to 2.22 W, the laser operated under DFWM.
The corresponding optical spectrum and the autocorrelation trace are shown in
Figure 3.5. We can see a 100 GHz pulses in the autocorrelation trace. However, there

are also some kinds of sub-pulses between the regular pulses.
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Figure 3.5 (a) Output spectrum and (b) autocorrelation of the laser at pump power

of 2.22 W. Figures are adapted from [78].

In order to clarify the source of these sub-pulses, Schroder et al. performed a

numerical analysis based on the one used by Quiroga-Teixeiro et al.:
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where Q, Is, go and «a are the average normalized power, saturation parameter, small
signal gain of the EDFA, and waveguide amplitude absorption coefficient,

respectively. Eq. (3.8) can be further normalized:

Suricu=ipfu+—S u-w,
84 or 1+Q/Is
(3.7)
ne 2
c=Zr=tu="p-t P Lo gi=a,
L P i 2

where L is there cavity length, f is the FSR of the F-P filter. Since Quiroga-Teixeiro
et al. has made the assumption of short cavity, it may not be suitable for general long
cavity fiber laser. Therefore, instead of expressing the wavelength selective gain
inside the Ginzburg—Landau type equation, Schroder et al. multiply the intracavity

field U by a comb filter function.

The autocorrelations of the simulated result is shown in Figure 3.6a which
obviously shows a number of subpulses similar to the experimental results. The
origin of these subpulses can be explained by the pulse trains in the original solution,
as shown in Figure 3.6b. There are several brunches of individual pulse trains exist in

the cavity simultaneously. They have the repetition rates slight different from the
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frequency spacing of the comb filter. As mentioned in Section 2.5.1, this is due to the
FWHM of the filter is too wide compared with the laser cavity mode spacing. The
large number of modes allowed to exist in the cavity causes the “supermode noise”
which has been studied deeply in active mode-locking [91], [92], [93], [94]. It makes
a number of possible frequency combinations for the coupling among those modes.
Those coupled modes of different frequency spacing superpose to generate the pulses
train with different repetition rates. Since the frequency spacings of those pulse trains
are different, they cannot maintain a phase relationship through FWM efficiently and
behave independently. As those pulse trains have a slight phase shift among each

other, their overlap resulting subpulses in the autocorrelation trace.
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Figure 3.6 (a) Simulated autocorrelation of low, x =—0.001, G=1, a=0.4, 1s=1
(dashed curve), and high, G=2 (solid curve) gain. (b) Temporal profile of the

optical intensity of the high-gain. Figures are adapted from [78].

To suppress the supermode noise, one approach is to narrow the FWHM
bandwidth of the comb filter. However, it is hard to achieve the FWHM bandwidth
down to the order of MHz in conventional comb filter. Another approach is

decreasing the number of cavity modes by insert several sub-cavities inside the fiber
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cavity, as comb filters with FSR comparable to the main cavity, via Vernier effect.

Schréder et al. has used two sub-cavities to reduce the number of modes from 20000
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Figure 3.7 (a) Artificial function of broad bandpass filter and comb filter. (b)

Simulated intracavity spectrum after 150 round trip. (c) Temporal profile of the

optical intensity, (d) and corresponding autocorrelation.

We 1y in previous chapter (see Appendix B for a sample numerical code). For

simplification, the broad bandpass filter (grating couplers) is merged to the comb

filter function, as shown in Figure 3.7a. At high gain case (G = 2). Figure 3.7b shows
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the stabilized intracavity spectrum after 150 round trip. Similar to [78], there exist
several pulse trains in the time domain due to supermode noise, shown in Figure 3.7c.
The corresponding autocorrelation is shown in Figure 3.7d. We can see that there are
two subpulses in each period which is similar to the autocorrelation of
multiwavelength laser in last chapter (Figure 2.23). It indicates those subpulses

maybe came from the supermode noise.
3.2.2 Filter-driven dissipative four-wave mixing

To avoiding the instability due to the long cavity length, it is possible to combine
the nonlinear medium and the comb filter to a single device which has been proposed

and demonstrated by Peccianti at el. [81]. The configuration is shown in Figure 3.8.
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Figure 3.8 Experimental setup of FD-FWM using nonlinear silica MRR. Figures

are adapted from [81].

They used a high-Q integrated silica MRR (with Q = 1.2 million) as the comb filter.
By using the Kerr nonlinearity of the silica and the resonance enhancement of the

MRR, a DFWM mode-locked laser has been achieved. The optical spectra and the
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autocorrelation traces are shown in Figure 3.9. Because of the FWM is occurred

inside the comb filter, they named this method as FD-FWM.
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Figure 3.9 The optical power spectrum and autocorrelation: long cavity laser (a)

and (b); short cavity laser (c) and (d). Figures are adapted from [81].

However, the supermode noise still occurs in the laser for long cavity, as shown in
Figure 3.9a,b. In Figure 3.9b, the green curves are the ideal autocorrelation traces, by
assuming the modes in the corresponding optical spectra in Figure 3.9a are all in
phase, while other curves are the measurement results. As the filter Q = 1.2 million,
therefore, the FWHM bandwidth of the filter is ~160 MHz which is comparable to
the laser cavity mode spacing. It is possible to suppress the supermode noise and
achieve single longitudinal lasing for each mode. By shortening the cavity length
down to 3 m, a stable DF-FWM mode-locking operation is achieved by tuning the

delay line in the laser cavity (for matching the cavity mode spacing to the filter).
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Figure 3.9¢,d show the idea autocorrelation traces which match well to the measured

results.

DF-FWM with single longitudinal mode lasing has some advantages over the
integrated OPO. For example, the line width is much narrower since it is the original
cavity mode rather than the mode of the MRR. Also, the power induced or thermal
drift of the resonant wavelengths will not directly affect the lasing wavelengths
which mainly depend on the cavity modes. Therefore, the power and thermal

instability of the wavelength is better.

3.3 Nonlinear microresonators

3.3.1 Modeling

In order to design a suitable MRR for FD-FWM, we have to first understand how
it works. MRR is basically a closed-loop waveguide with one or two bus waveguides
coupled aside, as shown in Figure 3.10. The closed-loop forms a cavity which define
the resonant modes while the bus waveguides are used to couple the light in or out to

the cavity.

In order to achieve a comb filter, two bus waveguides are chosen to form a 4-port
MRR. Based the model from Yariv, MRR can be modeled analytically by separated
into 4 parts: two directional coupler and two segments of waveguides between them

[95]. The directional coupler has the transfer matrix:
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Figure 3.10 Schematic diagram of symmetric MRR (4-port) with input port (1),

throughput port (T) and drop port (D).

E, t ix) E;
el e o

where t, x are the coupling coefficients of the input field E;, E; and the output field

Es, E4. Assuming the coupler is lossless, the transfer matrix is unity:
" +[xf” =1. (3.9)

Defining the total cavity round trip introduces the loss and the phase shift to the field:

, (3.10)
e,

E.q =0E

end start
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where « is the field round trip loss factor, & is the round trip phase shift, Esar and

Eeng are the starting field and the end field of single round trip, repectively. The

round trip phace shift 8 =2z ,n /ﬁo where Ly is the physical roundtrip length, nes

is the effective index of the waveguide mode and 4, is the wavelength in vacuum. If
the MRR is symmetric, therefore, the two couplers are separated equally in the cavity
and have same transfer matrix, t = t; = t; and ¥ = k1 = x, (the '1" and '2' subscripts
refer to the each coupler, respectively). We define the input field as E; incident
through input port I; the field passing through cavity and then coupled out from the
input coupler as E; to the throughput port T; the field coupled out from the output
coupler as Eq to the drop port D. By assuming t, x and « are indenpent of wavelength,

the relationship of those field can be expressed as:

E _te"“-a) E, iJax’e" (3.11)
Ei

e —at? " E 1-at%?’

where ' = 7l,ny /4, is the phase shift reached to the output coupler with half of

the round-trip.

If we consider the dispersion of the waveguides, waveguide mode effective index
vary with wavelength ones/04o = (Netf - Ng)/ Ao, Where ng group index of the waveguide.

Then FSR can be expressed by:

2° (3.12)

69



3.3.2 Quality factor

The MRR has a very useful parameter, quality factor, Q which can be defined by

FWHM bandwidth of its transmission spectrum:

(3.13)

where 1y is the wavelength at m-order resonance and dly is the FWHM of the
resonant peaks (drop port) or dips (throughput port). It can be related to the fineness

of F-P filter:

2
finesse = FSR = im :Q ]’m (3.14)
5, oLl nl

gt gt

therefore, higher Q means higher finesse. Furthermore, Q also means how long does

the photon stay inside the cavity [96]:

¢ (3.15)

where w, is optical angular frequency; 7y is the photon lifetime inside the cavity; Ty
is roundtrip time; J. is total cavity loss factor; c is the speed of light; 4, is wavelength

in vacuum. The our model, the cavity loss factor can be separated to intrinsic loss
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factor o, and extrinsic loss factor d, which can be expressed by the cavity field loss

factor o and coupler coefficient t:

= '”(iz} + '”[%J- (3.16)
a -t

Therefore, Q becomes:

_Aan, (3.17)
2In(elt*)

Furthermore, since the MRR can trap the photon for lifetime, it can also consider the

photon run inside the cavity for an effective length Les:

C A (3.18)
Leff =Toh n_:QF

This result shows that high-Q MRR would be able to replace a long waveguide for
nonlinear process, e.g. FWM. In case of the MRR with Q = 1.2 million in [81], it

provides an effective length of 19.7 cm.
3.4 Device design

In order to achieve 100 GHz repetition rate, the FSR of the microring should be
matched to 100 GHz, therefore, ~0.8 nm wavelength spacing. By Eq. (3.12), the

round trip length should be 750 um. By using the same fabrication process of p-i-n
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waveguide structure mentioned in previous chapter, the microring resonators with

different coupling coefficient x were fabricated. The optical image of typical device

Is shown in Figure 3.11a.
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Figure 3.11 (a) Optical image and (b) Fiber-to-fiber transmission spectrum of SOI

MRR (p-i-n diode) with 0.8 nm FSR.
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For microring resonators, in order to have a better control of the coupling between
the ring cavities and the bus waveguides, the race-track type geometry was used.
They were fabricated with 6 um coupling length and 120 um bending radius, and
thus with 766 um round-trip length. The optical microscopic image of the fabricated
MRR is shown in Figure 3.11a. Figure 3.11b shows the fiber-to-fiber transmission of
the throughput port and drop port of the silicon MRR. We can see that drop port can
work as a comb filter. It also indicates the typical FSR and Q are 0.78 nm and 52000,

respectively.

3.5 Experimental setup

The cavity configuration is similar to the multiwavelength laser cavity in previous
chapter. The only difference is the comb filter integrated into the silicon photonic
chip, shown in Figure 3.12. An erbium-doped fiber amplifier (EDFA) provided the
optical gain in the cavity. The isolator inside the EDFA fixed the laser in
unidirectional operation as a ring cavity. The silicon MRR is inserted after the output

10/90 optical coupler (OC) and the polarization controller (PC) following the EDFA
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Figure 3.12 Schematic diagram of (a) experimental setup, and (b) coupling between

SMF and silicon waveguide through grating couplers.

in order to ensure reasonable optical power in the silicon for triggering FWM. The
coupling between silicon waveguide and the single mode fiber was via a grating
coupler, shown in Fig. 1b. The coupling efficiency of the grating coupler is

polarization dependent and was optimized by adjusting the PC [76].
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3.6 Results & discussions

3.6.1 Fundamental FD-FWM mode-locking

When the output power of the EDFA was set to 27 dBm, the laser was mode-
locked. The TPA in the silicon waveguide produced a photocurrent of 0.87 mA at 6

V reverse bias applied across the diode of the silicon MRR. The optical spectrum is
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Figure 3.13 (a) Normalized optical spectrum and (b) autocorrelation trace of the

mode-locked laser.

75



shown in Figure 3.13a. The central wavelength is 1544.4 nm with 0.78 nm mode
spacing (96.1 GHz). The measured line width shown in the figure is limited by the

resolution of the optical spectrum analyzer.

The autocorrelation trace of the laser output is shown in Figure 3.13b. The
repetition rate is about 100 GHz. The non-zero background is similar to the results of
33 m cavity length with silica MRR in [81]. The full-width-half-maximum (FWHM)
of the pulse is about 4 ps, therefore, the duty cycle is 0.4. The peak-to-background
ratio is 2.1:1. The mode-locking state can be maintained for longer than an hour in

room temperature and without any active vibration isolation.

3.6.2 Harmonic FD-FWM mode-locking

As the phases of the lasing mode are locked by FWM, if the filter spectral profile
provides slightly uneven gain among ring resonant modes, it is possible to induce
uneven energy transfer via FWM. We can simulate this situation by adding
perturbation to the comb filter function in the model in Section 3.2.1 (see Appendix
B). We first suppress the odd harmonics of the comb filter, as shown in Figure 3.14a.
The intracavity spectrum after 150 round trips is shown in Figure 3.14c. We can
observe that the odd harmonics are suppressed over 80 dB. Figure 3.14e shows the
corresponding autocorrelation. The repetition rate is doubled. We can call it second
harmonic DFWM mode-locking. If suppress the other harmonics except the third
harmonic and it multiples, as shown in Figure 3.14b, the intracavity spectrum will be
dominated by those unsuppressed harmonics, as shown in Figure 3.14d. The
repetition rate is triple in the autocorrelation, as shown in Figure 3.14f. Again, we

call it third harmonic DFWM mode-locking.
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Figure 3.14 The perturbated comb filter functions, simulated intracavity spectra
after 150 round trip, and autocorrelations: (a,c,e) second harmonic mode-locking;

and (b,d,f) third harmonic mode-locking.
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Peccianti et al. have demonstrated harmonic mode-locking in FD-FWM with the
same silica MRR in [97], [98]. By tuning the bandpass filter (FWHM of 8 nm) and
cooperating with the slightly uneven transmission loss among the MRR resonant
modes, the laser exhibits phase-locking the lasing modes separated by 803.2 GHz.
The optical spectrum and the autocorrelation trace of the laser output are shown in

Figure 3.15. The autocorrelation shows a quasi-sinusoidal output in 803.2 GHz.
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Figure 3.15 Spectrum (left) and autocorrelation (right) of the laser output in the

803.2GHz quasi-sinusoidal operating regime, adapted from [97], [98].

In principle, our silicon MRR FD-FWM configuration is in similar situation as the
silica one. The grating couplers are basically a pair of broadband tunable bandpass
filters. If we slightly detune the fiber position as we mention in Chapter 2, the
transmission spectrum of the drop port will slightly shifted, as shown in Figure 3.16.
As the same as the silica case, the silicon MRR would have slightly different
insertion loss among the resonant modes which is due to the wavelength dependent
coupling efficiency of bus waveguide coupling and the wavelength dependent

propagation loss of the waveguide. If we tune the fiber to certain position, the laser
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started to mode-lock the modes with 288.3 GHz, as the optical spectrum shown in
Figure 3.17a. We can see that the phase-locked modes have higher power level
among the others. It means they extract most of the energy of the laser and transfer it
to the phase-matched modes. Figure 3.17b shows the autocorrelation trace. There is

also a quasi-sinusoidal output in about 300 GHz. We named it as “harmonic FD-

FWM”,
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Figure 3.16 Fiber-to-fiber transmission spectra of SOl MRR with different fiber

positions.

If we further adjust the fiber position, the laser is able to mode-lock the modes
with 384.4 GHz, as the optical spectrum shown in Figure 3.17c. However, the major
tones have about 4 dB power different which may be due to the larger gain different

among them (asymmetric transmission spectrum of the grating). Also, we can see

79



that the lines between two major modes are not suppressed well as 300 GHz one.
Also, the harmonics of these two modes are at the similar power level to the others. It
may they have not efficiently transfer the energy to their harmonic tones which may
be due to their uneven power level and the less efficient FWM for larger wavelength
spacing. Figure 3.17d shows the autocorrelation trace. Since the major tones have

about 4 dB power different and unsuppressed (unwanted) modes between them,
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Figure 3.17 Normalized optical spectra and autocorrelation traces of the mode-

locked laser: (a,b) 3rd harmonic (288.3 GHz); (c,d) 4th harmonic (384.4 GHz).
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the quasi-sinusoidal output in about 400 GHz has shallower modulation depth and

varying envelope.

In fact, this kind of harmonic FD-FWM can be control by cascading another MRR
with different FSR in the same chip via Vernier effect. Their lasing wavelength and
their frequency spacing can be tuned by adding the integrated thermal heater on top
of the silicon MRR and using thermal-optic effect [56]. Also, as we mention before,
it is possible to further integrate the optical components to the chip for simplifying
the laser system. The power requirement of the EDFA may be reduced considerably
by using apodizing grating couplers and low loss waveguides [76]. Furthermore, if
we want to achieve single longitudinal mode lasing as the silica MRR, it may be
possible to use the MRR based on etchless silicon waveguides which avoids the
scattering loss due to the sidewall roughness during the dry etching process. Etchless

silicon MRR with intrinsic Q of 760,000 has been reported recently [99].

3.7 Conclusions

In conclusion, we proposed and demonstrated a FD-FWM mode-locked fiber laser
based on nonlinear silicon MRR. It shows that the silicon MRR has sufficient
nonlinearity and quality factor (Q ~50000) for successful operation of the FD-FWM
scheme. The mode-locked laser was stable for over an hour at room temperature
without any active feedback stabilization. The laser provides a potentially compact
and low-cost high repetition rate pulse train source for possible applications in high

speed communication and on-chip optical clock.
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4 Graphene on silicon waveguides and ultrafast

passive mode-locked lasers

4.1 Introduction

Ultrafast laser with short pulse width and high peak power have a number of
potential applications, such as basic scientific research, medicine, and materials
processing. Also, such kind of pulse source also plays a role as the seed of
supercontinuum generation which is widely used in spectroscopy. On-chip high peak
power pulse source provides an attractive solution for compact and low cost sensing

and spectroscopy systems.

In last chapter, the passive FD-FWM mode-locked laser provides an ultrahigh
repetition rate pulse source. However, the peak power of each pulse is only at the
similar order of the laser average power. It is due to the small number of modes
which is hard to form a short time duration pulse. Also, the high repetition rates
limits the energy per pulse, therefore, the peak power approaches to the average
power of the gain medium. To achieve high peak power laser pulses, the most
common approach is passive mode-locked lasers using saturable absorbers. This kind
of saturable absorbers is currently dominated by semiconductor saturable absorber
mirrors (SESAMs) in the market. In silicon photonic platform, there is a similar
option to grow or deposit a layer of 111-V semiconductors on top of the silicon core
layer as an integrated saturable absorber. However, these materials have very narrow

working wavelengths, tens of nanometers, and involve a number of complex and
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non-complementary metal-oxide-semiconductor (CMQOS) compatible processes

which increase the fabrication cost.

A potential alternative solution is using single-walled carbon nanotubes (SWNTS)
which provide a low cost and a wide range of working wavelengths. Passive mode-
locked fiber lasers using SWNTs has been demonstrated [100], [101], [102], [103],
[104]. The bandgap energy of SWNTSs is controlled by their diameters and chiralities
[100], [101]. In order to have a broadband saturable absorber, the composite of
SWNTs with a range of diameter and chirality distribution has to be used [102].
However, in practice, only part of the SWNTs matching the right bandgap energy
works as the saturable absorber while the others only provide pure insertion loss. It
largely limits the performance of devices. Fortunately, graphene, as an unrolled
SWNT, provides an alternative solution as a broadband saturable absorber. Because
of the unique linear dispersion around the Fermi level, there is always a pair of
electron-hole matching the resonant condition for a range of photon energies. Also,
the ultrafast massless-like carrier dynamics and the strong light absorption of 2.3% in
a monolayer of 0.7 nm thickness provided that graphene can act as a fast saturable
absorber. Having those advantages, graphene based broadband passive mode-locked

fiber lasers have attracted considerable interest recently [105], [106], [107], [108].

On the other hand, following the success of graphene based electronic devices
[109], [110], graphene also provides an attractive optoelectronic integrated platform
for high speed optical communication and on-chip interconnect [111], [112], [113],
[114], [115]. By using the ultrafast carrier dynamics, high speed integrated graphene
on silicon optoelectronic devices such as electroabsorption modulators and

photodetectors have been reported [111], [112], [113]. Some of those devices relied
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on the advantaged of graphene-silicon waveguide hybrid structure which offers the
advantage of the in-plane propagation. It greatly increases the interaction length
compared to the geometry with light incident normal to the graphene plane. Large
optical modulation depth and large optical nonlinearities have been reported for
graphene in the in-plane geometry recently [114]. However, the saturable absorption
and passive mode-locking using the in-plane saturable absorption of graphene on

silicon waveguides has not been investigated yet.

In this chapter, we study saturable absorption in graphene on silicon waveguide.
We observed a large saturable absorption in this kind of devices, as high as 50%
change in transmission. Furthermore, we propose and demonstrate a mode-locking of
an erbium fiber laser using a graphene on silicon waveguide. By using the saturable
absorption of graphene in the evanescent field of the waveguide mode, a stable
mode-locked fiber laser is achieved. The structure is compatible with silicon optical
waveguides and may be easily integrated with other passive waveguide devices such

as tunable filters or silicon modulators for making tunable mode-locked lasers.
4.2 Graphene photonics

4.2.1 Electronic structure

The unique physical properties of graphene are come from the electronic band
structure. For a sheet of ideal graphene, the carbon atoms are in a planar hexagonal
lattice, honeycomb lattice, as shown in Figure 4.1 [116]. The distance between the
two nearest neighbor atoms (labeled A and B) is 1.42 A. The primitive unit cell is
drawn in dashed lines and the primitive lattice vectors are T; & T, with length a of
2.46 A. The reciprocal lattice is also a hexagonal lattice with different orientations by
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simply rotating the real space by n/2, as shown in Figure 4.1. The corresponding

primitive reciprocal lattice vectors of the Brillouin zone are Kl & Kz with length of

2/\3a.

~—ALTERNATIVE
BRILLOUIN
ZONE

SYMMETRICAL
BRILLOUIN
ZONE

UNIT CELL

Figure 4.1 Real (left) and reciprocal (right) space lattices of graphene adapted from

[116].

In real space, each atom is covalently bound with three nearest neighbor atoms by
three sp? o-bonds, and forms an o-band with the sp® electrons of all other carbon
atoms. The fourth valence electron is in p, state which is oriented normal to the
graphene sheet. It will form z-bonds with all other p, electron in order to form a z-
band. A single C-C o-bond is typically stronger than a single z-bond, hence the o-
band, has lower energy compared with z-band, therefore, it should be occupied first.
By the results from simple tight binding (TB) model, the bonding z-band is always
energetically below the antibonding z*-band for all wave vectors except at the corner

points of the Brillouin zone boundary K-points, as shown in Figure 4.2 [117], [118].
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Figure 4.2 Dispersion relations of the z-(lower half) and z*-(upper half) bands in
graphene using TB approximation. The energy unit is the nearest-neighbor C-C
overlap integral yo = 3.0 eV and the scale is measured from the Fermi level er. The

figure is adapted from [118].

The Fermi level, ¢, is crossing the K-points. The six K-points of the central

Brillouin zone are given by

ke = +(K,—K,)/3; 2 (2K, - K,)/3; (K, -2K,) /3. (4.1)

However, only two of these points are inequivalent due to the periodic boundary
condition and translational symmetry, they are labeled K and K'. They form four spin
degenerate states er. Furthermore, the density of states (DOS) is zero at er. Graphene
cannot be characterized as metal or semiconductor, but so-called zero-DOS metal or

zero-gap semiconductor. Moreover, it is very interesting that the Taylor expansion of
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the dispersion relations of graphene ¢, (k) at K-points in terms of &=k —k., small

displacement from K-points, is valid in first-order term. In first-order approximation:
£.(K) = & +hve [k —ke |, (4.2)

where Vg is the Fermi velocity and 7 is the reduced Planck constant. It means the
dispersion relation near the Fermi level is approximately linear. Therefore, the
effective mass of the electron at this state is zero [119]. The ve is 1.1x10% cm/s. The
dynamic of electrons and holes can be described by the Hamiltonian at K-points,

shifted the energy origin to &g

HX =V 00K, (4.3)

where 6=(5X,6 az) are the Pauli matrices. The positive (negative) energy

v
solutions are corresponding to the particles (antiparticles) as the electrons (holes) in
the conduction (valence) band. Eq. (4.3) is exactly the same as the Dirac equation for
2D massless spin-1/2 Fermions. Therefore, the carriers in graphene always travel at
the same velocity ve is in 1.1x10° cm/s. This ultra-relativistic carries dynamics of
graphene exhibits a number of interesting electronic transport behaviors such as
anomalous quantum hall effect [120], [121], ultrahigh room temperature mobility (i

> 200,000 cm?/Vs, limited by the scattering of acoustic phonons) [122], [123], and

Klein tunneling [124], [125].
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4.2.2 Universal absorbance

For optical properties, graphene has been predicted to have a frequency
independent optical absorption, from infrared to visible range. The value is fixed at

mo = 2.293%, with

(4.4)

where o is the fine structure constant, e is the elementary charge, and c is the speed
of light in vacuum (in cgs units). The reason of this universal absorbance is related to

the frequency independent optical conductivity of graphene:

O = ZGO, (45)

where G, = 2e?/h is the quantum conductance which is the intrinsic property of 2D
massless Fermions. This property has been confirmed experimentally by several
groups in 2008 [126], [127], [128]. Figure 4.3 shows the absorbance of normal

incident over the range of photon energies between 0.5 and 1.2 eV in [128]. The

value of measured absorbance belongs to za within 10% for 3 different samples.
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Figure 4.3 Absorption spectra of three different samples of graphene, adapted from

[128].

4.2.3 Saturable absorption

Another interesting optical property is saturable absorption. The processes is
illustrated in Figure 4.4 [105]. When interband photo-excitation occur, electron-hole
pairs are generated which induce a nonequilibrium carrier thermal distribution,
shown in Figure 4.4a. These hot (energetic) electrons and holes will cool down and
excited other carries to form a hot Fermi-Dirac distribution after ~100 fs, with
electronic temperature T, [129], [130], shown in Figure 4.4b. These excited carries
may block some of the optical excitation in the range of photon energies in range of
ksTe by Pauli exclusion principle, where kg is the Boltzmann constant. The electron
and holes will be further cool down and recombined until recover to the origin
distribution with ~1 ps [131], [132]. The decrease of absorption is not significant and
still can be regarded as linear absorption. However, if the optical intensity is too
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Figure 4.4 Schematic diagram of light absorption of light in graphene: (a) at low

light intensity, interband photo-excitation generates electron-hole pairs which
induce a nonequilibrium carrier thermal distribution; (b) excited carries may block
some of the optical excitation in the range of photon energies in range of kgTe; at
high light intensity, the photogenerated carries fill up the conduction and valence

band and no more absorption. Figures are adapted from [105].

high enough, the photogenerated carries fill up the conduction and valence band and
no more absorption is allowed which makes the graphene becomes transparent to the

other photons, the absorbance start to decrease [133], as shown in Figure 4.4c.

Figure 4.5 shows the saturable absorption of a graphene-polymer composite (~50
um thick) sandwiching between two fiber connectors in [107]. The saturable
absorption occurs at the wavelength between 1548 nm and 1568 nm, with ~1.3%

change in transmission.
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Figure 4.5 Transmission of the graphene composite of different average pump

powers for six excitation wavelengths, adapted from [107].

4.3 Graphene on silicon waveguide

Since graphene has a number of optical properties which are related to its
electronics structure, it is straight forward to modify the optical response by electric
control. It has been demonstrated that by tuning the Fermi level of graphene by field
effect, the absorption spectrum can be changed [127]. It is due to the carrier
distribution follows the change of Fermi level. If the Fermi level is decreased by
0.5%iw from the Dirac point (K-point), there will be no electron from the valance
band can be excited by photon with energy < e (or the holes in valance band are
filled to block the excitation of holes in conduction band). In other extreme, if the
Fermi level is increased by 0.5z from the Dirac point, the electrons are filled in
conduction band which blocks the excitation of electrons in valance band (or no hole

from the conduction band can be excited by photon with energy < 7).
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However, the absorption change in 2.3% in normal incident is not enough for the
practical applications, e.g. optical modulators. In order to increase the absorption, in-
plain propagation has been proposed. The graphene on silicon waveguide structure
offers the advantage of greatly increasing the interaction length compared to the
geometry with light incident normal to the graphene plane. In 2011, a broadband
electroabsorption modulator based on a graphene on silicon waveguide structured
demonstrated for working frequency up to 1.2 GHz [112]. By using the advantage of
in-plain absorption, it only needs a length of 40 um graphene on silicon waveguide to
achieve 3 dB modulation depth in 1.2 GHz. By using similar approach, ultra low

power FWM has been demonstrated in graphene on silicon photonic crystal cavity.

In order to take advantage of in-plain propagation in for integrated saturable
absorber, we employed the graphene on silicon waveguide structure. In order to
avoid TPA and induced FCA, which can be regarded as reverse saturable absorption
since the absorption increases with intensity [134], the waveguide should be as short
as possible. Therefore, we have to employ focusing subwavelength grating couplers.
To ensure better process control in the definition of the waveguide grating coupler by
using a deep etch through the top silicon rather than a shallow etch (in which the etch
depth is dependent on etch rate), we employed silicon suspended membrane
waveguide (SMW) structure [135]. The structure of the graphene on silicon SMW is

schematically shown in Figure 4.6.
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Figure 4.6 Schematic diagram of graphene on silicon waveguide

The silicon waveguide was fabricated on an SOl wafer with 340 nm top silicon
layer and 2 um buried oxide (BOX). The waveguide width and etching depth is 500
nm and 500 nm, respectively, in order to satisfy the single mode condition of quasi-
transverse electric (TE) mode at wavelength of 1560 nm. In order to remove the
BOX layer under the waveguide, rectangular holes were etched beside the waveguide

periodically.

4.4 Sample fabrication

The fabrication processes employed the electron beam lithography (EBL). The SOI
wafer was spin coated a layer of positive resist (ZEP520A). The waveguides were
patterned by EBL system (Elionix ELS7800 80kV). After the development, the
waveguides were defined by inductively coupled plasma / reactive ion etching
(ICP/RIE) (Oxford Plasma Lab 100 Dual Chamber ICP Dry Etcher) with C4Fg and

SFe mixture. By repeating the above steps with different etching depth (etching
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through to the BOX), the grating couplers and the periodical holes besides the
waveguides were defined. The final step was removing the BOX in the stirred 5:1
water: hydrofluoric acid (HF) (48%-51% concentration) solution. It is noted that a
~30 nm protective layer of silicon nitride was deposited on top silicon layer before
the fabrication processes using plasma-enhanced chemical vapor deposition (PECVD)
(Oxford Plasma Lab 80+ PECVD System) in order to prevent any top surface
damage during fabrication process. This layer would be removed by HF solution in

the final step.

The focusing subwavelength grating couplers was designed for coupling between
the quasi-transverse electric (TE) mode of the silicon waveguide and conventional
single mode fiber (SMF). It was measured with a coupling efficiency of ~50% and
~30% at 1530 nm and 1560 nm, respectively. The straight silicon waveguide length
was 175 um and the input and output focusing grating couplers were each 30 um in

length [136].

For the graphene, the large area monolayer graphene was synthesized on a copper
foil by chemical vapor deposition (CVD). It had to be transferred on top of the
membrane waveguide. A thin poly(methyl methacrylate) (PMMA) layer was spin
coated on the graphene/copper film and then cured at 180 °C for 1 minute. The
copper substrate was removed in ammonium persulfate ((NH,4)>SO,) solution at room
temperature for over 12 hours. The PMMA supported graphene was rinsed by
deionized water and then transferred onto the waveguide, and then cured at 180 °C

for 3 minutes. Finally, the PMMA was dissolved by acetone for 30 minutes.

94



Wavelength (um)

6.667 5.000 4.000 3.333
12000 — . : 1 ; | ,
10000 | Raman Spectrum of CVD Graphene >D Band 1
8000 - .
£ 6000
S 4000 | G Band
2000 | ~ A
0 L | L | 1 ] I
1500 2000 12500 3000
b Wave Number (cm )

Figure 4.7 (a) SEM images of fabricated device. (b) Raman spectroscopy directly

of the fabricated device surface.

Figure 4.7a shows the SEM image of fabricated device. We can see that a layer of
graphene is covering on top of the silicon waveguide. And the periodic holes beside
the waveguide are open and part of the BOX is etched away. In order to further
verify the existence of the graphene and the number of graphene layer, we employed
a Raman spectroscopy directly on the fabricated device. The result is shown in

Figure 4.7b. It shows a symmetric 2D peak at 2671 cm™ with a FWHM of 41.8 cm™.
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Also, the G-to-2D peak intensity ratio is <0.5. They show that the graphene exists on

the silicon waveguides and is single layer.

The total insertion loss of graphene on waveguide (175 um) and two focusing
subwavelength grating couplers is ~21 dB and ~25 dB at 1530 nm and 1560 nm,
respectively. By comparing the insertion loss of sample with different waveguide
lengths, we obtain the propagation loss of the graphene on waveguide of ~0.088
dB/um which matches the value in Figure 6.1 for the graphene optical modulator at

absorbing operation.

4.5 Saturable absorption

To verify the saturable absorption in this hybrid waveguide structure, a power
dependent transmission measurement is performed. The experimental setup is show
in Figure 4.8. A figure-eight mode-locked fiber laser generates a mode-locked pulse
train with, repetition rate of 18 MHz, pulsewidth of 840 fs and centre wavelength of
1565 nm. The pulses are amplified by an EDFA. The optical power of is controlled
by a variable optical attenuator (VOA). 10% of the optical power is tapped out and
measured by power meter for monitoring, further attenuated before the power meter
for protection. 90% will go to the graphene on silicon waveguide with PC for
optimizing the coupling with input grating coupler. Finally, the output from the
waveguide is measured by another power meter. By varying the input power, we

obtain the power dependent transmission ratio, as shown in Figure 4.9,
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Figure 4.9 Power dependent transmission ratio of graphene on silicon waveguide.

We can see that the transmission dramatically increases at pulse energy around 0.2
nJ. When the pulse energy is up to 2 nJ, the transmission ratio is about 50% higher

than low power regime. It clearly shows the saturable absorption occurs in our
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sample and the change of transmission is higher than the case of normal incident

[107].
4.6 Passive mode-locked laser

To achieve a passive mode-locked laser, the laser configuration using the hybrid
waveguide is shown in Figure 4.10. A 2.8 m length of erbium-doped fiber (EDF,
Liekki Er-80) acts as the optical gain medium. The gain medium was pumped by a
1480 nm laser diode through a wavelength-division-multiplexer (WDM). An isolator
(ISO) after the EDF ensures the laser operating unidirectionally in the ring cavity.
The graphene on silicon waveguide was placed after the 10/90 output coupler of the
laser. As the coupling efficiency of the grating coupler between fiber and silicon
waveguide is polarization dependent, polarization controller (PC) was inserted

following the output coupler in order to ensure reasonable optical power in the

Graphene/

Silicon WG

j (1480 nm)

WDM

ISO EDF

Figure 4.10 Laser configuration of graphene on silicon waveguide mode-locked

laser.

98



silicon for the triggering sufficient saturable absorption. The total cavity length is

11.5m.

In order to confirm the EDF is able to compensate the cavity loss (including the
insertion loss of the chip), we measured the small signal gain of an input signal at
1555 nm with power of -30 dBm. Figure 4.11 shows the gain as a function of pump
laser driving current. We can see that the maximum gain is over 30 dB which is

sufficient to compensate the cavity loss.
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Figure 4.11 Small signal gain of a 2.8 m length of EDF.

4.7 Results and discussions

The continuous wave (CW) lasing threshold of pump power is ~110 mW. By
adjusting the PC, a stable mode-locked pulse train was obtained at pump power of
140 mW. The repetition rate of 17.8 MHz matches the cavity roundtrip time, as
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shown in Figure 4.12a,b. Mode-locking was maintained when the pump power was

decreased to ~120 mW. The mode-locking threshold is higher than the 100 mW
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Figure 4.12 The oscilloscope traces of pulse trains and optical spectra of the laser
using graphene on silicon waveguide: (a,b) 1st harmonic mode-locking; (c,d) 2nd

harmonic mode-locking; (e,f) 3rd harmonic mode-locking.
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threshold obtained in previous work using normal incidence to the graphene in an all-
fiber cavity [137] because of the excess loss of the waveguide. When the pump
power was low, there was residual CW light at ~1560 nm in the laser output. By
increasing the pump power, the CW output was decreased and the laser started 2nd
harmonic mode-locking at pump power of ~160 mW with repetition rate 35.6 MHz,
as shown in Figure 4.12c,d. When the pump power was increased to ~180 mW, the
residual CW was suppressed and the laser starts 3rd harmonic mode-locking with
repetition rate 53.4 MHz, as shown in Figure 4.12e,f. The central wavelength of the
output spectrum is ~1560 nm. The full-width-half-maximum (FWHM) spectral

bandwidth is ~7 nm.

Fig. 2c shows the autocorrelation trace of the pulse measured by autocorrelator
with 5.5 m of SMF from the laser output, with FWHM of 2.2 ps. By assuming a
sech? pulse profile, the deconvolved pulse width is 1.4 ps FWHM. The length of the

graphene on silicon waveguide was not optimized in this laser.
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Figure 4.13 Autocorrelation pulse trace of 3rd harmonic mode-locked laser.
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There is excess in-plane absorption loss from the graphene, of about 8 dB. The
excess loss may be reduced by shortening the length of the graphene on silicon

waveguide.

4.8 Conclusions

In conclusion, a graphene on silicon waveguide based saturable absorber was
fabricated and used to successfully demonstrate a passive mode-locked fiber laser at
central wavelength of ~1560 nm. Stable pulse trains were produced at 20.7-53.4
MHz repetition rates with 7 nm spectral bandwidth and 1.4 ps pulse width. The
results show the graphene on silicon waveguide hybrid structure provides a compact
and low-cost saturable absorber for graphene based silicon photonics and can be
easily integrated with other waveguide devices (such as WDM coupler, output

coupler and tunable filters) for a compact fiber laser.
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5 Beyond near-infrared

5.1 Introduction

In previous chapters, we have focused on the integrated laser systems for sensing
and communication applications in near-infrared (near-IR) region. In fact, for remote
gas detection, biomolecular sensing and infrared spectroscopy, it is more useful to
extend the wavelengths to mid-infrared (mid-IR), 2-6 pum since the vibrational and
rotational resonances of common molecular bonds fall within the mid-IR spectral
range [138], [139], as shown in Figure 5.1. For communication, 3-5 pm is the
common atmospheric transmission window for free-space communication in

commercial and military applications [140], [141], [142].
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Figure 5.1 Absorption resonances of common molecular bonds within mid-IR.

Silicon photonics in mid-IR have attracted a great interest because of their

potential to transfer their successes of sensing and communications to mid-IR region
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since silicon has the transmission window in 2-8 um. As mentioned in previous
chapters, the nonlinear effects of silicon in near-IR are limited by TPA and FCA.
Although the FCA can be suppressed by using p-i-n diode structure, TPA is
unavoidable. In the wavelength beyond 2 um, TPA in silicon is not possible and the
three-photon absorption is almost negligible. The applications of optical
nonlinearities in silicon can be faster and more efficient. High efficient parametric
optical amplifier and wavelength conversion by setting the pump wavelength in ~2.2
um have been demonstrated in SOl waveguide recently [71], [143], [144], [145],

[146]. It is natural to extend our works in previous chapters to mid-IR region.

In order to transfer the integrated EDF lasers to mid-IR, we have to find the mid-
IR counterparts of the laser building blocks. One of the major components is the
active fiber for mid-IR. However, fused silica has high absorption at wavelengths
between 2.6-6.0 um (with a narrow transparent window around 3.2 um) [140], [147],

[148], as shown in Figure 5.2. It limits the conventional silica fiber technologies to
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Figure 5.2 Absorption loss of glassy SiO, at 300 K between 2-5 um, adapted from

[140].
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<2.6 um or ~3.2 um. There are several alternative materials for mid-IR fibers. One
type of the most promising materials is fluoride glass which is a class of non-oxide

optical glasses formed by a composite of different fluorides. The famous example is

ZBLAN glass group which is composed of zirconium, barium, lanthanum,
aluminum, and sodium fluorides (ZrF;-BaF,-LaF3-AlF3;-NaF). ZBLAN fiber has very
low optical attenuation up to 6 um. Moreover, it can be doped to make an active fiber

with gain wavelengths 2.7-3.0 um [149].

As the same reason as optical fiber, the conventional SOI based devices are not
suitable for mid-IR because of the BOX layer. Fortunately, silicon-on-sapphire (SOS)
provides an alternative potential platform for mid-IR devices due to the high
transparency of sapphire in mid-IR [140], as shown in Figure 5.3. SOS based
waveguides have been proposed and demonstrated experimentally in the wavelength
range of 1.5-5.6 um [150], [151]. Recently, microring resonators were reported
operating in the 5.5 um wavelength range [152]. Furthermore, a number of fiber-

based components in near-IR are hard to find their mid-IR versions, for examples,

Silicon .
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Sapphire

Silicon nitride |

1z 3 4 5 & T B 9 W n 1z JE] 14
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Figure 5.3 Propagation losses for different materials. The white areas represent

optical transparency (loss is <2 dB/cm). Figure is adapted from [141].
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comb filters and directional couplers. By making use of the flexibility of silicon
photonic platform, these components can be fabricated on the chip for mid-IR if
there are the near-IR counterparts. To be the first step, MRR is a reasonable choice
for developing the fabrication processes and characterization methods of mid-IR

silicon photonic platform.

For MRR, thermal stability is crucial in practical usage. The thermo-optic
coefficient of silicon is higher than silica, and has a value of (1.86+0.08)x10™ K™ at
1.5 uwm wavelength [153]. Silicon waveguide devices are thus more sensitive to
temperature than devices based on silica [154]. The thermo-optic coefficient of bulk
silicon has been measured in mid-IR range up to 6.0 um [25]. However, the value of
strained silicon thin film such as epitaxial layer of SOS have not been studied in mid-
IR range as it is difficult to form a conventional etalon (such as described in [153])
since the thickness of the silicon layer can be less than the wavelength in the mid-IR

range.

In this chapter, we report on the measurement of the thermal-optic coefficient of
SOS waveguides and Q factor measurement of MRRs at a wavelength of 2.75 um.
We fabricated mid-IR microring resonators which support a fundamental quasi-TE
mode. The devices were characterized by thermal tuning using a fixed wavelength
Er/Pr-codoped ZBLAN fiber laser at 2.75 um [40]. A method of Q factor estimation
by temperature scanning transmission curve is proposed. It does not need any curve
fitting. Similar results are obtained if we assume the ratio of resonant period (in
temperature) to the FWHM of resonant dip/peak, AT/oT, is equal to the cavity finesse

[41]. Finally, the thermo-optic coefficient of the epitaxial silicon layer of SOS is also
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estimated by perturbation method [42], [43]. The measurement techniques were

verified with conventional SOl microring resonators in near-IR.

5.2 Mid-infrared microring resonators

In the 2.3-3.0 um range, there are a number of potential applications of

microresonators for chemical sensing and nonlinear generation of mid-IR light. For

chemical sensing, the hydroxyl (OH) group and ammonia NHj3; have strong

absorption peaks spectrum in this region Figure 5.4 [155], [156], and thus the

sensitivity of evanescent optical waveguide based sensors [32], [157], may be

sufficient to detect trace concentrations.
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Figure 5.4 Absorption spectra of hydroxyl and ammonia from HITRAN database

[156].

For optical nonlinearities, silicon in the mid-IR is also of interest for use in

generating different mid-IR wavelengths such as mid-IR silicon Raman amplifier

[143], [144], or optical parametric amplifiers [145], [146]. Making use of the
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intensity enhancement in MRR, it is possible to further enhance the nonlinear
processes and decrease the footprint of the devices. In case of high-Q MRRs, it is
possible to achieve Raman lasers or OPOs. According to the experimental
measurement of the Kerr coefficient of silicon, n,, the parametric process will
decrease dramatically for the wavelengths beyond 3.0 um since it is too far from the
resonance wavelength ~1.12 um (silicon band gap energy of 1.12 eV). On the other
hand, the TPA will be absent in photon energy below half of the band gap, about
beyond 2.3 um. Also, there will be much less free-carriers which lead to shifts in
resonances of the MRRs and introduce the instability to the system, e.g. bistability
[158], [159]. Therefore, 2.3-3.0 um range is the wavelength window of high Kerr
nonlinearity without TPA for silicon photonics. Comparing with SOI, SOS
wavelength will not be limited to the wavelength <2.6 um due to the high absorption
of BOX layer. It is an ideal platform for making the mid-IR versions of the integrated

optical sensing laser systems proposed in previous chapters.

As the first step, we have to develop the characterization skill in mid-IR. The most
important parameter of MRR is Q. However, the measurement method of Q at mid-
IR is limited. In 2.3-3.0 um range, there is a lack of narrow linewidth tunable laser
sources. In 3-6 um range, the conventional quantum cascade lasers (QCLS) provide
limited spectral resolution in the order of 0.1 nm and set a limit on the maximum
measurable Q using this source. In order to overcome the limitation of the laser
source, there is a need of an alternative Q measurement method with narrow
linewidth laser sources such as a mid-IR He-Ne laser. Since the refractive index of
silicon is not depended on wavelength only, we can change another parameter to

control the resonant condition of the MRR for fixed wavelength. As mentioned
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above, silicon refractive index is very sensitive to temperature. If we are able to
control the temperature of the MRR, it is possible to get the information of Q from

the temperature dependent transmission.
5.3 ZBLAN fiber laser

The mid-IR laser source in the 2.6-3.0 um range is very limited. There is no
commercial QCL in this range. The linewidth of mid-IR OPO is quite broad due to
its pulsation nature. It is a reasonable choice to choose the ZBLAN fiber laser since
we are target to achieve mid-IR integrated fiber laser. Also, high power ZBLAN

fiber laser have been demonstrated, with average power up to 24 W, recently [160].

Mid-IR emission around 2.7 um in ZBLAN fiber can be achieved by doping Er**
(Erbium) ions via the transition *l11, to *l135, as shown in Figure 5.5 [161]. However,
the life time of “l13, (lower state) is longer than *l11/, (upper state). Therefore, the
electrons will be accumulated in *l3, and limits the power conversion efficiency. In
order to solve this problem by doping Pr** (Praseodymium) ions which introduce an

energy transfer (ET) process to reduce the population of *I13,.

The ZBALAN fiber core is co-doped by Er and Pr, with concentration of 30000
ppm and 5000 ppm, respectively. The core diameter and the numerical aperture (NA)
are 9 um and 0.25, respectively. Double cladding designed is employed to provide a
good coupling to the high intensity pump (wavelength of 975 nm) without thermal
damage, as shown in Figure 5.6. The inner cladding (as the core for pump

wavelength) has the diameter and NA of 140 um and 0.5, respectively.
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Figure 5.5 The energy-levels of erbium and praseodymium ions, adapted from

[161].
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Figure 5.6 Schematic diagram of the double cladding ZBLAN fiber.
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By using a 975nm multimode laser diode as the pump laser (Bookham Co.), the
ZBLAN fiber (~4 m) will have ASE in 2.7-2.8 um with green light as byproduct, as
shown in Figure 5.7a. If the pump power is up to 3.4 W, the fiber starts to lase by
compensation to the loss of two fiber facets (~4% back reflection due to the facets).
Figure 5.7b shows the output spectrum of the laser and the ASE below threshold.
The center wavelength of the laser is about 2.75 pum. The line width is limited by the

resolution of the spectrometer.
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Figure 5.7 (a) Image of 975 nm pumped ZBLAN fiber. (b) Normalized spectral

intensity of the Er/Pr co-doped ZBLAN fiber laser compared with ASE.
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5.4 Design & fabrication

The silicon strip waveguides were fabricated on SOS with 600 nm thickness and
950 nm width which satisfy the single mode condition of quasi-TE mode at 2.75 um.
The corresponding electric field mode profile are calculated by finite element method
(FEM), as shown in Figure 5.9b, with refractive indices of 3.44 (silicon), 1.72
(sapphire) and 1 (air) in mid-IR at room temperature [162]. For microring resonators,
in order to have a better control of the coupling between the ring cavities and the bus
waveguides, the race-track type geometry was used. They were fabricated with 30-45
um coupling length and 60-150 um bending radius, and thus with 437-1032 pum
round-trip length. According to simulations using beam propagation method, the
bending loss of the waveguides with 60-150 um bending radius is theoretically
negligible compared to the propagation loss of the waveguides. In this paper,
microring resonators with two bus waveguides were used. In order to simply the
design, the two bus waveguides of each resonator have identical coupling lengths and

separation from the ring waveguide.

Grating couplers are used for coupling mid-IR light between the SOS waveguides
and single mode ZBLAN fibers with a 10 ° off-vertical orientation [163], as shown in
Figure 5.10b. The uniform-1D gratings were 360 nm shallow-etched in a period of
1.055 pum and 0.31 fill factor. They also ensure the light polarization of waveguides

and rings in TE mode.
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Figure 5.8 SEM image of the race-track microring resonators of 1032 pm round-

trip length (left) and 437 pum round-trip length (right).

a b

Figure 5.9 (a) SEM image of waveguide cross-section; (b) the electric field mode

profile of corresponding quasi-TE mode, calculated by FEM.

The microring resonators and grating couplers were patterned by electron beam
lithography with ZEP520A resist and then dry etched by reactive-ion etching with
C4Fs and SFg mixture. The scanning electron microscope (SEM) images of the
fabricated microring resonator and the strip waveguide cross-section are shown in
Figure 5.8 and Figure 5.9.
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For comparison in near-IR, a SOI microring resonator (TE mode) was fabricated
on a wafer with 220 nm top silicon layer and 2 pm BOX by deep-UV lithography.

The waveguide width and round-trip length are 500 nm and 264 pm respectively.

5.5 Experimental Setup

The experimental setup is shown in Fig. 2. The Er/Pr-codoped ZBLAN fiber laser
with lasing wavelength at 2.75 pm and linewidth < 0.12 nm was pumped by a high
power 975 nm diode laser. The mid-IR light from the laser was coupled to an un-
doped ZBLAN fiber. And then the light is coupled from un-doped ZBLAN fiber to
the input of the resonator through grating coupler. Another fiber collected the output
light from either the throughput port or the drop port of the resonator by grating
couplers. Finally, the output light was captured by a mid-IR photovoltaic detector. In
order to increase the signal-to-noise ratio, the signal of the mid-IR detector was
measured by a lock-in amplifier with a mechanical chopper modulating the pump
laser. The SOS chip was mounted on top of a thermoelectric cooling (TEC) for
temperature tuning. A thermal detector was attached on the TEC for monitoring the
temperature and TEC control feedback. The light from the throughput port and drop
port was measured at 25-85 °C. The received signal is finally normalized by the
output of a reference straight waveguide in order to remove the temperature
dependence of the coupling efficiency of the grating couplers. In the case of SOI
microring measurement, the fibers, laser source and detector were replaced by fused

silica single-mode fibers, a tunable laser and an optical power meter for near-IR.
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Figure 5.10 Schematic diagram of measurement setup: (@) Mid-IR light coupled
into input port (1) and coupled out from throughput port (T) or drop port (D) of the
microring resonator on SOS. The temperature of the silicon waveguide is
controlled by the TEC attached under the sample and acquired by thermal detector
direct attached on TEC. The output signal is collected by mid-IR photodiode with
lock-in amplifier and mechanical chopped pump laser. (b) The input light coupled
in (red) from undoped ZBLAN fiber to the input port of the microring resonator
and coupled out to the fiber from either throughput port (green) or drop port

(yellow) through grating couplers.
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5.6 Results & analysis

5.6.1 Temperature dependent transmission of small MRR

We first start from a smaller MRR. The temperature dependent transmission of
MRR with 437 um round trip length is plotted in Figure 5.11. By tuning the
temperature between 25-85 °C, we can observe four resonances in both throughput

and drop ports with ~11 °C temperature spacing and extinction ratio of ~10 dB from
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Figure 5.11 Normalized temperature dependence transmission of the quasi-TE
MRR (with 437 um round-trip length) at 25-65 °C of throughput port (blue) and

drop port (red).
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the drop port. There is ~10 dB loss from the drop port at resonance compared to the

reference waveguide (without MRR).

We can observe an extinction ratio of ~10dB from the drop port signal. There is
about 6dB loss from the drop port at resonance compared to reference waveguide
(black circle). The period is about 25 °C. The measured transmittance was analyzed
by a theoretical model of the MRR in Section 3.3.1 (refer to the Eq. (3.11)) with

temperature, T, dependent round-trip phase shift 9(T) = 6(T,) + AG(T):

ong| T-T
AO(T) = 27— d
(T) T T (5.1)

where Ly is the physical round-trip length; ne is the effective index of the waveguide
mode; 4, is the wavelength in vacuum; T, is the reference temperature; onex/0T is the
thermo-optic coefficient of the waveguide mode which depends on the waveguide
material (air, silicon and sapphire) and the mode field profile. In order to simplify the
model, the propagation loss and the coupling efficiency between the waveguides and
the ring are assumed to be temperature independent. Moreover, the linear thermal
expansion of silicon is in the order of 10® K™ [164] which is two orders of
magnitude less than the thermo-optic effect of silicon, and therefore neglected in our
analysis. The fitting curves of temperature scanning of the microring, shown in Fig.
3b, agree well with the experimental data with fitting parameters a = 0. 73, |t| = 0.33
and nes = 2.72. The fluctuations of the data were due to the thermally induced
misalignment in the setup. At high temperature, the open system introduces stronger

air flow due to the larger different between the air near the sample and the

117



atmosphere. Such air flow may introduce additional mechanic fluctuations of the

fibers.
5.6.2 Temperature dependent transmission of large MRR

To get a better result, we have to decrease the temperature scanning range of the
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Figure 5.12 Schematic diagram of measurement setup: The temperature of the
silicon waveguide is acquired by thermal detector direct attached on the epitaxial

silicon.
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experiment. It needs a MRR with shorter resonant period in temperature. It can be
done by using a MRR with longer round-trip length, by Eq. (5.1). On the other hand,
the actual temperature of the silicon layer may have a difference from the TEC due to
the thermal resistance of sapphire. Also, there is a delay of the temperature change
from TEC to the silicon layer. This delay introduces instability of our thermal control
feedback system. In order to solve it, the thermal detector was changed to directly
attach on the epitaxial silicon for monitoring the exact surface temperature and
providing faster TEC control feedback. Figure 5.12 shows the new experimental

configuration.
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Figure 5.13 Normalized temperature dependence transmission of the quasi-TE
microring with 1032 um round-trip length: (a) temperature scanning at 25-65 °C of
throughput port (blue) and drop port (red); (b) temperature scanning at 25-40 °C of

throughput port (blue squares) and drop port (red circles) with theoretical fitting

curves.
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The temperature dependent transmission of the largest MRR with 1032 um round
trip length is plotted in Figure 5.13. By tuning the temperature between 25-65 °C, we
can observe four resonances in both throughput and drop ports with ~11 °C
temperature spacing and extinction ratio of ~10 dB from the drop port. There is ~10
dB loss from the drop port at resonance compared to the reference waveguide
(without resonator). We can see the much more stable transmission curves compared
to former ones. The fluctuations of the measurement data in Figure 5.13a may be due
to instability in the fiber laser as there laser longitudinal mode hopping and
wavelength drift noise may be present during temperature scanning of the
microresonator. The measured results could be improved by reducing the

temperature scan range (25-40 °C), as shown in Figure 5.13b.

The fitting curves of temperature scanning of the microring, shown in Figure 5.13b,
agree well with the experimental data with fitting parameters « = 0.71, |t| = 0.93 and
Nef = 2.72. There are fluctuation in the measured values at the drop port, between

normalized level -21 dB and -23 dB because of the noise background of the setup.

5.6.3 Quality factor

In order to develop and verify the method for Q factor estimation from temperature
dependent transmission curve, we can start with a conventional SOI microring for
near-IR. The transmission spectrum at 25 °C is shown in Fig. 4a, which shows the
FSR as 2.08+0.014 nm. Fig. 4b shows the resonant dip of the throughput port
centered at 1546 nm with FWHM 64, = 0.08£0.014 nm. The corresponding Q factor
is about 19900+3500. The figure also shows the resonant wavelength red (blue)

shifted with increasing (decreasing) the temperature. We can see that the shape of the
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spectral profile of the resonant dip is almost unchanged in this temperature range.
For the thermal tuning measurement, we fixed the laser wavelength at the resonant
wavelength at 25 °C (1546 nm) and tuned the temperature. When the resonance is
shifted by about half of 04, at a temperature shift 67/2, the output power is changed
to the half of resonant dip. Therefore, the temperature shift 67 behaves as the FWHM
of the resonance in the temperature tuning domain. The relationship between 67 and
0/ can be obtained directly by considering the resonant condition of the resonator at
m-order resonance of iy at temperature T with waveguide mode group index ng = (Nef
- ONeii/ Oo)l Ao, the resonant wavelength changes with temperature (see Appendix D):

Gy 2 O

dT n T

Y

e Ngg
“n oT

oT (5.2)

m

, then 5/10
n g

The thermo-optic coefficient of the waveguide mode can be obtained by
considering temperature difference between two resonances in temperature domain,

AT, of same wavelength A,:

on y)
ef | ~ o (5.3)
oT L AT

2

By combining Egs. (5.2) and (5.3), Q can be expressed as:

n L
Q=§7'";§r—T ;”. (5.4)

0
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From the thermal transmission curves at 1546 nm, shown in Fig. 4c-d, the resonant
period AT is and FWHM T are 24.7+1.0 °C and 0.74+0.03 °C respectively. The
mode group index is 4.35 which is obtained by FSR = /lmzlngLrt. By Eg. (5), the

resulting Q is about 24800£2000. The measured values of Q from the wavelength
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Figure 5.14 Normalized transmission curves of quasi-TE microring with 264 um
round-trip length: (a) wavelength scanning at 25 °C; (b) temperature dependent
resonant dip of throughput port in linear scale; (c,d) temperature scanning at 20-55

°C and 24-26 °C fixed in 1546 nm with theoretical fitting curves.
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scanning and thermal tuning techniques agree to within the error bars of the different

measurement techniques.

By combining Eq. (5.4) and FSR = A,?/ngLy:

or A,
This gives similar results as obtained by assuming AT/6T as being equal to the

finesse [41].

As this proposed method works well in near-IR, it was applied in the SOS
microring resonators at mid-IR. From Fig. 3b, the resonant period AT and dip
FWHM 6T are 11.2+0.4 °C and 1.48+0.06 °C respectively. The theoretical mode

group index is 4.01 calculated by FEM. The resulting Q is about 11400+800.

Since the power stability and the linewidth of the ZBLAN fiber laser is not as good
as the external-cavity tunable laser, the measurement results of our system, in fact,
are the convolution of the actual resonator transmission spectral function and the
power spectrum of the laser. Therefore, the features would be averaged or broadened.
The estimated Q factor may be underestimated. Using this method with a narrow
linewidth laser (such as a mid-IR He-Ne laser), the maximum measurable Q can be
up to 10° by using a temperature controller system with temperature stability and set
point resolution in 0.01 °C, which is commercially available. This limit is over 10

times of wavelength scanning with QCLs.
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5.6.4 Thermo-optic coefficient

The thermo-optic coefficient of the waveguide mode, from Eq. (5.3), can be used
to estimate the thermo-optic coefficient of the epitaxial silicon core, onsi/oT, of SOS
by perturbation method [42], [43]. This method is more accurate than conventional
mode weighted average method for high index contrast waveguide [165]. A small
perturbation of the waveguide materials refractive indices induces the small change

of effective index in waveguide mode Jne:

I(an(r)é‘l'jn(r)|E|2dr
o oT N N, ong Ng; o
o zojRe{ExH*}-ezdr ng or
) (5.6)
n(r |E| dr
with I =3
In |E| dr’
on N N on..
S R B (5.7)

where Z, is the impedance of vacuum; and I's; is defined as the conventional electric
field confinement factor of the mode in silicon core region. In Eq. (5.6), because of
the thermo-optic coefficients of sapphire and air is much smaller than silicon [166],
[167], and the electric field is highly confined in the silicon core, we can neglect the
contribution of them. Moreover, the high thermal conductivity of silicon ensures the
temperature can be approximately constant in the core. Again, we start from the SOI
counterpart in near-IR. The dnei/OT is obtained as 2.37+0.10x10™* K™ and then the

resulting ongi/dT of silicon core of SOI is 2.07+0.08x10* K™ which agrees well to
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the result in [153]. The value is smaller than the waveguide mode thermo-optic
coefficient since I'si-ng/ns; is larger than 1. It is because ng is larger than ns; while I's;
is close 1. It indicates that the light in guided mode with large group index spends
more time, therefore, experience higher thermo-optic effect than in bulk material for

given a length [43].

In case of SOS microring, ones/OT and theoretical group index are obtained as
2.38+0.08x10™ K™ and 4.01 respectively. Then onsi/oT of epitaxial silicon on SOS is
2.11+0.08x10™ K™, We can see that the resulting value of epitaxial silicon on SOS is

similar to the bulk silicon.

5.7 Conclusions

In conclusion, we have fabricated and characterized microring resonators on SOS
at wavelength of 2.75 um by thermal tuning. The measured Q factor was about
11400800 under normal (~60% relative humidity) atmospheric condition. The
thermo-optic coefficient of epitaxial silicon on SOS is estimated as 2.11+0.08x10™
K™ by perturbation method. The characterization methods have been verified by SOI
microring in near-IR with comparable results. The thermal tuning technique for Q
factor measurement is of practical use for characterizing resonator at wavelengths
where there is limited tunability and spectral resolution of laser source and the
technique may find applications for other types of cavities such as Fabry—Pérot

cavities in mid-IR.

125



6 Conclusion and future work

6.1 Conclusion

In summary, this thesis described the study of developing silicon integrated EDFLs
for optical sensing and high speed communication systems. By combining the
successes of silicon photonics in high speed optical communication and
chemical/biological sensing, intra cavity silicon photonic devices provide possibility
to achieve flexible, potentially low cost laser systems. As the laser output is directly
come out from the silicon waveguide, the light source can be used by the on-chip
optoelectronic components for optical interconnect or sensing. It greatly simplifies
the laser systems and is possible to provide high speed feedback control back to the
laser. Moreover, SOl waveguide-related structures have rich optical properties which
can be used to achieve a number of different lasers and further simplify the laser
configurations. Several compact and simple EDFLs using intracavity SOl photonic

devices are proposed.

In Chapter 2, we study the possibility of using the high optical nonlinearity of SOI
waveguides to make a multiwavelength EDFL for optical sensing. We have proposed
and demonstrated a multiwavelength EDFL which employed FWM in a silicon
waveguide to stabilize its output. Using an intracavity F-P comb filter with 100 GHz
mode spacing, six lasing wavelengths between 1560.9-1564.9 nm is achieved. In
order to enhance the FWM in the SOl waveguide, application of a reverse-bias to
remove the free carriers generated by TPA in the SOl waveguide was employed. The
power fluctuation of each wavelength due to the gain competition of EDF is reduced

from over 40 dB to less than 0.65 dB by the FWM. The proposed laser system should
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make possible short cavity length multiwavelength fiber lasers which are suitable for
integrated optical sensors. Also, we have observed the high speed periodic pattern in
time domain of the laser output. It shows that this kind of laser is also operated under
a mode-locking scheme called DFWM which may be able to make a high repetition

rate pulse source for optical communication.

In Chapter 3, we continue to simplify the laser system by combining the comb
filter and nonlinear SOl wavelength together: making a nonlinear SOl MRR. In
DFWM, this kind of configuration, using the filter as the nonlinear components, is
called FD-FWM which has been demonstrated using nonlinear high-Q silica MRR.
However, it is a question whether the lower Q silicon MRR has sufficient
nonlinearity to achieve FD-FWM. By making use of p-i-n structure to the SOl MRR,
we successfully demonstrated a FD-FWM mode-locked fiber laser based on
nonlinear silicon MRR. It shows that the silicon MRR has sufficient nonlinearity and
quality factor (Q ~50000) for successful operation of the FD-FWM scheme. The
mode-locked laser was stable for over an hour at room temperature without any
active feedback stabilization. The laser provides a potentially compact and low-cost
high repetition rate pulse train source for possible applications in high speed

communication and on-chip optical clock.

In Chapter 4, since the limited peak power and pulsewidth in DFWM are not
suitable for several optical sensing applications, passive mode-locking scheme using
a saturable absorber is introduced. In order to achieve saturable absorption in SOI
waveguides, a graphene on silicon waveguide was fabricated. We have clarified the
saturable absorption in such device and observed a 50% change in optical

transmission. We also successfully demonstrate a passive mode-locked fiber laser at
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central wavelength of ~1560 nm. Stable pulse trains were produced at 20.7-53.4
MHz repetition rates with 7 nm spectral bandwidth and 1.4 ps pulse width. The
results show the graphene on silicon waveguide hybrid structure provides a compact
and low-cost saturable absorber for graphene based silicon photonics. The EDFLs in
those chapters can be further simplified by integrated with other waveguide devices,
such as WDM coupler, output coupler and tunable filters for achieving compact

lasers.

In Chapter 5, we study the possibility to extend our works from near-IR to mid-IR
since there are attractive potential sensing/communication applications and more
efficient optical nonlinear processes of silicon in this wavelength range. We first
started to fabricate and characterize one of the most fundamental silicon photonic
devices we have used, the MRR. However, we had to change the SOI platform to
SOS platform in order to avoid the high optical attenuation of BOX layer. Also, since
there is leak of tunable laser in our wavelength range, we had developed a Q
measurement method by using a fixed wavelength laser. Finally, we have fabricated
and characterized MRRs on SOS at wavelength of 2.75 um by thermal tuning. The
measured Q factor was about 11400+800 under normal (~60% relative humidity)
atmospheric condition. The thermo-optic coefficient of epitaxial silicon on SOS is
estimated as 2.11+0.08x10* K™ by perturbation method. The characterization
methods have been verified by SOI microring in near-IR with comparable results.
The thermal tuning technique for Q factor measurement is of practical use for
characterizing resonator at wavelengths where there is limited tunability and spectral
resolution of laser source and the technique may find applications for other types of

cavities such as Fabry—Pérot cavities in mid-IR.
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6.2 Prospects of future work

6.2.1 Alternative gain media

For achieving multiwavelength fiber laser for WDM applications, there are several
alternative gain media such as Raman amplifier and semiconductor optical amplifier
(SOA) mentioned in Chapter 2 [47], [48]. Both of them do not suffer from gain
competition due to their inhomogeneous gain broadening nature. However, Raman
amplifier requires higher pump power and highly nonlinear fiber. And it is
polarization dependent gain which increases the complexity laser cavity. For SOA, it
introduces one more non-fiber structures and also suffers from polarization
dependent gain and high temperature sensitivity. Both of them are more complex

compared to EDF-based fiber laser.

Similar to EDF, the erbium-doped waveguide amplifier may provide a more
compact solution with the advantages of low noise figure and polarization insensitive
[168]. By employing erbium-doped waveguide amplifier as the external gain, it may
help to achieve a more compact silicon embedded fiber laser. Moreover, it can be
integrated to SOI waveguide monolithically [169]. However, the heat generation is

still a problem for totally on-chip laser cavity as mentioned before.

6.2.2 Higher nonlinear waveguides

In Chapter 2 and 3, we are basically using the high nonlinearity, Kerr nonlinearity,
of the SOI waveguides. There are a number of methods to further enhance the
nonlinear processes in SOI platform. The first approach is decreasing the propagation

loss of the waveguides, e.g. using etchless waveguide mentioned in Chapter 3 [99],
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[170]. Another approach is slow down group velocity of the light (increase the group
index). This approach has been used for demonstration of THG in silicon photonic

crystal waveguides [63].

The above approaches are still limited by the nonlinearity of silicon itself. In order
to break this limit, we can introduce other materials into silicon. One possible
solution is using high nonlinear organic material filled slot waveguides [171].
However, the high absorption loss and the life time of this kind of material is still an
issue. The better solution may be the one we have used in Chapter 4: graphene. High
nonlinearity of graphene has been measured [114]. Also, graphene has much higher
availability and higher chemical stability than those organic nonlinear materials.
FWM have been demonstrated in graphene on silicon photonic crystal cavity.
However, the high linear absorption, as we have measured in Chapter 4, limits the
interaction length in graphene on silicon waveguide. Fortunately, this linear
absorption depends on the Fermi level of the graphene [112], [127]. From the results
of graphene electroabsorption modulator, we can applied the field effect or chemical
doping to make graphene becomes “transparent” to certain wavelengths, shown in
Figure 6.1 [112]. Furthermore, the electric field induced band gap of bi-layer
graphene can also be used to make it transparent to the wavelengths with photon
energy less than the band gap energy [127], [172]. However, the nonlinearity of
graphene in those “transparent” conditions is still a question but it really worth to

study.
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Figure 6.1 Electro-optical response of the device at different drive voltages,

adapted from [112].

6.2.3 Nonlinear polarization rotation

In Chapter 4, we used graphene as basis of the saturable absorber to generate high
peak power and ultrashort time duration pulses by passive mode-locking. In fact, it
may be able to achieve such kind of passive mode-locking by the parametric process
only. One of these mode-locking schemes is called nonlinear polarization rotation
(NPR) [86], [173]. The schematic illustration is shown in Figure 6.2. If the Kerr
medium (waveguide) supports two orthogonal polarization propagation modes, we
can launch the light into the waveguide with certain elliptic polarization to excite
both polarization modes. If the intensity of the light is high enough, the SPM of two
modes will changes their effective indices. The uneven change of their effective
indices leads to the rotation of the combined polarization at the waveguide output. If
we add a polarization selective element (analyzer) after the waveguide, this system
can works as an intensity dependent filter, or so-called “artificial saturable absorber”,

As the polarization of the waveguide output rotated, it is the reason of the name of
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Figure 6.2 Construction of saturable absorber using rotation of elliptic polarization

in isotropic medium, adapted from [86].

this effect. Since the parametric process is ultrafast, NPR can be treated as a real fast

saturable absorber compared with the others, e.g. SESAM.

NPR has been proposed and demonstrated in SOl waveguides for ultrafast all-
optical switching in 2009-2010 [174], [175]. In principle, it can be used for achieving
passive mode-locking laser. However, the 1D grating couplers we used in our works
can only couple to one polarization, quasi-TE, of the SOI waveguide. In [175],
inverse tappers have been used. They can couple both polarizations but the chip is
limited by side-way coupling. If we want to make use of the advantages of grating
couplers, we still can use polarization diversity grating couplers (2D) grating
couplers with on-chip polarization rotator to couple both polarizations to SOI
waveguide (or even pure quasi-TE polarization without polarization rotator as
normal SOl MZI structures) [176], [177], [178]. However, it will increase the design

difficulty of the grating couplers and scarify the coupling efficiency. If we can
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achieve on-chip polarization controller, 1D grating couplers can be used for fiber-
waveguide coupling and then the polarization of the light can be changed for NPR

inside the waveguide.

6.2.4 Mid-infrared integrated laser

In Chapter 5, we have developed the mid-IR SOS platform. In principle, all of our
works in near-IR can be transfer to SOS platform. However, the measured
propagation loss of SOS waveguide is much higher than the SOl wavelength in near-
IR. It is due to the defects of the strained silicon epitaxial layer. It can be solved by

using the custom made, ultralow defect SOS wafer.

In order to use commercially available silicon wafer, we can employ silicon SMW
structure in Chapter 4 to make use of the mature and high quality single crystallize
layer of SOI wafer. By etching out the BOX layer, silicon SMW can guide mid-IR
light with low attenuation. We have demonstrated mid-IR silicon SMW platform in
2012 [135], [179]. The TE and TM grating couplers and MRRs has been fabricated
and characterized. Silicon SMW can provide a wide low dispersion region from 2.0—
5.0 um for certain waveguide dimension [135]. Furthermore, it can operate at the
wavelength range up to 8 um while SOS is limited by 6 um due to the sapphire
substrate. Silicon SMW provides a potential platform for making silicon integrated

fiber laser systems for mid-IR applications.
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Appendix A: List of abbreviations

2D

ASE

AWG

BOX

C-band

CMOS

CVvD

DOS

DSF

EBL

EDF

EDFA

EDFL

FCA

FCI

FEM

Two dimensional

Amplified spontaneous emission

Arrayed waveguide grating

Buried oxide layer for SOl wafers

Communication band

Complementary metal-oxide—semiconductor

Chemical vapor deposition

Density of states

Dispersion shifted fiber

Electron beam lithography

Erbium-doped fiber

EDF amplifier

EDF laser

Free-carrier absorption

Free-carrier index

Finite element method
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F-P filter

FSR

FDTD

FWHM

FWM

HF

HNLF

HWHM

ICP/RIE

Mid-IR

MZI

NA

Near-I1R

oC

OH

OSA

PCF

Fabry-Pérot comb filter

Free-spectral-range

Finite-difference time-domain

Full-width-half-maximum

Four-wave mixing

Hydrofluoric acid

Highly nonlinear fiber

Half-width-half-maximum

Inductively coupled plasma / reactive ion etching

Mid-infrared

Mach-Zehnder interferometer

Numerical aperture

Near-infrared

Optical coupler

Hydroxyl

Optical spectrum analyzer

Photonic crystal fiber
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PC

PECVD

PIC

QCL

SEM

SESAM

SMF

SMW

SOA

SOl

SOS

SPM

B

TE

TEC

THG

Polarization controller

Plasma-enhanced CVD

Photonic integrated circuit

Quality factor

Quantum cascade laser

Scanning electron microscope

Semiconductor saturable absorber mirror

Single mode fiber

Suspended membrane waveguide

Semiconductor optical amplifier

Silicon-on-insulator

Silicon-on-sapphire

Self phase modulation

Tight binding

Transverse electric

Thermoelectric cooling

Third harmonic generation
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™

TPA

VOA

WDM

XPM

ZBLAN

Transverse magnetic

Two-photon absorption

Variable optical attenuator

Wavelength division multiplexing

Cross-phase modulation

ZrF4-BaF,- LaFg-A| Fs-NaF
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Appendix B: Numerical code for the split-step Fourier

method

In this appendix, we show how to use the model based on Schrdder et al. to
simulate the DFWM mode-locked fiber laser. The following code is based on [65]

and written in Mathematica 9.0:

(* This code solves the NLS equation with the split-step Fourier method
based on Govind P. Agrawal in March 2005 for the NLFO book

*)
ClearAll["Global™*"]

(*---Specify input parameters™)

distance = 150.;(*Enter fiber length (in units of L_c)=%*)

kappa = -0.001 ;(*Normalized 2nd-dispersion: kappa=beta2*f*2*L/2): \
+ve for normal,-ve for anomalous*)

sigma = 0.; (*Normalized 3rd-dispersion: sigma=beta3*f*3*L/6 *)

G = 1.0;(*small signal gain of Ramam Amp: G=g*L *)

Is = 1.; (*gain saturation parameter*)

alpha = 0.4; (*Normalized fiber amplitude absorption coeff: alpha=I1*L*)

n = 2.20.5;(*Nonlinear parameter n=") \
sqrt(L_D/L_NL)=sqrt(gamma*P0*T0"2/|beta2|) or QT: n=kappa”0.5%)

(*---Specify filter parameters*)
bdwidth = 2. Pi*6.;

delta = 2. Pi*0.5;

a = Log[Sqrt[0.95]];

perta =0.3;

pertfsr =0.17;

T=0.2;

t = Sqrt[T];

r=1*Sqrt[1 - T];

(*---Specify input parameters*)
mshape = -1.;(*m=0 for sech,m>0 for super-Gaussian=*)
chirp0 = 0. ;(*% input pulse chirp (default value)*)

*
P = 1/(gamma*L); (P is the ref peak power);
uu = A/sgrt(P);
z = z0/L_c; (z0 is the real length, L_c is the cavity length);
tau = f*t; (t is the time of reference traveling frame);
*)
(*---set simulation parameters*)

nt = 2°13; (*% FFT points (powers of 2)*)
Tmax = 100.; (*(half) window size*)
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stepno = 1*Round[20*distance*n”2];(*No.of z steps to*)
dz = distance/stepno;(*step size in z*)
dtau = (2.*Tmax)/nt ;(*step size in tau*)

Twin=5;
fmax = (1./(2. Tmax))*nt/2.;
fwin =5,

filterz = 0.5;
plotz = 5;

(*---tau and omega arrays*)
tau = N[Range[-nt/2, nt/2 - 1]]*dtau ;(*temporal grid*)
omega = (1. \[Pi]/Tmax)*
N[Join[Range[O0, nt/2 - 1],
Range[-nt/2, -1]]]; (*[(0:nt/2-1) (-nt/2:-1)]*)
(*frequency grid*)
delaytau = dtau*Range[-Round[Twin/dtau], Round[Twin/dtau]];

(*Input Field profile*)
If[mshape == 0,
(*;% soliton*)
uu = Sech[tau]*Exp[-0.5 I*chirp0*tau”2.],
If[ mshape >0,
(* super-Gaussian*)
uu = Exp[-0.5*(1. + 1. I*chirp0)*tau™(2.*mshape)],
(*White noise*)
uu = (RandomReal[NormalDistribution[0, 1], nt] +
I*RandomReal[NormalDistribution[0, 1], nt])*Sqrt[1./2.]
]
I;

temp = RotateRight[
InverseFourier[uu, FourierParameters -> {1, -1}]*(nt*dtau)/
Sqrt[2.*Pi], nt/2.];
tempomega = RotateRight[omega, nt/2];

(*---store dispersive phase shifts to speedup code*)
dispersion =
Exp[(-alpha + I*kappa*omega’*2. + I*sigma*omega’3.)*

dz];(*% nonlinear phase factor*)
(*comb filter type*)
(*original comb filter + BPF*)
(*filtert=\
Exp[-omega’2./bdwidth"2.]*(t"2)/(1-r"2*Exp[-1*(omega+delta)+a]);*)
(*perturbated comb filter + BPF*)
filtert = Exp[-omega”*2./bdwidth"2. - perta*Sin[0.5

*omega/pertfsr]*2]*(t"2)/(1 -
r"2*Exp[-1*(omega + delta) + a]);

p6 = ListLinePlot[
Transpose[{tempomega/(2. Pi),
RotateRight[10.*Log10[Abs[filtert]*2], nt/2]}],
PlotRange -> {{-fwin, fwin}, {-30, 10}}, Frame -> True,
ImageSize -> Automatic];
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(*%*********[Beginning Of MAIN Loop]***********
% scheme:1/2N\[Rule]D\[Rule]1/2N;first half step nonlinear*)
temp = uu*
Exp[(I*Abs[uu]"2. + G/(1.0 + Abs[uu]*2./1s))*dz/2.];(*% note hhz/2*)

starttime = SessionTime[];
timeused = SessionTime[] - starttime;
z=0;

Monitor[ (* Realtime monitoring the simulation progress*)
For[i=1,i <= stepno, i++,
If[Round[(Mod][z, 1] - filterz )/dz] == 0,
ftemp =
InverseFourier[temp, FourierParameters -> {1, -1}]*filtert*
dispersion;
ftemp =
InverseFourier[temp, FourierParameters -> {1, -1}]*dispersion;
]
uu = Fourier[ftemp, FourierParameters -> {1, -1}];
temp = uu*Exp[(I*Abs[uu]*2. + G/(1.0 + Abs[uu]*2./1s))*dz];
z=z+dz
If[Round[Mod]z, plotz ]/dz] == 0 ||
Round[(Mod]z, plotz ] - plotz )/dz] == 0,
timeused = SessionTime[] - starttime;
pl = ListLinePlot[Transpose[{tau, Abs[temp]*2.}],
PlotRange -> {{-Twin, Twin}, All}, Frame -> True,
FrameLabel -> {{Null, Null}, {Null,
StringJoin[{"i =", ToString[i], ", z =", ToString[z]}]1}}

I
ftempO = RotateRight[ftemp (nt*dtau)/Sqrt[2*Pi], nt/2];
p2 = ListLinePlot[

Transpose[{tempomega/(2. Pi), 10.*Log10[Abs[ftemp0]*2.1}],

PlotRange -> {{-fwin, fwin}, All}, Frame -> True,

FrameLabel -> {{Null, Null}, {Null,

StringJoin[{" Time =", ToString[timeused]}]}}

I;
p3 = ListLinePlot[Transpose[{tau, Abs[temp]*2}],

PlotRange -> {{-Tmax, Tmax}, All}, Frame -> True,

FrameLabel -> {{Null, Null}, {Null,

StringJoin[{"i =", ToString[i], ", z =", ToString[z]}1}}
I;
p4 = ListLinePlot[

Transpose[{tempomega/(2. Pi), 10.*Log10[Abs[ftemp0]*2.1}],

PlotRange -> {{-fmax, fmax}, All}, Frame -> True,

FrameLabel -> {{Null, Null}, {Null,

StringJoin[{" Time =", ToString[timeused]}]}}

autocorrQ =
RotateRight[
InverseFourier[
Fourier[Abs[temp]*2]*Conjugate[Fourier[Abs[temp]"2]]], nt/2];
p5 = ListLinePlot[Transpose[{tau, autocorrO/Max[autocorr0]}],
PlotRange -> {{-Twin, Twin}, All}, Frame -> True];
p = GraphicsGrid[{{p1, p2}, {p3, p4}, {p5, p6}}, ImageSize -> Full]
I;
1

p
]
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uu = temp*
Exp[(I*Abs[uu]”2. + G/(1.0 + Abs[uu]*2./1s))*
dz/2.];(*% Final field*)
temp = RotateRight[
InverseFourier[uu, FourierParameters -> {1, -1}]*(nt*dtau)/
Sqrt[2*Pi], nt/2];

(*%Final spectrum®)
(*%***************[End Of MAIN Loop]***************)
pl = ListLinePlot[Transpose[{tau, Abs[uu]*2}],
PlotRange -> {{-Twin, Twin}, All}, Frame -> True,
FrameLabel -> {{Null, Null}, {Null,
StringJoin[{"i =", ToString[i], ", z =", ToString[z]}1}}
].

p2 = ListLinePlot[
Transpose[{tempomega/(2. Pi), 10.*Log10[Abs[temp]"2.]}],
PlotRange -> {{-fwin, fwin}, All}, Frame -> True,
FrameLabel -> {{Null, Null}, {Null,

StringJoin[{" Time =", ToString[timeused]}]}}
].

p3 = ListLinePlot[Transpose[{tau, Abs[uu]*2}],
PlotRange -> {{-Tmax, Tmax}, All}, Frame -> True,
FrameLabel -> {{Null, Null}, {Null,

StringJoin[{"i =", ToString[i], ", z =", ToString[z]}1}}
].

p4 = ListLinePlot[

Transpose[{tempomega/(2. Pi), 10.*Log10[Abs[temp]"2.]}],
PlotRange -> {{-fmax, fmax}, All}, Frame -> True,
FrameLabel -> {{Null, Null}, {Null,

StringJoin[{" Time =", ToString[timeused]}]}}

autocorr0 =
RotateRight[
InverseFourier[Fourier[Abs[uu]*2]*Conjugate[Fourier[Abs[uu]*2]]],
nt/2];

p5 = ListLinePlot[Transpose[{tau, autocorrO/Max[autocorr0]}],
PlotRange -> {{-Twin, Twin}, All}, Frame -> True];

p = GraphicsGrid[{{p1, p2}, {p3, p4}, {p5, p6}}, ImageSize -> Full]

(*Exporting results*)
fname ="2nd_01(0.18)"; (*file name*)
Export[StringJoin[{fname , "_time.dat"}],
Transpose[{tau, Re[uu], Im[uu], Abs[uu]*2}]];
Export[StringJoin[{fname , "_freq.dat"}],
Transpose[{tempomega/(2. Pi), Re[temp], Im[temp], Abs[temp]*2,
RotateRight[Abs[filtert]*2, nt/2]}]]1;
Export[StringJoin[{fname , " _autocorr.dat"}],
Transpose[{tau, autocorr0, autocorr0/Max[autocorr0]}]];

157



Appendix C: Fabrication Processes of graphene on

silicon waveguides and SOS waveguides

C.1 Graphene on silicon waveguides

C.1.1 Silicon suspended membrane waveguides (SMWSs)

Spin-coating
+ve Resist
Csfieon m—)
Exposure
(E-beam) Development
—) N ———)
Etching holes
(Repeat - - - Wet Etch
above steps) (HF)
——) N —)
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C.1.2 Graphene transfer processes

Spin-coating
PMMA

Copper —b
Transfer
((NH4),50,) SMW
Wet Etching
(Acetone)
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C.2 SOS waveguides

Spin-coating
+ve Resist

—

Exposure
(E-beam) Development
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Appendix D: Derivation of thermal shift of MRR

resonant wavelength

In this appendix, we show how the Eqg. (5.2) for the resonant wavelength of a MRR
changes with temperature have been derived. It can be started from the resonant

condition of the MRR:

Ay =Ny —. (D.1)

3

By assuming nes only depends on temperature T and resonant wavelength An,. The
total temperature derivative of Eq. (D.1) is:

d/1m _L anel‘f d/1m n aneff
dT  mla4, dT  oT
Eaneff

__mdT
on
1_ L eff

m oA,
Ny

_
m 8neﬁ

L o4,

(D.2)

Combining with Eq. (D.1) (m/L = nes/ Am), EQ. (D.2) becomes:
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an eff

dA
m__ Ol . (D.3)
dT Ne Nyq
A, 04,
Using onest/OAm = (Neff - Ng)/ Am, the denominator becomes:
An  OA, A A (D.4)
_ Ny
neff
Combining Egs. (D.3) and (D.4), A/dT can be written as
di A on
m_m A (D.5)
dT n, oT

g
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