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Abstract

In the age of Big Data, the demand for higher capacity hard disk drives (HDDs) is ever
increasing. To enable higher recording densities, heat assisted magnetic recording (HAMR) is
being investigated as a promising approach. This technology uses a high coercivity material for
the recording medium to overcome the superparamagnetic limit and a laser in the recording head
to temporarily heat the medium above the Curie temperature at locations where data needs to be
written. Because the generated heat spot must be in the tens of nanometers, the laser must be
coupled to a near field transducer (NFT) to reduce its spot size. While numerous laser-to-NFT
coupling schemes have been proposed, they involve little monolithic integration and have low
coupling efficiency. We desire to improve the laser-to-NFT coupling efficiency such that optical
power output requirement decrease by an order of magnitude to as low as 1 mW. We present a
HAMR light delivery scheme in which we first optimize our laser through mode stabilization
then couple it to the NFT by means of a waveguide and a high Q dielectric resonator, with all
components placed onto the same chip. This level of integration may lead to lower
manufacturing costs and a reduction in system complexity.

We begin our study by fabricating a Fabry-Perot GaAs/AlGaAs quantum dot bar laser.
To optimize our laser, we first address the issue of power fluctuation as it directly affects the
quality of the data written in HAMR. We minimize power fluctuation by enforcing single mode
operation on the laser, achieved through a novel method of coupling the laser to a periodic array
of gold NFT-like metal nanostructures. We found that at coupling distance of 50 nm the array
was able to completely suppress any appearance of secondary modes as observed through the

laser emission spectrum.



We continue our optimization by examining what is needed to allow the laser to operate
in continuous-wave (CW) rather than pulsed to enable continuous data writing. Based on the
pump duty cycle and thermal resistance of our structure, we examine different heat sinking
topologies and estimate the amount of heat sinking necessary to make possible CW operation.
We determine CW operation can be achieved by either using a copper heat sink or reducing the
laser ridge width down to 1 pum.

The final study examines the coupling efficiency of the waveguide-resonator-NFT system
using SizN4 core/SiO, cladding. We achieve critical coupling between a rectangular waveguide
and a disk resonator using a coupling distance of 100 nm, disk radius of 11 um, and waveguide
width of 1 um. By examining the effect of the NFT on the quality factor of the resonator, we
estimate a coupling efficiency from laser to NFT of 50%. Thermal characterization through
resistance measurements is performed to verify launch of plasmonic modes on the NFT. The
measurement results combined with simulations in COMSOL suggest a propagation length of 6
to 8 um, which is consistent with that of a mode being launched.

In summary, this work presents an analysis of a complete HAMR light delivery system
design and supports key aspects of that design with experimental confirmation of design
assumptions. Specifically, the design includes a mode stabilized laser operating in CW and
coupled to a NFT through a waveguide-resonator system. The coupling efficiency is improved
such that the power requirements of the source laser decreases by more than an order of
magnitude compared to those of current coupling schemes. The level of integration of the system

can lead to lower costs and complexity for the HAMR recording head.
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Chapter 1: Introduction

This chapter begins with a discussion on the current state of the magnetic hard drive
industry. Ever increasing demand for higher storage densities lead to the proposal of heat
assisted magnetic recording (HAMR) as a promising candidate. A brief overview of this
technology is given and more in-depth details are provided for its light delivery system. Various
approaches to light delivery are reviewed as well as each of its components, which typically
consist of a semiconductor laser coupled via some innovative mechanism to a near field
transducer (NFT). Ways to improve laser operation through mode stabilization and coupling
efficiency through NFT design are provided. The chapter ends with a discussion on dielectric
resonators and how they may be incorporated into a high coupling efficiency HAMR light
delivery system this thesis proposes. Details on the specific designs of this system will be

presented in Chapter 5.

1.1 Need for Heat Assisted Magnetic Recording (HAMR)

While many devices use solid state technologies nowadays, hard disk drives (HDDs) are
still ubiquitous and can be found in almost every PC and data center. Compared to solid state
drives (SSDs), HDDs offer much higher capacity for the same price. Although SSDs are faster
(throughput, latency, Input/Out operations/second [1]), they are still too expensive to replace the
terabytes of data offered by HDDs in the space of a traditional 3.5-inch enclosure, at least for the
near future [2]. The demand for higher capacity drives is ever rising, and the hard drive industry
is struggling to keep up with the supply. Mark Whitby, Seagate’s vice president for branded

products, estimated the total amount of digital data produced around the world was 3.5 zettabytes



(10%* bytes) in 2013. That figure is expected to go up to 44 zettabytes in 2020, which is six more

zettabytes than the expected data storage capacity available at that time [3].

For the past decade, the data capacity gap problem has been tackled by perpendicular
magnetic recording (PMR) in which data bits are aligned vertically as opposed to longitudinally
as in the first hard drives. To enable higher recording densities, the bits can be packed closer
together and become smaller. However, as the microscopic grains that make up these bits
become so tiny they will start to lose their ability to hold their magnetic orientation, causing data
corruption and rendering a HDD unusable. This phenomenon is known as the superparamagnetic
effect [4]. Although advances in PMR go beyond just changing the bit orientation, it only pushes
back the superparamagnetic limit and does not eliminate it. It is only a temporary solution and

the search for the ability to shrink the actual size of the grains continues [5].

HAMR is a promising approach to overcoming the superparamagnetic limit. By using a
recording medium with higher coercivity, or the ability of a bit to retain its magnetic charge, it
can counteract demagnetization and keep the bits stable under thermal fluctuations. During the
write process, a laser is used to momentarily heat the recording medium above the Curie
temperature to reduce its coercivity below that of the applied magnetic field from the recording
head. The orientation of the applied head field encodes the data, and afterwards the heated region

is rapidly cooled.

HAMR requires the development of a number of novel components such as the light
delivery system, thermomagnetic writer, head/disk interface, and rapid cooling media. System

level optimization of each of these components is required, with all of them presenting their own



unique challenges. The recording density of a fully realized HAMR system is expected to be up

to an order of magnitude higher than that of PMR, reaching several Th/in? [6].
1.2 HAMR Light Delivery: Various Approaches

At storage densities of several TB/in?, grain sizes in the recording layer will be <10 nm in
diameter and therefore require a heating spot of similar size [7]. While laser diodes, inexpensive
sources of high-power coherent light, have long been a staple in optical storage, further
developments in their performance beyond what has been achieved in optical storage are
required for their successful implementation in the HAMR light delivery system. In particular,

the delivered light spot has to overcome the diffraction limit given by:

_osa
d=22 (121)

where d is the spot size, A is the wavelength of the light source, and NA is the numerical aperture
of the focusing lens. Near field optics is one way to achieve spot sizes much smaller than the
diffraction limit by making use of apertures and antennas. Confining light to subwavelength
dimensions is relatively straight forward, but the primary difficulty in HAMR is to deliver a

significant fraction of incident light power within this spot to the recording medium [6].

The problem of delivering enough power to the recording medium can be alleviated if the
power coupling between laser and NFT is maximized, and Figure 1 shows our vision of the
placement of the light delivery system in relation to the rest of the hard drive. We note that while
we are integrating the HAMR laser onto the side of the slider, it has been traditionally placed on
top with its own heat sink [8]. It may be difficult to place a heat sink on the slider side, but since

we use a much lower output laser source, overall temperature rise should not be more than that of



a laser with heat sink on top of the slider. The reason why we place our light delivery system on

the slider side has to do with our design, which we show in Figure 2.

Before we discuss our proposed system, we show some examples of existing ideas for
HAMR light delivery. In 2007, Lim et al. proposed a HAMR head that uses a grating structure
with a nano slit cut into the middle. Incident laser light propagates into this slit through a
dielectric waveguide with the grating structure at its end. Configurations of the slit were
optimized, including the size, film material and thickness. FDTD simulations of grating
geometry made with various metal films were performed as well. It was found that the peak
intensity of optical power using the grating structure increased about 5 times with 30% smaller
beam size than that of without-grating structure. A primary advantage of this design is that its

fabrication process can be easily integrated with the conventional magnetic head [9].

. Light delivery
Suspension arm system (laser +

conditioning

— L Sy optics)
Direction of motion ;
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Figure 1: A HAMR head is mounted on the back of the slider, held by a suspension arm that moves in a
direction of motion opposite to the recording medium. The light delivery system consists of laser, NFT,
and conditioning optics that couple the two.



In 2009, Hinata et al. proposed a HAMR light delivery system in which coupling
between an optical fiber and NFT using a triangular spot size converter (SSC) was demonstrated.
The optical fiber allows flexible positioning of the laser, which sends its light into the fiber. A 45
deg. angle mirror redirects the fiber output light into the triangular SSC. The SSC is a well-
known technology in optical communications that makes the fiber output spot smaller and any
components connected to it more integrated. In their work, the SSC is characterized by its
triangular core whose cross section becomes smaller from top to bottom while being surrounded
by a cladding the entire length. In addition to efficiency in fiber spot size reduction, there is no
alignment loss between SSC and NFT as they are both fabricated in one body. The entire system
can be fabricated by standard photolithography techniques. Results show that the triangular SCC

reduced fiber spot size by nearly a factor of 2 [10].

More recently in 2016, Krishnamurthy et al. presented an overall efficiency optimization
of the light delivery system and in particular the waveguide-NFT-media coupling efficiency.
Through the use of a multi-layer graded refractive-index (GRIN) cladding layer, they showed
that a high refractive index waveguide can improve waveguide-to-plasmon mode conversion and
waveguide-media-stack impedance matching, both which are essential for maximize power
delivered to the NFT. The multilayer GRIN cladding layer acts as a collimating lens with a high
numerical aperture and allows a power transfer efficiency of ~11.5% between the waveguide and

media via a taper-based NFT [11].

The above-mentioned methods of HAMR light delivery are just a sample of the various
coupling schemes that have been proposed over the years examining aspects such as reducing
beam spot size and integrating with existing fabrication techniques. However, literature has been

scarce on the standard for the coupling efficiency between laser and NFT and in many cases the
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light delivery system require laser sources to output 30-80 mW of optical power [11]. It is known
that laser diodes can convert the electrical power needed to pump them to output optical power
with efficiencies as high as 70% [12]. With this “wall-plug” efficiency and the fact that a 2.5”
laptop HDD may only need 700 mW for operation [13], 80 mW of HAMR laser optical power
will require 114 mW of electrical power which makes up ~16% of the HDD total power
consumption. We propose to make feasible a laser outputting only 1 mW for HAMR, which will
drop the power consumption to less than 1% of the total. However, total power consumption
varies greatly with size. For example, 3.5” desktop HDDs can consume 6.5-9 W during operation
[13]. Our calculations give an idea of the most noticeable improvement in power budget that can

be achieved.

_ _ Back of slider
Coupling to waveguide:

~80 % of laser power

No power
Wav§guide output at this
facet

0oonnooaod

High-Q Resonator

Laser mode

stabilization » . .

through Critically couphr;g: F— If NFT is the

introducing 100% of power in dominant load:

external waveguide to NFT ~100% of power

periodic loss resonator l delivered from
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Figure 2: Schematic of our proposed HAMR light delivery system consisting of mode stabilized laser,
waveguide, high-Q resonator, and NFT located on the back of the slider.

Although reductions in HDD total power consumption may be minimal depending on

drive size, the level of integration our system provides will benefit all HDDs. A schematic of our



proposed system is shown in Figure 2. For our approach, we use a mode stabilized bar laser
achieved through a periodic array of external metallic nanostructures is butt coupled to a
waveguide. A dielectric resonator critically couples with the waveguide such that all of the light
in the waveguide transfers to the resonator. Under this condition, no light should be reflected
back into the waveguide and cause unwanted feedback into the laser. A NFT is placed in the near
field of the resonator. If the quality factor of the resonator make the NFT to be the dominant loss,
then power in the resonator should primarily leave through the NFT. This is akin to a straw
sucking out liquid from a container, with NFT being the straw and resonator containing the

liquid that is light.

Traditionally, advances in integration in other technologies have brought numerous
benefits. For example, in the world of microprocessors integration has led to tremendous
increases in computational power and decreases in cost and power consumption [14]. Integration
of CMOS (Complementary metal-oxide-semiconductor) and MEMS (Microelectricalmechnical
Systems) technologies improves the performance of MEMS devices, allowing for smaller
packages and lower instrumentation cost [15]. In the area of photonic integrated circuits (PICs),
the monolithic integration of many optical components into a single photonic substrate and
device has provided benefits for optical transmissions systems such as packaging consolidation,
increased system density, reduced power consumption, reduction in fiber couplings, and
improved reliability [16]. Examining the benefits that integration brings to these technologies,
we observe that lowering system cost and complexity seem to be common themes. We believe

the level of integration that our system offers will similarly benefit HAMR.



1.3 Laser Mode Selection Schemes

The semiconductor laser serves as the foundation of the HAMR light delivery system.
Therefore, it is paramount that its performance be optimized. In particular, it is important to
enforce single mode operation as multimode operation introduces fluctuations in power. For
HAMR, these fluctuations may cause magnetic recording jitter and thus data to be written
unreliably. To understand the source of these fluctuations, first note that all lasers have some
degree of noise. Their output spectra depend strongly on case temperature and injection current.
For example, the wavelength of GaAs based laser shifts slowly with temperature at ~0.06 nm/°C
but may sometimes take discrete jumps as large as 0.3 nm/°C. These large shifts occur when the
laser switches from one mode to another in a phenomenon known as mode hopping. During this
event, the laser’s output intensity fluctuates depending on the spacing between adjacent modes.
Besides HAMR, mode hopping have been a problem in a variety of applications from video disc
systems, where it causes variation in the location of the data to be written and quality of picture
derived from disk, to telecommunications, where switching from one mode to another affects the

maximum data transmission rate [17].

One way to achieve wavelength stability and mitigate mode hopping is to build the laser
cavity such that only a single mode is resonant and all other modes are unfavorable. A
distributed feedback (DFB) laser enforces a single mode by including a periodic grating structure
inside its cavity, often on top of the gain region. The gratings act as a distributed reflector in the
wavelength of the lasing spectrum range, and only one mode is favored in terms of losses. The
downside to DFB lasers is that to integrate the grating structure with the laser gain region
requires time-consuming regrowth techniques. An alternative is to place these gratings laterally

to both sides of the gain region which may not require regrowth but may deliver lower power
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[18]. Typical output powers are in the tens of milliwatts, and linewidth is a few hundred MHz,

exhibiting high wavelength stability [19].

Another structure that employs periodic gratings is the distributed Bragg reflector (DBR)
laser. Compared to DFB, the distinguishing difference between the two is the location of the
grating within the epitaxial structure. DBR uses a surface grating that is outside of the gain
medium. The grating structure provides wave-length dependent feedback to define emission
wavelength. Using a specific number of layers, it can provide maximum reflection for a given
wavelength [20]. These layers high index contrast and reflectivity whereas the gratings in DFB
are low index contrast and reflectivity. Although DBR does not require regrowth for the gratings
that DFB needs, both types of structures rely on sophisticated semiconductor fabrication
techniques of etching, lithography, and chemical vapor deposition [18]. In terms of cost, DBR
and DFB are similarly priced [21]. However, they are at least 2-3 times more expensive than

traditional Fabry-Perot (non-mode stabilized) lasers [22].

In recent years, a concept known as parity-time (PT) symmetry have been implemented
in coupled ring lasers to enforce single mode operation. First introduced within the context of
mathematical physics [23], it has attracted increasing attention since it was shown that the
eigenvalues of non-Hermitian Hamiltonians A* # H can be entirely real if they respect PT
symmetry, PTH = HPT [24]. The Hamiltonian H is an operator used in quantum mechanics to
specify the energy levels and time evolution of a system [25]. H is described as “Hermitian”
because it has several special properties, with one of them being that the operator will always
have real eigenvalues [26]. In the physical world, this guarantees that the energy spectrum is real
and that time evolution is unitary (the probability of finding a particle somewhere is one and it

cannot just “vanish”) [27]. A non-Hermitian Hamiltonian with complex H not equal to its
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complex conjugate H* will normally lead to complex energy eigenvalues and be non-unitary in
time evolution [28]. However if there is symmetry with H in space reflection and time reversal,
respectively represented by operators P and T, then the eigenvalues of H will be physically

meaningful even if H is non-Hermitian.

One way PT symmetry translates to a photonics arrangement is to have an open system with
balanced gain and loss. Hodaei et al. experimentally characterized the behavior of active coupled
microring resonators designed using this concept. Two ring lasers are evanescently coupled to
each other side by side where one provides gain and the other is subjected to loss. They
examined the coupling strength through the laser emission spectra and found that by properly
adjusting the coupling strength and gain-loss contrast, an inherently multi-moded laser can be
forced to operate in single-longitudinal resonance [29]. It is this idea that loss can be deliberately
introduced into a laser to cause one mode to be highly favored over all others inside the gain

medium that will be further explored in Chapter 3.
1.4 Near Field Transducer (NFT) Designs

In addition to the laser, the other main component in the light delivery system is the NFT,
responsible for reducing the laser spot size below the diffraction limit to the tens of nanometers
and fulfilling the high storage density requirements of HAMR. The NFT is essentially a
nanoplasmonic structure, and these types of structures have found uses in a variety of
applications such as label-free biomedical sensing [30], nano-optical tweezers [31], surfaced
enhanced Raman spectroscopy (SERS) [32], plasmonic photovoltaic devices [33], and

photothermal cancer cell therapy [34]. Although this thesis will not focus on the optimization of
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this structure, several leading NFT designs that maximize its coupling efficiency to the recording

media, shown in Figure 3, will be presented in this section for completeness.

Pe -

(a) (b) (c)

Figure 3: Various popular NFT designs with heat spot shown in red: (a) bowtie antenna, (b) C-shape
aperture, and (c) lollipop design

Many NFT designs are based on localized surface plasmon (LSP) resonance, which are
oscillations of surface charges bounded to a finite structure such as a metal-dielectric interface
[35]. One NFT design uses a circular aperture in an opaque metallic film though power
transmission efficiency is far from ideal. Thus, other aperture shapes have been proposed to
further increase coupling efficiency to the recording medium such as the triangle, C- and L-shape,
and bowtie apertures with the C-shape aperture design shown theoretically to demonstrate some

of the highest NFT coupling efficiencies [6].

Ikkawi et al. performed a detailed study using finite element simulations on the
optimization of C-shape aperture parameters, focusing on its throughput, near-field intensity
distribution and polarization effect. The power throughput was found to be an order of
magnitude higher than L-shaped apertures. In addition, while bowtie antennas demonstrated

optimum focusing it did not show the highest transmission efficiency compared to C-shaped
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apertures. With an element size of 70nm, the C-shaped aperture yielded a few microwatts of

power into a spot with full width at half maximum of 95nm [36].

In addition to apertures, NFTs can also be based on antennas. One of the earliest is the
bowtie antenna which was initially demonstrated at microwave frequencies but has been shown
later to also operate at near infrared and visible wavelengths. By choosing the dimensions of the
antenna appropriately, any charge accumulated on its surface can oscillate at the local surface
plasmon resonant frequency, a phenomenon that can be stimulated by incident light. One of the
main challenges facing the bowtie antenna is that its resonance characteristics change drastically
when placed in proximity to a metallic recording medium such as that used in HAMR. Other

antenna designs that have been investigated include nanowires and the beaked triangle antenna

[6].

Challener et al. demonstrated a NFT for HAMR with efficient optical energy transfer that
combines the best characteristics of the C aperture and bow tie antenna into the “lollipop”
transducer [37]. One of these enhancements is building a sharp tip to take advantage of the
lightning rod effect in which charges accumulate at the sharpest areas of an object to produce the
strongest electric field. Compared to LSP, no resonance is involved in this phenomenon [35].
Drawing inspiration from the bowtie antenna, the electric field can also be enhanced in a narrow
gap between 2 resonant nanoparticles. The first step to completing the lollipop NFT is to build a
planar solid immersion mirror (PSIM) which is a parabolically shaped waveguide with a NA
much larger than 1 that can focus incident light to about a quarter of its wavelength. However,
HAMR requires even smaller spots so a peg is placed at the focus of the PSIM, forming a
“lollipop”. An electric field is generated at its tip due to the lightning rod effect, and energy is

coupled into the medium directly below the peg. A plasmonic layer is placed underneath the
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medium to generate the same kind of response on the electric field as a gap would between 2
nanoparticles. Therefore, coupling to the medium is further enhanced by the additional

confinement of the electric field [37].

While optical transmission efficiency of the NFT is important for HAMR, there is also a
need to study the thermal behavior of the NFT as unwanted self-heating is detrimental to its
functionality. Often, the metals typically used for NFTs operate well as plasmonic materials in
the optical wavelength range. However, such materials are inherently lossy and generate heat in
the metals themselves, raising their temperature by several hundred degrees. This temperature
rise may lead to an expansion of the NFT and its subsequent failure due to thermal stress [38].
Since the working of HAMR hinges on the functionality of the NFT, we will address the thermal
issue as well as discuss how various NFT designs may be incorporated into our light delivery

system in Chapter 7.

One important area that this work does not address is the NFT coupling behavior to the
recording media as it involves a problem of impedance matching [39]. However, we can make
some reasonable assumptions about the NFT such that the results presented are still relevant. We
expect a temperature rise in the NFT of several hundred degrees [37]. For concreteness, we pick
300 K which is similar to the value found in [40]. Assuming that media needs 300 uW for
recording [11] and NFT to media coupling efficiency is 5% [39], there will be 6 mW in the NFT.
The thermal resistance of the NFT needs to be 300 K/6 mW =5 x 10* K/W or less for the above

scenario to be possible. We confirm this thermal resistance value for our NFT in Section 5.4.

13



1.5 Dielectric Resonators

In this section we discuss the workings of dielectric resonators (DRs) and will explain
how we can use one to couple the laser to the NFT in Chapter 5. The DR consists of a high
refraction index material as core surrounded by a low refraction index material as cladding.
Optical waves are confined inside the resonator because of the abrupt change in the refraction
index between core and cladding, and they continuously reflect off the insides of the core. A

distinguishing characteristic of the resonator is its Q, or quality factor:

Q=%

o (151)

where f; is the central frequency and Af is the bandwidth taken at full width half maximum

(FWHM), as shown in Figure 4.
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Figure 4: In a generic plot of intensity (for example, waveguide output transmission in the presence of a
coupled resonator) vs. frequency, Af = f, — f1and Q = Z—;. Note that f; and f, is taken at FWHM.
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The DR was first invented as a high-Q element for use in filters and oscillators. A higher Q
indicates a lower rate of energy loss, making it ideal as an energy storage device [41]. In reality,
a practical DR will always have some external loss due to radiation or dissipation in a
surrounding metal shield, and any such losses will reduce the Q of the DR cavity. Note here that
there is a distinction in Q of “unloaded” vs. “loaded”. The former means that the DR is in
isolation from the rest of the system while in the latter the DR is connected to the system. In the

rest of this thesis, any figures cited for Q will be loaded unless otherwise stated.

Wang et al. found that a cylindrical shape with thickness greater than diameter as most
advantageous for DR among several of their theoretically explored geometries. With this shape,
the lowest frequency resonant mode is the transverse electric (TE) mode, which has a circular
field distribution [42]. Although they were envisioning the DR for applications in circuits, the

cylindrical shape can also be easily fabricated for use in photonics applications.

Soltani et al. investigated a DR for chip-scale silicon photonics. They demonstrated an
ultra-high Q microdisk resonator in a silicon-on-insulator (SOI) platform and characterized the Q
to be near 3x10° which corresponds to a propagation loss of 0.16dB/cm [43]. In their work, they
were interested in coupling the resonator to a nearby waveguide in which 100% transmission of
energy from waveguide to resonator was theoretically possible. Key challenges in realizing such
a system were the reduction of scattering and absorption loss induced by sidewall roughness and
engineering the waveguide-resonator system to achieve critical coupling. This concept of critical

coupling is an important aspect in our work as well and will be explored in Chapter 2.

A DR that is not high in Q also has its own applications. For example with a low Q, the

DR has a high rate of energy radiation. In such a scenario, the DR becomes an antenna which is
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praised for its high efficiency, low loss, wide bandwidth, compact size, and 3D modeling
flexibility. Many applications associated with wireless communications for DR antennas exist in

commercial and defense sectors [41].

It is even possible for a DR to operate simultaneously as a high-Q resonant cavity and
low-Q radiating element. Hady et al. achieved this feat by enclosing their DR in a rectangular
cavity that acts as a shield for the resonating TE mode but transparent to radiating transverse
magnetic (TM) mode. The high-Q mode is coupled to a microstrip line while the low-Q mode is

coupled to a coaxial probe with capacitive plate [44].

For our application, we require the use of a high-Q DR. With a high-Q, it is difficult for
energy to escape from the DR. However, if we can setup the NFT as the only outlet for energy to
leave the DR, then a high fraction of the system energy can be coupled to the NFT. We have
shown this concept in our HAMR light delivery system in Figure 2 and will discuss in more

detail in Chapter 5.
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Chapter 2: Background Theory

In this chapter, the background theory necessary to understand the work in the rest of this
thesis is presented. We start with a discussion of the basic operation principles of a
semiconductor laser and highlight concepts such as population inversion and gain. We then focus
on the properties of the laser cavity such as the types of losses present, the degree of quantum
confinement to assist in photon generation, and wave propagation framed within Maxwell’s
equations and approximated by a dielectric slab waveguide. We continue with an examination of
mode operation in the laser and how standing waves are formed. This information will be
particularly useful when we explain how we stabilize our laser modes in Chapter 3. To assist in
the understanding of our proposed light delivery system for HAMR, we also present mode
operation in a disk resonator via whispering gallery modes. Finally, we end the chapter with a
discussion on critical coupling between a waveguide and a resonator in which theoretically 100%
of the power can be transferred from the former to the latter. One can imagine that if laser light
can be coupled into a waveguide, then all of that light can be sent into a critically coupled

resonator.

2.1 Operation of Semiconductor Laser

The word laser is an acronym for light amplification by stimulated emission of radiation,
which is a concise summary of how the device works. A semiconductor laser consists of a gain
medium sandwiched by p-type and n-type materials to form a p-n junction. In waveguide terms,
the p- and n-type materials can be called cladding, which optically confines light through use of
materials with lower indices of refraction than that of the cavity, and the gain medium can be

called the core. Because of the use of the p-n junction, a semiconductor laser is also known as a
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laser diode. What distinguishes the laser from the diode is that fact that the laser has a resonant
cavity which can amplify the light inside. A simple setup is the Fabry Perot laser in which light
bounces back and forth between two mirrors that are placed parallel to each other, with one
ideally being totally reflective and the other partially reflective to serve as the light output [45].

Such a cavity is shown in Figure 5.

Carrier injection

Cladding
Mirror T Laser beam
Cladding ror ,
Inside gain medium (core): l «
Y
Before emission During emission After emission
Electron in excited state
O
C O
ANNA AN ANANAA
Incident photon hv Photon hv
Eg = hv AAAS
Photon hv
E O O
v 7
Electron in ground state

Figure 5: An electrically pumped semiconductor laser is shown. Stimulated emission occurs when an
incident photon causes an electron to fall from the conductance band to the valence band. A second
photon is generated with the same phase and frequency. Laser beam exists through the less reflective
mirror.

For a semiconductor/diode laser, the mirrors of the resonant cavity are usually formed by
cleaving the ends, and typical facet reflectivities for semiconductor materials are ~30%.
Dielectric coatings can be applied to modify the reflectivities. In applications where cleaving is
not possible such as those requiring monolithic integration or lasers with rounded geometries, i.e.

ring lasers, the facets can also be etched though the quality will not typically be as good as those
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attained by cleaving [46]. Laser cavity lengths range anywhere from 50 to 2000 pum, with

commercial lasers typically ranging from 200 to 1000 um long [47].

Our lasers are electrically pumped in which a source current injects electrons into the
laser in an excited state. When an incident photon hits an electron in this state, the electron is
stimulated to transition from the conduction band to the valence band where it recombines with a
hole, which is the absence of an electron. A photon is emitted that has the same phase and energy
as the incident photon, contributing to laser gain. These photons travel back and forth within the
resonant cavity by reflecting off the end mirrors. They continue to stimulate emission of more
photons to build up a large radiation field. This radiation will be monochromatic because each
photon has the same energy and coherent because all photons will have the same optical phase

[48]. This is also demonstrated in Figure 5.

The resulting light created from the recombination serves as a gain mechanism, with the
wavelength being determined by the bandgap of the gain material [47]. When electrical pumping
builds up to a point where the majority of the electrons are in the conduction band, it causes a
population inversion and brings the laser to its lasing threshold. Stimulated emission will
dominate over any other sources of emission and the gain balances the losses in the system. Low
losses would translate to the device having higher gain at lower pump currents and therefore

achieving lasing at lower operating power [45].

2.2 Laser Cavity Losses

Since the laser cavity is essentially a waveguide, light will experience attenuation, or loss,

as it travels down this waveguide. This section discusses loss resulting from internally within the
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cavity. In addition, since this thesis presents work on ring lasers in Chapter 4, we will also

discuss bending loss in this section.

Losses from within the cavity are aptly named internal loss, but it is a catch-all term
describing a variety of losses such as diffraction losses at mirrors and absorption loss in the
cladding regions. This section will focus on scattering loss as it is a significant contribution to

internal loss and can be heavily impacted by fabrication techniques.

Scattering loss occurs because the propagating waves interact strongly with the surfaces
of the waveguide. A wave traveling in the guide experiences many bounces, and the frequency of
the bounces increases with higher order modes, a term referring to the integral number of
wavelengths that fit within the resonant cavity. When a photon travels into a rough surface, the
roughness may change its direction. Thus it will be out of phase with the rest of the photons and

no longer contributing to stimulated emission. This process is shown in Figure 6a.

Photons in phase Photons out of phase
—_—
Incident
R
Reflected

| | | - hy L
Smooth surface Rough surface Light propagation direction —>
(a) (b)

Figure 6: (a) Process in which surface roughness can increase scattering loss. (b) Light propagating down
a waveguide of length L and scattering each time it bounces off a side wall. The cladding and core
refraction indices are represented by n; and n, respectively, and their difference results in total internal
reflection. The waveguide width is t; and propagating wave has reflection angle 0,,.
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Scattering loss can be quantitatively defined if light is assumed to travel in a fashion as shown in
Figure 6b. In a waveguide of length L, the number of reflections Ny off each surface can be

calculated by [49]:

_ L
- 2tgcotOpy

Ng (2.2.1)

where t, is the waveguide thickness and 6,, is the angle of reflection for an incident ray off the
waveguide sidewall as shown in Figure 6b. Due to the differences in refraction indices between
the core and cladding, the light wave should be entirely confined within the waveguide by total
internal reflection. Snell’s Law explains the relationship between the material refraction indices

and the angle of the incident light:

n,sinf; = n,sinf; (2.2.2)

The incident and transmitted angles are represented respectively by 6; and 6,. Figure 7a shows a

light wave incident on the interface between core and cladding.
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Figure 7: (a) Light incident upon interface between core and cladding. Total internal reflection occurs
when the incident angle is greater than or equal to the critical angle. (b) Loss arises in bent waveguides as
they may cause the incident angle to dip below the critical angle.

When the transmitted angle is greater than or equal to 90°, the incident angle at which this occurs

is called the critical angle, causing total internal reflection.

Bending loss is due to propagating waves hitting the sidewall of the waveguide at angles
less than the critical angle for total internal reflection, as shown in Figure 7b. Suppose in a
straight waveguide that the index contrast between the core and cladding regions are chosen such
that the angle of an incident wave hitting the sidewall is equal to or greater than the critical angle.
If a bend is introduced to the waveguide, the wave will be incident at a sharper angle. As the
bending radius decreases, this angle will drop below the critical angle and loss occurs as part of

the wave is transmitted.

Since minimizing sources of optical loss can reduce extra heat dissipation in the laser, it
is desirable to eliminate scattering and bending loss as much as possible. Scattering loss can be

22



reduced by improving sidewall smoothness while bending loss can mostly be avoided above a
certain minimal radius. At the lasing threshold, the gain must balance the loss. Higher losses lead

to higher thresholds, resulting in increased heat dissipation.

2.3 Degree of Quantum Confinement

The current threshold of a laser has a large impact on its operation, and if it is too high
the device may overheat before being able to lase. One way to lower the current threshold is to
exploit quantum effects in the gain region, in particular quantum confinement of electron-hole
pairs such that they recombine more easily. Thus, fewer carriers are needed as input for
stimulated emission and the current threshold is lowered. The laser used in this thesis employs
InAs quantum dots (QDs) embedded in the gain region, and in this section we will set up the

analytical framework necessary to understand the advantages of QD lasers.

We first examine the behavior of a single electron by finding the energy levels it can
occupy and its wave function. An electron can be represented a wave function ¢ which is itself a
function of position and time. Note that ¢ multiplied by its complex conjugate ¢* gives us the
possibility of finding a particle at that position at time t. The wave function can be obtained by

solving Schrodinger’s equation:

h? hd
— Vo +Vp = —;d—‘f (2.3.1)

where 7 is Planck’s constant, m is the mass, and V is the potential experienced by the electron. It
is often difficult to find solutions to Schroédinger’s equation for realistic potential fields. However,
to illustrate the theory, we can use the problem of a particle in a potential well with boundaries

having infinite potential, shown in Figure 8.
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Figure 8: A potential well with zero potential inside and infinite potential outside.

The well is zero potential inside and surrounded by infinite potential barriers. Let us simplify

Schrddinger’s equation to be time independent and only varying in the x direction in position:

dx?

where E represents the energy physically but mathematically is a separation constant resulting
from making the equation independent from time. Solving eq. (2.3.2) for E with boundary

conditions V(x) =0 when 0 <x <L and V(x) = co when x <0 or x > L results in:

2 2%2
E="1 (233)

2mlL?

where n is the energy level number. This term along with = comes from satisfying the conditions
of the wave function such that the particle cannot exist anywhere outside the well. Then since we
know we have 100% chance of finding the particle in the well, we can integrate the product ¢*¢

from x =0 to x = L and set it equal to 1. This gives us the wave function [48]:

go(x)=\/%sinnL—nx (2.3.4)
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To have complete information about a system we should know all of its possible energies
and wave functions. However, solving Schrodinger’s equation for each particle in the system is
impractical and sometimes even impossible. Fortunately, we can use a function called the density
of states, g(E), to find the total concentration N of available states in an energy range E; to E;

[50]:
N = f}flzg(E) dE  (2.3.5)

and

A d
9E)=5=5; (236)

The density of states has been calculated for bulk (3D), quantum well (2D), quantum wire (1D),
and quantum dot (OD) in literature ( [50], [51], and [52]). Their graphical representation is shown

in Figure 9.
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Figure 9: Density of states vs. energy calculated for bulk (3D), quantum well (2D), quantum wire (1D),
and quantum dot (0D) [53].
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Note that as the number of translational degrees of freedom of the carriers is reduced
(3D—0D), the density of states decreases from being present in a whole range of energies to just
several discrete ones. When going to a lower dimensional space, the number of energy levels that

can exist decreases as well. The energy levels of a quantum well structure is shown in Figure 10.

w AlGaAs GaAs AlGaAs
>
d
EC n=3
n=2
21 1 Energy levels
Band gap
cnergy n=1
n=2
E,

Figure 10: Energy band diagram for a GaAs/AlGaAs quantum well structure. The GaAs thickness d
determines how many energy levels are allowed to exist within the well.

The quantum well is made by sandwiching a thin layer of a lower energy band gap material, in
this case GaAs, between 2 materials of higher energy band gap such as AlGaAs. The thinner the
GaAs, the fewer energy levels can exist for an electron trapped in that layer. This behavior can
be approximated by an electron in a potential well with infinite potential boundaries as illustrated
in Figure 8. The quantum well only provides quantum confinement by decreasing the thickness d

of the GaAs. A quantum wire can be made if the width w were to decrease as well to the
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magnitude of d in Figure 10. Finally, if the length of the GaAs into the page is shrunk to the

magnitude of d, then a quantum dot is formed.

Compared to quantum wells and quantum wires, QDs provide a high limit on size
quantization in solids and a large change of electronic properties. Thus, QDs offer exciting
possibilities because they have already experimentally exhibited properties expected for zero-
dimension systems. When used in the active region of carrier injection lasers, these properties
strongly increase gain and improve the temperature stability of the threshold current. The 8-
function like density of states and strong confinement for electron-hole recombination are the

basis for improved device characteristics.

Several additional requirements must be satisfied in order for the QDs to be useful for
devices. The minimum size for QDs is directly related to the conduction band offset (AE,) in the
material system used because at least one electron level in a QD must be available. For example
assume 0.3 eV for a GaAs/AlGaAs system, the diameter of a QD in this case should not be
smaller than ~4 nm. As QD size is increased, the separation between energy levels becomes
comparable to the thermal energy kT so that the occupation of higher energy levels cannot be

ignored. This puts an upper limit on the size of QDs, and for GaAs/AlGaAs, it is ~12 nm [52].

The main challenge in prohibiting widespread use of QDs in lasers is fabrication. While
quantum wells were made possible because epitaxy allowed control at an atomic scale, higher
order quantum confinement progressed more slowly because it relied on lateral processes such as

patterning and etching, which have not progressed to the atomic scale as quickly [54].
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2.4 Dielectric Slab Waveguide

The laser structure used in this work that will be presented in Chapter 3 is similar to a
dielectric slab waveguide in that there are three layers, with the middle layer as the guiding layer
and designated as layer 1. Layers 2 and 3 are the top and bottom cladding layers. They have
indices of refraction ny, ny, and n3 respectively. The dielectric slab waveguide can be formed by
sandwiching a high-index guiding layer between 2 layers with lower indices such that n; > n, and
n; > nz, as shown in Figure 11. If n, = nz, the waveguide is symmetric and it would be
asymmetric otherwise [55]. Although our actual sample will not have infinite thickness (in x-
direction) for layers with indices n, and nz as it would be in an idealized slab, their thicknesses
have been chosen such that the modes will be confined to the gain region. In addition, our
sample is also of finite width (in y-direction). However, the analysis of the dielectric slab still

applies since we are only analyzing optical confinement in the x-direction for now.

3

—> Ppropagating wave

Figure 11: The y-component of the electric field is shown to propagate in a dielectric slab waveguide with
a core index refraction of n; and cladding index of refraction n, and ns. In such a waveguide, n; > n, and
N> na.

The propagation of waves is governed by Maxwell’s Equations which is a collection of

four equations upon which form the foundation of classical electromagnetism [56]:
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V-D=p (24.1)

V-B=0 (24.2)

—_3B
VXE = a0 (2.4.3)

VxH=]+2 (244)

where E (not be confused with the E that represents energy as defined in Section 2.3) is the
electric field strength, H is the magnetic field strength, B is the magnetic flux density, D is the
electric displacement, J is the electric current density, and p is the electric charge density. The
four quantities E, H, B, and D are vectors in 3D space (represented by non-italicization instead of
vector notation) and functions of both space and time. In analyzing the slab waveguide, we will

only use a subset of these equations.

Two commonly analyzed modes in the dielectric slab waveguide are the transverse
electric (TE) and transverse magnetic (TM) modes where the electric fields E and magnetic
fields H are transverse to the direction of propagation respectively. In Figure 11, the field
components present for TM mode are Ex, Hy, and E, while for TE they are Hy, Ey, and H, [56].
The modes obey the Helmholtz Equation (shown in one dimension) which can be derived from

Maxwell’s Equations:
d?E

where ko is the free space wave number, n; is the index of refraction for layer i, and g is the
longitudinal propagation constant. This equation is made under the assumption that the E field is

uniform in the y-direction, and there is a z-dependence of the form e/A#. Furthermore, the

29



relationships between the E and H fields can be derived for both modes. For TE, they are in

terms of E,:
H, = —wiuoﬁy (2.4.6)
_ __J 9B
H, = o dx (2.4.7)

where w is the frequency in radians and u, is the permeability of free space. For TM, the

equations can be written in terms of Hy:

Ex = ooy (2.4.8)
j dHy

(2.4.9)

z 2
wnygy dx

Here ¢, is the permittivity of free space [56]. Inside the laser structure that will be discussed in
the next chapter, the propagating modes will not be strictly TE or TM but instead a hybrid of the

two.

2.5 Mode Operation in Laser

The mode m of a laser during operation refers to the integral number of half wavelengths

A that resonate within a cavity of length L such that a standing wave is formed:
A

Figure 12 shows the formation of standing waves within a laser cavity from a ray optics

approach starting from the lowest order mode, m = 1, also called the fundamental mode.
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Figure 12: Standing waves forming in a cavity from lowest order mode m=1 to m=6.

The dark red is the incident wave while the light red is the reflected wave. Note that these two
waves have the same frequency and amplitude while moving in opposite directions. With 2
parallel plane mirrors at the cavity ends, these waves can constructively interfere and become
standing waves. The points along a standing wave where the wave has minimum amplitude are
called nodes and where the wave has maximum amplitude are called antinodes. These modes
explain that only specific frequencies are possible inside the cavity of a laser according to the
standing wave condition. From these possible frequencies, only those that have amplification
above a certain minimum, the lasing threshold, will be emitted out as light [57]. The frequency

spacing Av between adjacent modes is given by:

Av=— (25.2)

2nL

where c is the speed of light, n is the effective refractive index, and L is the cavity length. The
frequency of the mode m is thus Av - m. During lasing, many longitudinal modes are present with

the lasing mode order as high as 2000-3000.
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Let us now move into a more rigorous discussion of standing waves using solutions to
Maxwell’s Equations (2.4.1-4). From an electromagnetic point of view, a standing wave consists
of electric fields E and magnetic fields H that are 90° out of phase, as shown in Figure 13. They

do not propagate but simply oscillate in space and time [58].

E field

Mirror

Figure 13: Formation of standing electromagnetic waves between 2 mirrors.

For two sinusoidal plane electromagnetic waves, the wave moving in +x direction can be
represented by:

Ely(x, t) = E10 COS(k1X - (A)lt), le(x, t) = H10 COS(k1X - (Ult) (253)
and the wave moving in the —x direction can be represented by:

Eyy(x,t) = —Ejg cos(kyx — w,t), Ha,(x,t) = Hygcos(kyx — wyt) (2.5.4)

32



where k is the wave vector and w is the frequency. Assume for simplicity that these waves have
the same amplitudes with E,, = E,, = E, and H,, = H,, = H, as well as wavelengths with

ky =k, = k and w; = w, = w. Using superposition, the E and H fields can be written as:
E,(x,t) = E1(x,t) + E)(x,t) = Eg[cos(kx — wt) — cos(kx + wt)] (2.5.5)
H,(x,t) = Hy,(x,t) + Hy, (x,t) = Hy[cos(kx — wt) — cos(kx + wt)] (2.5.6)
Using trigonometric identities the E and H fields can be simplified to [58]:
E,(x,t) = 2E, sin(kx) sin(wt) (2.5.7)
H,(x,t) = 2H, cos(kx) cos(wt) (2.5.8)

The waves described by (2.5.7-8) are standing waves. Upon further examination, eq. (2.5.7)

shows that the total E field is zero if sin kx =0, or

nm nm ni
X—7—m—7,n—1,2,3... (259)

This result corresponds with the ray optics approach of Figure 12 where there is a node at every
half wavelength spacing of the cavity mode. Note that if we substitute eq. (2.5.9) into eq. (2.5.8),
we find that cos(kx) = +1 and the nodes of the E field correspond with the anti-nodes of the H

field.

2.6 Mode Operation in Disk Resonator

Standing waves also occur inside disk resonators. However, because these standing
waves form resonant modes around the inside of a circular cavity, they are referred to as

whispering gallery modes (WGMs). First used by Lord Rayleigh in the 19™ century, it describes
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the acoustic phenomenon of the whispering gallery located under the dome of St. Paul’s
cathedral in London. It was known that a sound whispered at one end of the dome could still be
heard clearly at the other end, which was a large distance away. Lord Rayleigh noted that the
sound seemed to “stick” to the dome’s walls and propagate only near the surface of the concave

wall of the gallery [59].

(a) (b)

Figure 14: (a) A geometric representation of waves (red arrows) traveling inside a disk resonator and
bound by total internal reflection. (b) Sample electric field distribution in a disk resonator with the color
red representing the highest intensity.

For optical waves inside a resonator, the modes are guided by means of repeated total internal
reflection and can continue indefinitely if we neglect any absorption, scattering, or material
dispersion [60]. This is shown in Figure 14a with a geometric representation. In Figure 14b, the

same modes are shown as electric field intensities.

A disk resonator can support multiple WGMs of differing order. Generally, these modes

are found through finite difference methods or detected by experimental means [60]. However,
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the disk resonator possesses a high degree of symmetry and therefore analytical solutions exist

([61] - [62] ). Figure 15 shows the disk resonator in a cylindrical coordinate system:

R

Figure 15: Disk resonator in a cylindrical coordinate system with waves (not shown) expanding from a
line source.

The disk resonator is essentially a cylinder with R >> h. As such, when analyzing the
propagation of waves inside the cavity the resonator can be considered as a slice of a circular
waveguide [63]. A line source travels directly in the middle of this waveguide, and wavefronts
emitted from the line source are cylindrical. The waves expand to fill a cylinder of radius R, and
the wavefront crosses a cylindrical area with amplitude proportional to 4,/+vR, where 4, is the

initial wave amplitude [64].
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The optical solutions of the disk resonator can be grouped into TE and TM modes [62].
To solve for these modes, we first convert Maxwell’s Equations to cylindrical coordinates and

find eq. (2.4.5), the Helmholtz Equation, in the new coordinate system [65]:

16 Y7 1 8%2¢ &%
ZE(”E) t s tep TR0 =0 (261)

Note that the E and H fields are shown as a generalized wave function ¢. The components of the
field vectors can be calculated in terms of ¢ [66]. We replace ¢ with E; and H, for TM and TE
mode respectively. As such the other field vector components can be written in terms of E; and

H, with dielectric slab mode approximation [61]:

_ _ _J 13E
H, = e (2.6.2)

] SE,
H,p_—ﬂow—&p (2.6.3)

_ Jhow 1 6H,
B, =152 50 (264)

Juow 6H,
Ep = — kg‘;lz 5p (2.6.5)

For TM mode, H, = 0 and E; = 0 for TE mode. In Chapter 5 when we discuss our disk resonator,

we gauge its performance by finding the quality factor and analyzing losses in the system.

2.7 Critical Coupling between Waveguide and Resonator

Now that we are familiar with whispering gallery modes in a disk resonator, we concern
ourselves with how to couple maximum power into the resonator. One setup is to have a strip of
rectangular waveguide placed near the resonator at a distance such that any light traveling

through the waveguide evanescently couples into the resonator. By choosing the coupling
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distance d, we can control how much power is coupled into the resonator [61]. Figure 16 shows a

generic geometry for waveguide resonator coupling, according to schematic in [67]:

Coupling region

Waveguide

Figure 16: Generic geometry for waveguide coupling to disk resonator.

Yariv makes two simplifying assumptions that can be readily applied to our waveguide resonator
system: coupling is limited to waves traveling in one direction in the waveguide with no
reflections and no losses take place such that total power entering and leaving the coupling
region where power exchange takes place, signified by the red dotted box, are equal. Then
coupling can be described by two constants t and « relating the E field amplitudes a;, bs, az, and

bzI

by
b,

a;
a,

t K
k' —t*

| (2.7.1)
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Eq. (2.7.1) is supplemented by the circulation condition in the disk:
a, = b,ael® (2.7.2)

where a can be either the loss or gain in the resonator cavity and 6 is the phase shift per
circulation of wave propagation. The transmission factor in the input waveguide can be

calculated from eq. (2.7.1-2):

by |?

ai

__ a’+|t|*-2a|t| cos b
1+a?2|t|2-2a|t| cos O*

(2.7.3)

If we take the incident power |a,|? to be unity and the system is in resonance such that 8§ = m2m

where m is an integer, then eq. (2.7.3) simplifies to:

by |2 = 2D 57 4

T (1-alt])?

Two important conclusions of eq. (2.7.4) are that the transmitted power |b;|?> = 0 when a = t,
which is the condition for critical coupling and small changes in a for a given t result in large

changes in power transmitted for a high-Q resonator [67].

Examining the wave function ¢ of a mode in the resonator and how it varies with time,

we find that [68]:

6 . 1
= —jwep —-p +na; (2.7.5)

where w, is the resonant frequency, t is the decay rate, and n is the coupling coefficient of the

forward input wave a,. This coefficient can be calculated by means of an overlap integral [69]:

|JJ Pwaveguide (X,Y)Presonator *,y)dxdy|? (276)

n= ﬂ Pwaveguide (xIYXD:Vayeguide (x,y)dxdy ﬂ Presonator X.Y)Presonator(X,y)dxdy
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In reality solving the integral analytically is too cumbersome if not impossible in some cases, and
results are usually obtained through simulation. Critical coupling in this case would be signified

withn = 100%.

This thesis will demonstrate critical coupling through experimental methods. A laser will
send light propagating down one side of a waveguide and a power meter will be placed at the
other end. Through plotting the power transmission spectra, we can get an idea of the coupling
efficiency as well as the quality factor of the resonator. More details will be presented in Chapter
5. We will also demonstrate the coupling of the NFT to the resonator using COMSOL simulation

in Chapter 5.
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Chapter 3: Laser Behavior with Mode
Stabilizing Structures (MSS)

We have shown our proposed HAMR light delivery system in Figure 2 in which we use a
mode stabilized laser as the source. In this chapter, we examine the mode stabilization of
GaAs/AlGaAs based InAs QD lasers via periodic arrays of adjacent metallic mode stabilizing
structures (MSS). We begin with a simulation study on the interaction of a single MSS with a
standing wave in a laser cavity. MSS placement in all three dimensions, which include the
coupling distance, is varied to explore the evanescent coupling strength. Based on this
information, we design a periodicity for our MSS array so as to influence the laser to lase at the
mode most favorable to this periodicity. We then show detailed steps on the fabrication our
devices and highlight the challenges presented by the need of accurately placing the MSS near
the laser gain medium. Post fabrication, the lasers are characterized by obtaining their emission
spectra and threshold current. These results serve as the basis on which we analyze the impact of
MSS on laser behavior and reconcile experimental data with simulation. Our findings are

summarized in this chapter’s Conclusion section.

3.1 MSS Design Rationales

The rationale behind using MSS to stabilize a laser mode is that it makes certain modes
lossier than others, and the laser will pick the least lossy mode during lasing. In this section we
explore a coupling scheme that is different from conventional coupling of parallel waveguides.
We begin with the analysis of a single MSS which can be thought of as a NFT coupling to the

laser. However, we find that it is not feasible to couple a NFT directly to the laser and thus the

40



idea of the MSS to stabilize the laser mode is born. Shown in Figure 17, the NFT couples

directly to a light containing cavity, be it laser, waveguide, or resonator.

To understand how the coupling works, we first take a look at the mode structure present
in each device. Figure 18a shows a cross section for a rectangular NFT as seen from the side that
couples NFT, with the mode that is most stable for HAMR derived from the simulation results of

Chabalko in [70].

Cavity

{

|S| NFT

Figure 17: A NFT evanescently couples to a light containing cavity.
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Figure 18: (a) E and H field of a rectangular NFT cross section, from the side that couples to a light
containing cavity. (b) E and H fields of the laser can be coupled to those of the NFT.
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A circular magnetic field is present as well as electric fields that radiates out and propagate into
the page. Examining the E and H fields of the cavity shown in Figure 18b, we see that the E and
H fields alternate with each other, with themselves alternating in direction. In the figure, E fields
(Ex) oscillate up and down while the H fields (Hy) oscillate in and out of the page. If the NFT is
placed in proximity, this H field can couple to the circular H field of the NFT and the E field
couples to the NFT E field that propagates down its length. This coupling is expected to excite a
wave to be launched down the NFT. The coupling efficiency is expressed analytically in eq.

(2.7.6) but we will obtain it here using COMSOL simulation, building the model as shown in

Figure 19:
AlGaAs / Plane of integration for power
/ Si0,

I
| — .

l’/' « NFT (100%100){500 nm)

1l
T

AlGaAs
——

Figure 19: COMSOL model of a cross section of our laser with gold NFT placed next to gain medium.

In this model, we have a 200 nm thick GaAs gain region sandwiched by 1500 nm of AlGaAs on
the top and bottom. The laser ridge is 1um wide, and it is bounded on both sides by SiO,
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cladding. The NFT, made of Au and of size 100 by 100 by 500 nm, is placed next to the gain
medium. A detailed description of the laser structure and the fabrication steps to achieve it are

provided in Section 3.2.

We launch a wave simultaneously from the front and back end of the GaAs gain region
such that a standing wave is formed inside the cavity. The E field profile for 50 nm coupling
distance is shown in Figure 20. Note that the waveguide center, where the NFT is placed, does

not exactly align to the E field maximum.

Back Mirror

Front Mirror

Figure 20: Top view of E field profile of standing wave in cavity. The NFT, although placed halfway
between the front and back mirrors, do not align with the E field maximum.
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NFT Coupling Distance vs. Power Coupled
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Figure 21: A plot of NFT coupling distance vs. power coupled.

We then vary the coupling distance from 0 to 250 nm, with the results shown in Figure 21. We
note that the power coupled to the NFT drops by 10 dB in the first 50 nm and by 200 nm it has
decreased by nearly 20 dB. This is also the reason why we cannot couple a NFT directly to the
laser this way since the efficiency will be much too low (~0.03%). Due to fabrication constraints
which will be discussed in the next section, the closest coupling distance we are confident in
placing the NFT to the gain medium is 50 nm. At this distance, we vary the lateral position of the
NFT relative to the node of a standing wave in the laser cavity and observe the power coupled as
shown in Figure 22. When the NFT is aligned to the node, the power coupled is at a minimum.
At 75 nm away from the node, the power coupled reaches a maximum. These locations

correspond to the minimum and maximum of the propagating E field respectively.
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NFT Lateral Position vs. Power Coupled at 50 nm Away
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Figure 22: A plot of power coupled vs. NFT lateral position from the node (E field min) of a standing
wave as reference. The NFT is placed at 50 nm away from the gain region. Simulated results are shown as
blue diamond markers and the fitted results are shown as red square markers.

The simulated results are represented by blue diamond markers. We fit this data with a sinusoidal

equation of the form A*cos(Bx - C) + D:

1.04 x 107* cos(4.19 x 107x — 26) + 2.58 x 10™*  (3.1.1)

where x is the lateral position of the NFT. The power coupling calculated using eq. (3.1.1) is
represented by red square markers in Figure 22. We use this equation to show that for an array of
MSS configured to favor a certain mode, all other cavity modes will have a stronger coupling
interaction with the array and thus incur more loss. Figure 23 compares the total power coupled
by an MSS array for design mode 3000 and 2 adjacent modes in each direction if a MSS is
placed at every node of the E field within 50 nm of a 1000 um laser cavity. The standing wave
formed inside the cavity carries 2W. If the laser tries to shift to adjacent modes the power

coupled immediately increases by ~0.3W.
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Figure 23: A plot of nearby lasing modes vs. power coupled if the MSS design mode is 3000 and the
standing wave in the laser cavity is carrying 2W. Adjacent modes of the design mode immediately
increase power coupled by ~0.3W with a MSS coupling distance of 50 nm.
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Figure 24: The normalized E field amplitude of a standing wave in a 1000 um laser cavity is plotted
against the positions of the MSS’s: a) m=6, the design mode stabilized by MSS, b) m=5, if the laser tries
to shift to the next lower mode, and ¢) m=7 if the laser tries to shift to the next higher mode. The lasing
modes of a real laser will be much higher order, and these lower order modes shown are used for

explanation purposes.
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m Phase Shift from E field min (radians)

5 /6 /3 /2 /3 /6
6 0 0 0 0 0
7 /6 /3 /2 /3 /6

Table 1: Calculated phase shift for each MSS (from left to right in ) if the design mode is m=6. The phase
shift is reference from the nearest electric field minimum (node) since the coupling interaction is
symmetric.

It is not immediately obvious why shifting to an adjacent mode (or modes further away)
can have such an impact on the loss, or why the loss remains constant at ~14/cm for the
surrounding modes of the design mode. We explain using Figure 24. The E field amplitude of a
standing wave in a 1000 pum laser cavity is plotted against the positions of MSS’s in an array.
The design mode is set at m=6 such that a MSS is aligned to the E field min in (a). When shifting
to a lower mode (b) m=5 or higher mode (c) m=7, the phase shifts introduced are identical.
These shifts are referenced to the nearest E field min since the coupling interaction of the MSS is
symmetric and is shown in Table 1. In our actual laser, the lasing mode will be of a much higher
order, but the same principle still applies in that shifting to adjacent modes will introduce the

same phase shifts.

In order to maximize the chance of our MSS array stabilizing the laser mode, we want to
introduce loss comparable to that found natively in the system but not so much that the laser
cannot reach threshold. To begin, we convert the coupling efficiency of a single MSS to an

effective loss « in units of 1/cm. We use

P =Pe % (3.1.2)
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to determine the effective loss, where P/Py is the coupling efficiency and z is the length of the
cavity. Another way of expressing the conversion is if we launch a wave from one end of the
cavity with power Py, then when it travels distance z only power P will be remaining. If we place
a MSS at every node (making a fully dense array) of a standing wave for our design mode, there
will be around 3000 total in the array which corresponds to an effective loss of 2/cm. For
comparison, the internal loss is roughly 2/cm and mirror loss 12/cm for GaAs surfaces [20].
Since loss introduced by the array of MSS is far from the dominant loss in the system but is still
comparable to the internal loss, we expect that aligning one to every node will have a noticeable

impact on the laser but should not prevent it from lasing.

3.2 Device Fabrication

We first present the laser structure on which subsequent discussions on mode

stabilization will be based on, with a cross section shown in Figure 25 before any processing:

1500 nm p-AlGaAs

1500 nm n-AlGaAs

Figure 25: Cross section of our laser structure. InAs quantum dots (QDs) are embedded in the active
region made of 200 nm of intrinsic GaAs, sandwiched between 1500 nm of p- and n-type AlGaAs.



Starting sample for our laser consists of 12 layers of 5 nm InAs quantum dots embedded in 200
nm of intrinsic GaAs gain region, with a few nanometers of spacing between each dot. This
region is sandwiched between 1500 nm layers of p- and n-type AlGaAs. A 200 nm layer of p-

GaAs covers the top p-AlGaAs layer and the entire structure is on n-GaAs substrate.

As the first step, AZ4110 photoresist (PR) is spun at 4000 RPM and exposed in a Karl
Suss MAG6 contact aligner to define a ridge pattern. The ridge provides additional optical
confinement from sidewalls. A tolerance of 1 pum is set on each side of the contacts. The ridge
then under goes reactive ion etching (RIE) in a Plasma-Therm Versaline inductively coupled
plasma (ICP) system with the PR serving as the etch mask. The ridge height is ~2.3 um to ensure
that the active region is exposed so as to increase light output. Figure 26 shows a scanning

electron microscope (SEM) image of ICP RIE:

AccV Spot Magn Det WD b 2m

150kV20 10000x SE 103

Figure 26: SEM image of GaAs ridge after undergoing chlorine based ICP RIE.
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Horst et al. showed that the operating characteristics of straight cavity (bar) lasers with
ICP etched mirrors are comparable to that of lasers with cleaved mirrors. The slope efficiency, in
this case defined as the change in output optical power versus the change in drive current, for

lasers with cleaved mirrors was only 10% higher than those with etched mirrors [46].

Gas

N ®

ICP Power

] S

High Density Plasma
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@ @ Pressure = 3mT
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Pumps ICP =600W
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Figure 27: A schematic of our ICP etch system with run time parameters. Etching results from both
physical and chemical bombardments.

The ICP system used in this work to etch the ridge sidewalls is similar to the one used in
the work of Horst et al. A schematic is shown in Figure 27. It includes a 2 MHz ICP power
supply and a 13.56 MHz bias power supply. This allows separate control of the plasma density
through the top coil (ICP) and table bias through the lower electrode (bias power). When the bias
power is applied to the substrate, a DC voltage develops on the substrate surface independent of

whether the surface is conductive or not. This enables etching of any material. With the ICP
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power determining the ion flux bombarding the sample wafer and bias power affecting the

energy and directionality of these ions, one has a high degree of control over the etching process.

In this thesis, the GaAs/AlGaAs sample is secured to a 4” Si wafer using thermal grease
and loaded into a Versaline ICP system. Boron trichloride (BCI3) and chlorine (CI2) are
introduced into the chamber at a rate of 20 and 7 sccm respectively. The pump is throttled to
maintain a pressure of 3 mTorr. The inductive source power is 600 W and the substrate bias
power is 75 W. The sample is etched for 180 seconds to a depth of 2.3 um, corresponding to an

etch rate of 0.77 um/min for GaAs/AlGaAs. The selectivity to PR is 4 to 1.

After etching the laser ridge, we want to place the MSS array within 50-200nm on the
same level as the gain medium to maximize coupling. Challenges arise in both the vertical and

horizontal accurate placement of the MSS, as shown in Figure 28 and Figure 29:

50-200 nm

—> Exact etch depth of ridge

difficult to control

%

p-AlGaAs
MSS <

Ti/Au Gain Medium

< 50 nm sidewall
| _—  coverage of Si0, 1s
desired

Control height

1 t usi
placement using n-AlGaAs
a layer of SiO,

| Sio,

Figure 28: A diagram showing the vertical alignment challenge of placing MSS on same level as gain
medium. The main concern is having sidewall coverage which affects coupling distance.



Place metallic structure 50-200 nm away from gain medium

PMMA

> 400 nm

p-AlGaAs

Gain Medium

>2 um

$ 400 nm

n-AlGaAs

Figure 29: A diagram showing the horizontal alignment challenge of placing MSS near gain medium.
Accumulation of thicker resist near bottom corner of ridge may require higher dosage than normal when
writing with EBL.

In the vertical direction, we have mentioned that we must etch past the gain medium so
that light emission can be observed. In addition, the Versaline can have variations in etch depth
of a couple hundred nanometers from run to run. To further complicate matters, whatever
method we choose to elevate the MSS must not produce sidewall coverage greater than 50 nm,

since that is the minimum coupling distance.

In the horizontal direction, the challenge lies in accumulation of thicker resist near
bottom corner of ridge. To define the MSS pattern we must spin resist on the sample, just as we
did with the ridge. In this case, the resist used is PMMA. We spin at speeds that nominally give
us 400nm in thickness. However, the resist may be much thicker within 50-200 nm of a 2 um tall
ridge. Because of the small size of the MSS, it must be defined using electron beam lithography
(EBL). The dosage must be carefully calibrated to ensure the PMMA is properly exposed near

the base of the ridge.
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To ensure that the MSS be placed on the same level as the gain medium, we adjust its
vertical placement using a layer of sputtered SiO,. We sputter deposit this layer as opposed to
using plasma enhanced chemical vapor deposition (PECVD), another common method of SiO;
deposition, to achieve minimal sidewall coverage. The ratio of top to side coverage is 2:1 and we
wet etch away the side coverage using a buffered HF solution. Figure 30a shows a SEM image of
the ridge coated with sputtered oxide and (b) shows the same oxide after a 10s dip in buffered

HF. In Figure 30c the oxide sidewall coverage is completely eliminated.

AccV SpotMagn Det WD Exp f——o 1pm AccV  Spot Maan
100KV 30 50000x TLD 48 0 Control 100kV 30 50000x TLD 48 0 Control

Dot WD Exp |———] 1ym an  Det WD Exp j—————— 500nm

AccV  Spot Mar
10.0kV 30 120000x TLD 45 0 Control

(a) (b)
Figure 30: (a) Sputter deposition of oxide onto a GaAs ridge where there is a ~2:1 ratio of surface to
sidewall coverage. (b) The oxide is shown after being dipped into a buffered HF solution for 10s. (c)
Enough time has passed while dipped in HF so that sidewall coverage of oxide is eliminated. Nearly 100
nm of oxide still remain on the bottom.
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Figure 31: Plot showing oxide thickness vs. etch time. HF etch rate is ~4 nm/s.
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Figure 31 plots the HF etch rate of sidewall and surface coverage. After 25s, the sidewall oxide
thickness reaches 0 nm while nearly 100 nm still remain on the surface. Thus by etching

sputtered oxide with HF, we can fine tune the vertical placement position of MSS.

For accurate horizontal alignment of MSS to laser, we turn to EBL. Its working principle
is similar to photolithography except electrons are used instead of photons: a beam of electron is
scanned across a substrate covered by an electron-sensitive material, in our case PMMA,; the
solubility of PMMA is changed by the energy of the beam [71]. Our EBL system is a converted
SEM, a FEI Sirion 600, with its vacuum chamber and electron gun. Because it can be operated as
a SEM, the beam is raster scanned over the sample in order to collect secondary electrons to
form an image. However, since it is not specifically designed for lithography, its performance

may be inferior to systems that are. This issue will be discussed further in Section 3.4.

Several factors contribute to the accuracy of the write pattern in EBL. One factor is the
write field, which is the largest area exposed without the stage moving. Resolution increases in
proportion to decreasing field size. However, a smaller field size may require move stage
movement which will introduce errors in position accuracy of subsequent patterns. We choose
100 pum as our write field size and fracture our pattern in the design phase into discrete 100 um
fields. During the ridge etch step, we also etch alignment markers in each of the fields so that
during EBL, the stage moves and the SEM aligns the pattern automatically. We use Nano Pattern
Generation System (NPGS) as the SEM controlling software. The pattern is first designed in

Cadence and then imported to DesignCad, which is fractured by NPGS.

Other factors influencing pattern writing include beam spot size and acceleration voltage,

which controls how far electrons penetrate the sample. We use an acceleration voltage of 30 kV
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and spot size of 1. A related parameter is the beam current, which defines how many electrons
are impinging on the sample each second. A high current electron beam tends to be physically
larger than a small current one. At 30 kV and spot size 1 (setting number, not actual size), we
measure the beam current to be 23 pA. Once the beam current enters the sample, electrons
undergo multiple elastic and inelastic scattering events. As such, the beam deposits a finite
amount of energy microns away from its intended spot. This phenomenon is known as the
proximity effect, which gives rise to unwanted features post development [71]. In our pattern, the
minimum MSS spacing is around 300 nm and we do not observe excessive proximity effect at 30

kV.

Finally we discuss the exposure dosage, which is the amount of energy deposited per unit
area in pC/cm?. The acceleration voltage and beam current are fixed during a single exposure,
and the dwell time of the beam determines the dosage. The correct dosage depends chiefly on the
resist used, its thickness, and dimension of pattern being written. For 400 nm PMMA and writing

dimensions of 100 to 500 nm, we calibrated the dosage to be 400 pC/cm?.

AccV Spot Magn Det WD Exp }——— 500nm
10.0kV 3.0 100000x TLD 5.1 0 Control

Figure 32: (a) SEM images of a series of metallic structures made of Ti/Au, first a wide view and then
zoomed in from the top, placed within 100nm of a 2um tall ridge. (b) SEM image of a cross section of the
ridge with nearby metallic structures. The coupling gap is about 50nm.
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We demonstrate the placement of Ti/Au structures, achieved using electron beam evaporation
and subsequent liftoff, within 50-100 nm of a 2 um tall ridge. In Figure 32a, we show MSS
placed in an array within 100 nm of a GaAs ridge viewed from the top. In Figure 32b, we show
an MSS array next to a GaAs ridge from the side. With 400 uC/cm? dosage, we observe no
problems with pattern writing next to relatively large steps and are able to accurately align MSS

to the laser gain medium both in the vertical and horizontal direction.

The next step is to deposit another layer of oxide to cover the entire sample. This layer
provides electrical insulation for the contacts as well as optical confinement for the laser cavity.
Good electrical insulation only requires the oxide to have a minimum thickness. Optical
confinement is more stringent in that we want to choose a thickness such that the oxide will not
act as an antireflection coating for the laser end facets. Thus, we first analyze the oxide thickness

for optical confinement.

Propagating wave 7

Oxide Z; | (Air)

Zs

thickness

Figure 33: Using a transmission line model, we can calculate the impedance of the oxide, Z;,, as seen by a
propagating wave in the GaAs gain region of the laser ridge with source impedance Zs. The oxide by
itself has a characteristic impedance of Z,. The “load”, Z, of the transmission line is that of air. We can
then use this information to determine the reflection coefficient for a certain oxide thickness, which is the
equivalent of transmission line length.
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To calculate the reflection coefficient, we first model our system similar to that of a transmission
line as shown in Figure 33. Three key parameters of a transmission line are its length L,
characteristic impedance Z,, load impedance Z,, and equivalent input impedance Zi,. For our
laser, Zo is the impedance of the oxide, Z, is that of air and L is the oxide thickness. We want to
calculate the impedance Z;, as seen by a propagating wave inside the GaAs gain region of the
laser ridge which has a source impedance of Zs. Using Zi, and Zs we can calculate the reflection

coefficient I';

r=242n%s  (321)

ZintZsg

The impedance Z of a material can be found by:

_ [prmo
Z= /grgo (3.2.2)

where u,- and &, are the relative permeability and permittivity respectively. Note that &, is related

to the refraction index n by:

n =+ (3.2.3)
To calculate input impedance under assumption of no loss in the oxide, we use

Z1+jZotan BL
Zin =12y :
Zo+jZptan L

(3.2.4)

where f = 2m/A [72]. Note that A is not the free space wavelength but rather the wavelength
inside the material. Now for a given oxide thickness we can calculate its reflection coefficient.

However, to get fractional reflection intensity we must square the absolute value of this
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coefficient because it represents a fractional amplitude. We show the reflection intensity as a
function of oxide thickness in Figure 34:

Reflection Intensity as Function of Oxide Thickness
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Figure 34: Plot of reflection intensity as function of oxide thickness. We note a maximum of 0.3
reflection intensity and it repeats roughly every 300 nm of oxide.

The maximum reflection intensity calculated is 0.3. We aim for mirror reflectivity of 0.25-0.3.
Although this can be achieved within the first 50 nm of oxide, there is danger of incurring
significant losses with the metal leads to the probe pads. The next occurrence of maximum

reflectivity is between 300-400 nm of oxide. Due to previous experimental evidence for good

electrical insulation, we pick the upper bound of this range and use 400 nm as the final thickness.
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After the entire sample is covered in PECVD oxide, we etch a via at a rate of 36 nm/min
through the oxide using RIE to expose the ridge. We then coat the sample using liftoff resist
(LOR) 5B spun at 3000 RPM for 45s and a second layer of AZ4110 PR spun at 4000 RPM for
30s. We deposit Ti/Pt/Au with thickness 5/10/300 nm contacts on the top and bottom of the
sample and the combined layers of LOR and PR allow us an easier time to lift off excess metal
on top (bottom untouched). After deposition, we first soak the sample in a beaker of Remover

PG 1165 for a few hours and use ultrasonic to lift off the excess metal.

Sputtered
Si0,
N\

GaAs Substrate

GaAs Substrate

GaAs Substrate

GaAs Substrate

(b) (© (d)
LOR

Lead

PECVD SiO, Ti/PUAU

GaAs Substrate GaAs Substrate GaAs Substrate GaAs Substrate
Ti/Pt/Au Ti/Pt/Au
(e) (M (2) (h)

Figure 35: MSS laser process flow: (a) starting sample (b) etch of laser ridge with ICP RIE (c) Deposit
sputtered oxide and etch away sidewall coverage with buffered HF (d) Evaporate MSS onto oxide (e)
Deposit layer of PECVD oxide, (f) Etch via through oxide to laser ridge using RIE (g) Use layer of LOR
and PR for liftoff of Ti/Pt/Au contacts on top (h) Final structure after liftoff with a lead to the probe pad.
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The complete process flow is shown in Figure 35, and a completed bar laser device is shown in

Figure 36. Due to the small size of the MSS, it is not visible in the Figure 36.

Contact pad

Bar laser

Figure 36: A series of completed bar laser devices shown along with their contact pads.

Note that Figure 36 is a top view of the same structure shown in Figure 35h, which is a cross
section side view. We also note here our choice of Ti/Pt/Au as the contact to the n-GaAs
substrate. It is normally only used for contact to a p-type material as in that case it can be an
extremely low resistance (ohmic) contact [73]. For n-type contacts, other metal stacks can form
lower contact resistances than Ti/Pt/Au, and one standard is Ge/Au/Ni [74]. However, our n-side
contact is deposited on the entire backside of the chip which as an area of several mm?, so the
contact resistance should be minimized. Thus, we can still use Ti/Pt/Au to make contact with the
n-GaAs substrate without a significant rise in contact resistance. This choice also simplifies the

fabrication process since we do not have to switch metals for the p- and n-type contacts.

3.3 Laser Behavior Characterization

To characterize the laser operation, we employ an Agilent 33120A Function Generator
modulating the voltage of a Newport Model 505B diode laser driver with 20 ps pulses and 100

us periods. The 20 us pulse (20% duty cycle) is chosen in an attempt to prevent the laser from

61



overheating. The driver outputs current at 63 mA/V. Tungsten wire probes connected to the
driver makes contact directly to the top electrode and to a metal board attached to the bottom
electrode such that the device can be driven in forward bias. A NIRQuest series spectrometer is
used to collect light output from the laser, generating a spectrum of the light intensity in photon
counts vs. the photon wavelength. We show our setup in Figure 37 and sample spectra in Figure

38.

DC probe
station

Spectrometer

Probe
to top
contact

Sample . .
P Spectrometer fiber Probe to bottom contact ~ Laser diode driver

Figure 37: Our laser test setup with a function generator modulating a diode driver and collecting laser
output light through a spectrometer fiber. Probes connect to the top and bottom electrodes of our sample,
set on a vacuum table of a DC probe station.
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Bar Laser Emission Spectrum
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Figure 38: Emission of spectrum of a 1000um by 5um bar laser at below threshold, threshold, and above
threshold.

The spectra are shown for a 1000 um by 5 um bar laser. Below threshold, the spectrum is relatively
flat with some electroluminescence mostly due to spontaneous emission in the wavelength range
of 1010-1070 nm. At threshold, a small sharp peak begins to form around 1035 nm which is the
wavelength favored by stimulated emission. Above threshold, only light at this wavelength gets

amplified and in this case achieves a six fold increase in intensity of the peak.

For our mode stabilized lasers, we are interested in the effect of MSS on threshold current
and mode operation by varying the coupling distance and number of MSS in the array. We
categorize our data in two groups. The first consists of lasers where we stabilize the same mode.
We vary the coupling distance and place a MSS at a frequency lower than one aligning to every
node of the E field. In the second group, we fix coupling distance and place a MSS at every node

while attempting to stabilize different modes. We summarize this data in Table 2 and Table 3.
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MSS # Coupling Distance Ity (MA) Lasing Wavelength

(nm) (hm)

0 N/A 42.91 1034
286 50 43.97 1030
286 100 43.79 1030
286 150 43.79 1030
286 200 43.85 1030
357 50 43.79 1030
357 100 43.85 1030
357 150 43.79 1030
357 200 43.47 1030
571 50 44.23 1030
571 100 44.29 1030
571 150 44.23 1030
571 200 44.10 1030

Table 2: Data for the “fixed mode group.” Assuming a mode index of 3.5, a MSS is placed at every 5", 8",
and 10™ node of the E field for a 1000 pm cavity, respectively corresponding to 571, 357, and 286 MSS.
A laser with no MSS serves as a reference.

Design Wavelength MSS # lth (MA) Lasing Wavelength
(nm) (nm)
N/A 0 44.6 1023
1000 3490 46.62 1007
1005 3473 47.67 1005
1010 3455 46.97 1010
1015 3438 45.84 1015
1020 3422 45.17 1021
1025 3405 45.05 1024
1030 3388 47.38 1005
1035 3372 47.44 1005
1040 3356 47.23 1006

Table 3: Data for lasers with MSS at fixed coupling distance of 50 nm. A MSS is placed at the node of
every E field for design wavelengths ranging from 1000-1040 nm at 5 nm increments.

In the fixed mode group, we initially estimate the refraction index of GaAs to be 3.5.

Using a 1000 um cavity, we calculate the wavelength inside the cavity and sum the number of
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MSS if one is placed at every 5", 8" and 10" node of the E field. For each of these

configurations, we vary the MSS coupling distance from 50 to 200 nm.

In the fixed distance group, we pick 50nm as the coupling distance as that is the closest
distance we are confident in accurately placing the MSS using our ebeam tool. We attempt to
stabilize modes with free space wavelengths ranging from 1000 to 1040 nm at 5nm increments.
We place a MSS at every node of the E field. Although the overall number of MSS varies
slightly between different design modes, we do not expect this difference to impact the threshold

current on any significant scale. We perform a more in depth analysis in the next section.

3.4 MSS Analysis

We begin our analysis by reorganizing the data shown in Table 2 and Table 3. We first

plot the number of MSS vs. the threshold current Iy, for various coupling distances in Figure 39.
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MSS # vs. |,;, at 100nm Coupling Distance
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MSS # vs. |, at 150nm Coupling Distance
50

o E 3 L]

40

< 30
E

£ 20

10

0

0 100 200 300 400 500 600
M55 #
(c)
MSS # vs. |, at 200nm Coupling Distance
50
L ™ &

40

< 30
E

£ 20

10

0

0 100 200 300 400 500 600
MSS #
(d)

66




Figure 39: MSS # vs. Iy, at coupling distances (a) 50 nm, (b) 100 nm, (¢) 150 nm, and (d) 200 nm.

The coupling distances are 50, 100, 150, and 200 nm and all configurations of MSS in this set
are trying to stabilize the same mode. With coupling distance and mode fixed, we examine the
effect of MSS number on the threshold current while doing our best to eliminate other factors
that can have an impact. We initially expected an increase in threshold current as the number of
MSS’s increased. This is due to the fact that MSS introduces loss into the system, and the losses
in the system must be overcome for a laser to reach threshold. However, we observe no
appreciable impact with increase in MSS number at any of the coupling distances 50-200 nm. At
first this may appear puzzling but we must examine what is happening inside the laser in the
presence of the MSS. Because a MSS will introduce loss into the system, the mode inside the
laser will naturally gravitate towards one with the least coupling to MSS. This self-aligning
process is a natural mechanism the laser uses to avoid loss. Thus, it is reasonable that when a
mode is aligned in this way the MSS will not change the threshold current very much because
there is little coupling. It is only when the laser tries to shift to a different mode that loss and thus

threshold current will increase.

Shifted Mode

Mirror Facet
Mode Aligned to Minima

MSS Array

Laser Cavity

Figure 40: An array of MSS is placed next to the laser cavity. The modes present inside should self-align
at the nodes to the MSS for minimum loss.
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Figure 40 demonstrates the concept of mode stabilization by using the normal of the E
field to represent the mode. The green ovals show the mode’s preferred location with the nodes
aligned to the MSS while the red ovals represent a shifted mode. The mode originally couples to
the MSS at the minimum of the E field. After shifting, it will couple to the MSS at a location
with coupling interaction greater than at the minimum. Recall from Figure 23 that any mode shift
will incur loss greater than that of coupling to the E field minimum. Coupling at the minimum

will have little impact on the threshold current.

We use the same dataset from Table 2 to examine the effect of coupling distance on
threshold current. We expect the threshold current to increase as the coupling distance
decreases—an increase in coupling strength will increase loss introduced into the system. Again,
we do our best to avoid other factors that may impact threshold by only comparing different

coupling distances with lasers having the same mode with the same number of MSS in the array.
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Coupling Distance vs. |, for 357 MSS
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Figure 41: Coupling distance vs. Iy, for (a) 286, (b) 357, and (c) 571 MSS.

Figure 41 shows the impact of coupling distance on threshold current for different
number of MSS. For 286, 357, and 571 MSS (a MSS placed at every 10", 8", and 5™ node of the
E field respectively), we observe no appreciable change in Iy, at coupling distances of 50, 100,
150, and 200 nm at the same mode. It is not surprising that a coupling distance of 100-200 nm
has little impact on threshold current relative to each other because Figure 21 shows that most of

the coupling occurs within 50 nm of the cavity. Although coupling is stronger at 50 nm and we
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suspect that threshold current did increase, current increase due to another effect has

overshadowed this one.

In order to examine this effect, we turn to the data presented in Table 3 and pay close
attention to the lasing mode. We then calculate how far this mode’s wavelength is away from the
natural lasing wavelength. Figure 42a shows a lasing spectrum for a laser with no MSS. We

measure the distance away from the natural mode using the peak lasing wavelength.
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Figure 42: (a) A visu