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Abstract

III-V semiconductors are compounds made of elements from groups III and
V of the periodic table. Most of these materials exhibit a direct bandgap,
which makes them suitable for light emission and detection. Furthermore,
ternary and quaternary III-V semiconductors offer some freedom in ad-
justing their material compositions, which also allows one to modify their
bandgap energies, refractive indices, and other optical properties. This qual-
ity makes such materials suitable for the monolithic integration of laser
sources with passive optical devices and detectors on a single chip. For ex-
ample, such integration is used in indium phosphide (InP) technology for
large-scale photonic integration in optical communication networks. Com-
mercial integrated photonic circuits” functionality can be augmented by the
implementation of nonlinear optical devices, enabling all-optical signal pro-

cessing, frequency conversion, and on-chip sources of quantum light.

This doctoral thesis focuses on design, fabrication, and testing of passive op-
tical components based on III-V semiconductors. We explored various fab-
rication approaches for III-V nonlinear photonic devices. Among the III-V
semiconductor platforms used in nonlinear photonics, we focused on Al-
GaAs as the most studied nonlinear optical platform, and InP and its qua-
ternary derivatives as the most commercially developed platform. The fabri-
cation processes for III-V photonic devices usually require the deposition of
silica and chromium layers, and then three etch steps to etch the chromium,
silica, and, finally, the III-V layer. In the thesis, we demonstrate a process
which allows one to eliminate the chromium deposition and the associated
etch step, thereby reducing the process complexity. We implemented this
newly developed hard-mask process for etching numerous AlGaAs and InP
photonic devices. This work was not only an important contribution to the
University of Ottawa’s cleanroom facility. The shared recipe can be used to
recreate etch recipes for silica using soft masks like ZEP520a, PMMA, efc. at

other similar university and research facilities around the world. The silica
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mask created using this process was later used to fabricate InP/InGaAsP-
based half-core-etched and nanowire waveguides, which were used to per-
form the first reliable measurement of the nonlinear refractive index coeffi-

cient np of InGaAsP/InP waveguides.

We explored improved fabrication processes for AlGaAs waveguides, pho-
tonic crystals, and ring resonators. InP-based integrated optical devices are
relatively difficult to fabricate because the etch byproducts are only volatile
at elevated temperatures. Using a silica mask, we developed a very smooth
etching process for InP waveguides with aspect ratios greater than 1:10. Sus-
pended waveguide structures, where the guiding layer is surrounded by the
air, are of great interest as they can exhibit large refractive index contrast for
superior compactness and for achieving high intensity at low optical powers.
We demonstrated fabrication process flows for creating suspended air-bridge
structures in a 500-nm AlGaAs slab, which can be used in mid-IR sensing ap-
plications. The processes developed as part of this project cover a wide range
of AlGaAs passive photonic devices such as waveguides, photonic crystals
and ring resonators. Additionally, we demonstrated plasma etching selectiv-
ity improvements for AlGaAs etching using only a soft ZEP mask and were
able to achieve a selectivity of 1:2.9. All these developments can be beneficial
to other researchers working on III-V photonic devices.

We also completed the first theoretical study of third-harmonic generation
in dispersion-engineered AlGaAs suspended photonic crystal waveguide.
Most importantly, we introduced a reliable and efficient method for mod-
elling higher-order modes in photonic crystal waveguides that is less compu-
tationally intensive and far more accurate compared to the 3D FDTD method.
We also experimentally demonstrate guided modes lying above the light line
in AlGaAs photonic crystal waveguides. In one of the addition projects, we
experimentally demonstrate third-harmonic generation (THG) in Silicon Ni-

tride waveguides.

In summary, this thesis presents details of the design and testing of different
passive nonlinear III-V semiconductor photonic devices. In addition, this
thesis presents the fabrication processes which can be used to reliably and
repeatably fabricate photonic devices in these materials.
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Chapter 1

Introduction

Photonics is the eld of generation, detection, and control of photons in ar-
ti cially structured devices. It enables the manipulation of the ow of light
by means of specially designed arti cial micro- and nanostructures that ex-
hibit optical properties that are not commonly occurring in natural materials.
Photonic devices and technologies nd applications in areas such as opti-
cal communications, healthcare and medicine, defence and security, display,
and imaging, and more[1]-[6]. The idea of photonic integration is similar to
electronic integration where electronic chips or circuits can transmit electric
signals. In a similar manner, photonic chips can emit, modulate route and
detect optical signals thereby representing an optical equivalent to electronic
chips.

1.1 Integrated Photonics

A few years after the invention of lasers in the 1960s, the idea of “laser minia-
turization” and co-integration with other chip components was proposed, in
which all the functionalities of a free-space optical setup, comprised of iso-
lated bulk optical components, could be down-scaled and accommodated on
an optical chip as small as 1 cm x 1 cm. This proposition is when the eld of
“integrated optics” started [7]. Thin Im technology and guided wave optics
formed the crux of integrated photonics. The rst known integrated photonic
waveguide was based on a ZnO sputtered thin Im. Since then, several other
material platforms such as glass, silicon, GaAs, InP, and more have been ex-
plored for integrated photonic circuits. Amongst all these materials, most of
the passive integrated optics work has been done on the semiconductor plat-
form silicon, which has been the workhorse of the semiconductor industry
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due to its accessibility and low cost. Today, silicon represents a mature tech-
nology for integration of low-loss photonic devices such as waveguides, cav-
ities, and resonators [8]-[10]. However, silicon has certain limitations specif-
ically when used as a technology for photonic integration — the biggest one
being its inability to emit light.

Bandgap energy is an important property of semiconductor materials. Most

[1I-V semiconductors have a direct bandgap, meaning that the conduction
band (CB) minimum and the valence band (VB) maximum correspond to

the same carrier momentum (i.e., are vertically co-linear on an energy-
momentum diagram, as shown in Fig. 1.1 (a)). Such an alignment allows for
optical transitions that satisfy the momentum-conservation law [11]. In ad-

dition, direct-bandgap semiconductors can emit light by the process of radia-

tive recombination. In contrast, silicon is an indirect-bandgap semiconductor

(see Fig. 1.1 (b)), and radiative transitions would require a phonon to satisfy
the momentum conservation. As a result, lasing is a highly inef cient process

in silicon. Consequently, direct-bandgap semiconductor materials come into
the picture as indispensable material platforms for active integrated photonic

devices.

FIGURE 1.1: Band Diagram representation of (a) Direct-

bandgap semiconductors such as GaAs; (b) Indirect-bandgap

semiconductors such as Silicon. CB corresponds to conduction
band and VB corresponds to valence band.
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1.1.1 Guided-wave optics

Total internal re ection (TIR) is the basis of optical waveguiding. Explored
earlier in optical bers, this phenomenon was utilized to create compact opti-
cal waveguides and devices capable of con ning and guiding light on a chip.
The simplest waveguide arrangement with one-dimensional (1D) light con-
nement is a slab waveguide where a higher-refractive-index guiding layer
(or core) is surrounded by lower-index claddings (see Fig. 1.2). Light can be
coupled to the core layer and guided in it if its rays make an angle with the
core-cladding interfaces greater than the critical angle determined by Snell's
Law [12]. If this condition is satis ed, the light gets re ected back into the
core and can travel through the core by multiple re ections at the bound-
aries between the high-index and low-index media.

FIGURE 1.2: Schematic representation of TIR.ny, n, and n3 are
the refractive indices of the core, upper and lower claddings,
respectively. The refractive index n; is greater than n, and ns.

The more practical form of waveguides in integrated photonics are the ones
in which the light is con ned in two dimensions. This is accomplished by
geometrically de ning two-dimensional (2D) ridge-like structures in the core
and cladding layers by the process of lithograhy and etching. Based on these
geometric structures, different types of waveguide structures can be de ned
like strip loaded waveguide, nanowire waveguide, suspended waveguide,
etc [13].

Depending of the waveguide geometry and dimensions, an optical waveg-
uide can host single or multiple guided modes. These waveguide modes
are in essence solutions to Maxwell's equations. They can be found semi-
analytically using effective index method [12] or numerically by using com-
mercial software such as Ansys Lumerical MODE Solutions, which solves
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the Maxwell's equation using a 2D cross-sectional mesh. Fig. 1.3 represents
different modes or electric eld distributions supported by a planar waveg-
uide.

FIGURE 1.3: Field pro le of waveguide modes inside a planar
waveguide [14].

1.2 Nonlinear Optics

Nonlinear optics can be de ned as the eld studying light-matter interac-

tion under high-strength applied optical elds [15]. When the incident light

carries suf cient intensity, the optical material's polarization can exhibit non-
linear variations with the applied electric eld strength. The relation between
the material's polarization P(t) and the applied electric eld E(t) strength can
be described as:

P(t)= &g cDEM)+ cPE(t)+ cOB3 )+ ... , (1.1)

where ¢, ¢(@ and c® are the rst-, second-, and third-order susceptibil-
ity terms. At the limit of low-intensity optical elds, only the rst term on

the right-hand side of Eq. (1.1) has signi cance, and the polarization scales
linearly with the applied eld strength.

The nonlinear optical interactions give rise to different optical processes.
These can be majorly divided based on the c(? processes called second-
order nonlinear interactions and c(® processes called third-order nonlinear
interactions. Higher-order nonlinear optical interactions also exist and can
be readily observed under certain conditions; however, c¢(?- and c¢(®-based
processes represent the most common nonlinear optical interactions.
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1.2.1 Second-Order Nonlinear Optical Processes

The second-order contribution to the nonlinear polarization leads to the ef-

fects which are called second-order nonlinear processes, orc(? processes.

Such nonlinear interactions only occur in noncentrosymmetric materials with
the atomic or molecular unit structures lacking the center of inversion sym-
metry. This contribution can be represented as

PA (1) = ecPEX(t). (1.2)

Considering two distinct incident electric elds E;(t) = E exp( iw;t), where
i = 1, 2, we can rewrite the equation as

Pz(t) = eOC(Z) E%e i2W1t+ E%e 2wt + 2E1E2€‘ i(wytwy)t + 2E1E2e i(wg wo)t + c.c.

+2e0c @ (E1E; + EE,).

The rst two terms on the right-hand side of Eq. (1.3) represent the process
of second-harmonic generation (SHG), also known as frequency doubling,
where two input photons of the same frequency ( w;) interact in a nonlinear
medium to produce a single photon with twice the frequency (2 w;). The
third and the fourth terms represent the process of sum-frequency (SFG)
and difference-frequency generation (DFG), respectively. Finally, the last
term represents optical recti cation (OR) accompanied by zero-frequency
(DC eld) generation.

1.2.2 Third-Order Processes

Third-order processes happen in both centrosymmetric and noncentrosym-
metric materials. The most common third-order effect is the Kerr effect, de-
scribing the intensity-dependent contribution to the overall refractive index
of the optical material, which can be represented as

n= ng+ nol. (14)

Here ng is the linear refractive index, and n, is the Kerr coef cient, which is
the ¢ (®-related nonlinear coef cient. The Kerr coef cient can be represented

as 3
= ©)
Ny 4eonocc , (1.5)

(1.3)
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where ey and ¢ correspond to the permittivity of free space and speed of light
in vacuum respectively.

Some other third-order nonlinear optical processes are the third-harmonic
generation (THG), four-wave mixing (FWM), self-phase modulation (SPM),
and cross-phase modulation (XPM). These processes have many potential
applications in all-optical signal processing, such as wavelength conversion
and optical switching, as well as quantum-light generation [16]-[18]. Fig-
ure 1.4 gives a schematic representation of different c(? and c¢(® processes.

FIGURE 1.4: Schematic representation ofc (@ and ¢ (® nonlinear
optical processes.

The eld of integrated and nonlinear optics has seen massive developments
in the last two decades due to advancements in the nanofabrication tools,
which facilitated the applications in a plethora of elds such as astronomy,
medicine, defence, security, storage and quantum computing [19]-[22]. Non-
linear optics can augment the functionalities of current state-of-the-art optical
devices. For instance, laser sources require a strong gain medium. However,
there is no high-performing gain medium that exists for the wavelengths in
the range of 510-560 nm, which is the spectrum of green light. Highly ef -
cient green-light sources have been made possible by the nonlinear process
of SHG [23]. The commonly used 532-nm laser sources are the results of SHG
of a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser output at
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1064 nm. Similarly, moving to integrated photonics, enhanced nonlinear ef-
fects can be used for wavelength conversion and all-optical signal processing
applications [16].

Silicon has been widely exploited for nonlinear optics. Although it does not
exhibit second-order nonlinearities due to its centrosymmetric structure, it
exhibits strong third-order nonlinear optical processes like FWM [24] and
THG [25], [26]. As discussed earlier, silicon is a mature material platform
and has been extensively explored due to its availability, affordability, and
compatibility with CMOS fabrication processes. However, there are limita-
tions such as indirect bandgap, absence of second-order nonlinearities, de-
graded performance at high temperature, and sub-par operation at mid-IR
wavelengths. There is therefore a questto nd materials with more favorable
nonlinear optical properties. Some of the material platforms that are being
explored are silicon nitride, lithium niobate, I1-VIs (materials from group two
and group six of the periodic table) and 1lI-Vs (materials from group IIl and
V of the periodic table). Amongst all these platforms, IlI-V semiconductors
offer a lucrative platform because of tunable refractive index, low linear and
nonlinear losses, and strong inherent optical nonlinearities, offering a poten-
tial for wavelength conversion and all-optical signal processing the in the
C-band.

1.3 1lI-V photonics

[lI-V semiconductor materials are compounds made of materials from
groups lll and V of the periodic table. Unlike silicon, they naturally exhibit
second-order nonlinearity due to non-centrosymmetricity, and their refrac-
tive indices can be adjusted through a proper selection of the material com-
position during the epitaxial growth. In addition, IlI-V materials offer the
possibility for monolithic optoelectronic integration, or a hybrid integration
with other material platforms such as silicon and silicon nitride [27], [28].

Figure 1.5 represents the bandgap energy of 1ll-V semiconductors as a func-
tion of lattice constant. The dots represent binary IlI-V compounds, com-

prised of two chemical elements. The lines connecting the dots represent
the corresponding ternary alloys, and the areas subtended by the lines rep-
resent quaternary compounds based on the binaries at the corners. Ternary
alloys have just one degree of freedom, namely the adjustment of the mu-
tual material compositions of one pair of elements, and can be schematically
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represented as AxB; xC,with0O x 1. The quaternary compounds typi-
cally have two pairs of chemical elements, the concentrations of which can be
mutually adjusted. They therefore exhibit an additional exibility in adjust-
ing the optical properties, and can be represented as AxB; xCyD; y, where
0 x 1,and0 vy 1. Thelattice constantand bandgap energy of ternary
and quaternary compounds can be calculated using Vegard's law [29] if the
corresponding parameters of the constitutive binaries are known. Vegard's
law for ternary and quaternary compounds can be represented as:

Easc = XEag + (1 X)Egc (1.6)
Eagcp = XYEgc+ X(1 y)Egp+ y(1 X)Eac+(1 x)(1 y)Eap, (1.7)

where E is the bandgap energy and A, B, C and D are single 11I-V elements.
By changing the material concentration, one can tune the bandgap energy,
refractive index, and nonlinear parameter values. Therefore, IlI-V materi-
als offer a high degree of exibility and tunability to meet the application
requirements, such as a particular wavelength of operation.

FIGURE 1.5: Bandgap energy as a function of lattice constant
for different 111-V semiconductors.

In addition to the fact that most I1lI-V compounds can be used for light emis-
sion and detection, these materials have promising nonlinear optical proper-
ties which can facilitate new research directions in light-matter interactions.
To understand these properties, several demonstrations have explored the
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nonlinear properties in optical devices such as waveguides, micro-ring res-
onators, photonic crystal structures, quantum dots, and lasers, all of which
have been possible because of advancements in the eld of nanofabrication.

One of the most remarkable statements in uencing the way the eld of
nanofabrication has evolved today goes to the visionary talk of Richard Feyn-
man - There is plenty of room at the bottd®0]. This thesis is focused on the
methods of nanofabrication, the detail of the tools used in a top-down fabri-
cation process, and the process development for the fabrication of nonlinear
passive nanostructures based on Ill-V semiconductors.

1.4 Nanofabrication in Photonics

Nanofabrication is the process of creating structures which are on the order
of nanometers. The image shown in Figure 1.6 provides an illustration of the
scale of interest for nanofabrication. When talking about nanophotonics, the
dimensions are typically in the range of a few thousand nanometers down
to tens of nanometers. The limits of the smallest feature size are constantly
being pushed so as to pack the maximum number of components on a single
chip. As mentioned in the previous section, this idea of pushing nanofabri-
cation and making the components smaller in size goes back to 1959 when
Richard Feynman gave a famous talk titled, “There is plenty of room at the
bottom” [30]. In his talk, he mentioned that starting from the bottom, or the
nanoscale, is the key to future technological advancements. In 1965, Moore's
law [31], which states that the number of components on a chip will double
every eighteen months, was introduced. Following the visions of Dr. Feyn-
man, and to keep pace with Moore's law, there was a motivation to construct
tools that can support making increasingly smaller devices and push fabrica-
tion limits to the nanoscale. Modern nanofabrication tools are sophisticated
and mature to have reached a point where making devices on the order of
tens of nanometers is easily possible. Some of these tools are discussed in
detail in the next section.

There are two main approaches used in the process of optical device fabri-
cation. The rst one is the bottom-up approach [33], [34] in which smaller

atoms and molecules self-assemble in a controlled environment to make a
single larger structure; whereas in the second approach, a larger stack of ma-
terial is ablated to achieve the desired dimensions of the nanostructure [35].



Chapter 1. Introduction 10

FIGURE 1.6: Representation of the nanoscale [32].

Most of the growth processes represent the examples of the bottom-up ap-
proach. On the other hand, planar processes, which involve lithography and
etching, fall under the top-down methods. In this thesis, we primarily con-
cern ourselves with describing the top-down fabrication approaches used to
realize nonlinear integrated photonic devices as described further in the the-
sis. There are two major process ows that are used in the top-down fabrica-
tion process to create nanophotonic devices:

Fabrication of passive integrated photonic devic€kbis process is shown in
Fig. 1.7. A clean semiconductor wafer is coated with a resist polymer, which
is followed by lithography to write the desired patterns. Patterns of desired
shapes are created using a GDS-II le which is the de-facto standard for elec-
tron beam lithography design les. The GDS le can be thought of as the top
view of the designs to be written and contains the information about geomet-
ric shapes of the designs, texts and labels, the different layers and position of
the structures to be fabricated. The pattern is then transferred into the un-
derlying semiconductor by the process of plasma etching. This is a generic
process ow, and it may include some additional steps, such as adding a
hard mask in the middle or post-processing steps at the end. This process
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ow has been used for the majority of works in this thesis. Integrated pho-
tonic devices such as waveguides, ring resonators, and photonic crystals can
be realized using this fabrication approach.

FIGURE 1.7: Process ow used for fabricating integrated optical
waveguides and similar structures.

Fabrication of plasmonic metasurfack&st of the steps of this process are sim-
ilar to those discussed above, i.e. the material is cleaned, which is followed
by spin-coating of a resist layer of desired thickness. The patterns are then
written using e-beam lithography followed by development which creates
trenches or openings in the resist layer. The last step is the process of lift-off
which removes the metal from all other places except for where it directly
touches the semiconductor, this way one can attach metal to the semicon-
ductor and create nanostructures of desired shapes, as shown in Fig. 1.8. A
positive tone resist is commonly used in this case to open up the trenches
for the metal deposition. Another important thing to note in this process is
that a bi-layer resist is used. This refers to two distinct resists having differ-
ent molecular weights which are spin-coated one on top of the other. The
lower-molecular-weight resist is at the bottom, while the higher-molecular-
weight resist is at the top. The point of the two-layer resist deposition is
that for similar applied doses, the development for the lower layer (lower
molecular weight resist) is larger as compared to the top, therefore creating
an undercut-like structure. As shown in Fig. 1.9 (top), if a single-layer resist
is used, the metals can stick to the sidewalls resulting in undesired features
after lift-off which can further collapse on the actual nanostructures. The ad-
vantage of using a bilayer is shown in the bottom part of Fig. 1.9, where the
bottom resist layer develops slightly more than the top resist layer thereby
creating an undercut and hence a more de ned opening for the metal to stick
only to the substrate.
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FIGURE 1.8: Process ow used for plasmonic metasurfaces.

FIGURE 1.9: Single-layer resist lift-off (top) vs bi-layer resist lift-
off (bottom).

Once the process ows are nalized and the structures can be repeatedly fab-
ricated with minimum errors, such process ows can be employed for large-
scale production of multiple copies of the same (or similar) structure on a
larger wafer. The process of using a similar stack to make multiple copies of
the same structure, or making many different structures using the same stack
in one single process, is called multi-project wafer (MPW) run [36]. MPW
runs accelerate photonic systems development as they provide an advan-
tage of catering to the needs of multiple projects/clients in one single run.
Fig. 1.10 represents a schematic of how a 4" wafer can be used for accom-
modating many different projects in one run. The large circle represents a 4"
wafer and the smaller black boxes inside show the spaces allocated for each
separate project. As can be seen from the gure, multiple projects can be ac-
commodated in one single run using this process, and then every single piece
(or box) is diced to separate out all the structures from the full wafer.

[1I-V semiconductor wafers (the starting material in the top-down approach
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FIGURE 1.10: Schematic representation of an MPW. Each black
box represents a space for one single project.

that we described above) are commonly grown using the bottom-up fabri-
cation method of Metal Organic Chemical Vapor Deposition (MOCVD) or
Molecular Beam Epitaxy (MBE). These processes, along with some other
growth processes, will be further discussed in section 1.5.1. These meth-
ods provide a nanometer-scale precision in terms of the growth of epitax-
ial Ims. Light guiding in the vertical direction in optical devices follows the
principle of TIR, as described above, which requires a higher-refractive-index
medium to be sandwiched between lower-refractive-index media. Thin I11-V
semiconductor Ims can be epitaxially grown with varying concentrations

of the chemical elements to satisfy the above requirement. This creates a
heterostructure, which allows for light con nement via TIR in the vertical
direction. An important consideration before deciding on the epitaxial stack

Is lattice matching [37], which is particularly important in integrated optics.
Lattice mismatch can cause stress and strain in the epitaxial Ims, thread-
ing dislocations, and stacking faults, all of which can eventually lead to light
scattering, poor ef ciencies and optical losses [38]. Growing lattice-matched
epitaxial layers is thus important for the quality of photonic devices.

The lattice-matching requirement imposes a restriction on the range of the
material compositions for the epitaxial growth (see Fig. 1.5). Furthermore,
the growth is typically performed on a selected binary substrate, which fur-
ther limits the acceptable composition range. In this respect, one of the
most convenient materials to work with is AlGaAs. Due to the fact that its
constituent binaries AlAs and GaAs have closely matched lattice constants
which can be seen from Fig. 1.5, AlGaAs of any aluminum concentration can
be grown on GaAs substrate with nearly absolute lattice matching.
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Once the epitaxial stacks are ready, the fabrication of integrated optical de-
vices mostly follows a standard top-down approach. This includes the pro-
cess of mask deposition, patterning, and pattern transfer to the semiconduc-
tor material. If necessary, these steps are followed by post-processing. Each
of these processes is discussed in the subsequent sections.

An important rst step before starting any process is a deep and thorough
cleaning of the material. This is done by rst cleaning the material in warm
acetone, which removes the oil and organic contamination from the mate-
rial. The next step is cleaning in isopropyl alcohol (IPA). This is necessary
because, although acetone cleans all the organics, it leaves its own residue
that can contaminate the wafer surface. IPA cleaning removes this residue
and dries the surface leaving no contaminants or spots. For some materials,
a de-ionized water (DI water) cleaning is also recommended after the IPA
cleaning to remove any other contaminants that might still be resting on the
material's surface. The last step of cleaning includes blow-drying the sur-
face with nitrogen and heating it on a hot plate to evaporate any water that
might be left on the surface after the last cleaning step. The rest of the chapter
covers the details of each step schematically shown in Figs. 1.7 and 1.8. We
start by introducing the epitaxial growth processes and then continue to the
introduction of resists, electron beam lithography, plasma etching, and the
processes used for the fault analysis.

Fabrication process development at a university cleanroom facility may ap-
pear to one as a redundancy, provided that there are foundry services avail-
able for fabricating integrated photonic circuits. However, such foundry ser-
vices are typically very expensive and have a very slow turnaround. Further,
there exist only two open foundries for IlI-V semiconductor photonic cir-
cuits, both of which are situated in Europe. Furthermore, these foundries are
highly restrictive with the fabrication tasks which they can carry out, most of
which are based on pre-developed epitaxial stacks and pre-established pro-
cesses, which makes them not suitable for research and development at the
component level. It is thus very important to continue developing reliable
fabrication processes as part of a research activity at a university facility. To
explore newer devices for nonlinear and quantum optics applications, one
needs to study different material compositions and structural geometries,
and the commercial foundries do not give such exibility. Therefore develop-
ing in-house fabrication processes gives the advantage of developing meth-
ods for newer research and creating rapid prototypes for lab testing which
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can later be commercialized.

1.5 Key Tools and Processes

As the rst step in the integrated component fabrication, the clean wafer is
inspected under a microscope for any contaminants or dirt particles, and the
defective areas are avoided during the patterning. The epitaxial growth of
the wafer structures used in this thesis work was carried out by commer-
cial growers using MOCVD and MBE processes. Some of the important
tools used to carry out the top-down fabrication in this thesis are Electron
Beam Lithography (E-beam), Plasma Enhanced Chemical Vapor Deposition
(PECVD), Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM) and ICP-RIE Plasma Etching.

1.5.1 Epitaxial Growth

The process of growing Ims of semiconductor material on a substrate wafer
is called epitaxial growth. Epitaxial growth of 1lI-V semiconductors requires
high-quality Ims with low defect density, which is crucial for nonlinear pho-
tonic applications [39]. The trap states associated with the defects act as re-
combination centers, hampering the device's performance. The substrates
also play a crucial role in epitaxial growth. If the substrate is the same as
the growth material, the growth is called homoepitaxy. On the other hand,

if the growth material is different from the substrate, the growth is called
heteroepitaxy [40]. It is challenging to mitigate defects in the heteroepitaxy
growth due to the presence of lattice and thermal mismatch between the sub-
strate and the Ims. Therefore, buffer layers are introduced to optimize the
growth of high-quality heteroepitaxial thin Ims.

MBE [41] is the epitaxial growth technique having precision at angstrom-
level thickness. It is a physical deposition technique facilitated under ultra-
high vacuum conditions for precise control and monitoring of overgrowth
via various in-situ characterization techniques. A molecular beam is focused
on a heated substrate and deposits new layers atom-by-atom under con-
trolled growth dynamics. It is capable of growing sharp interfaces and is
widely used for electronic and optical devices. However, this growth tech-
nique is very costly and offers a slow growth rate which limits its applica-
bility at the commercial scale. MOCVD provides several advantages in this
aspect where the growth rate is higher whilst lowering the cost.
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MOCVD [42] is a chemical vapor deposition technique using a ow of a
gas-phase mixture containing the precursors over a heated substrate for a
layer-by-layer deposition. The chamber pressure is slightly lower, and the
substrate temperature is higher in comparison to some other techniques like
plasma assisted molecular beam epitaxy (PAMBE). This technique is capa-
ble of depositing a controlled thin layer with higher wafer throughput. It is
widely used for integrated circuit applications.

Liquid phase epitaxy (LPE) [43] technique is a low-cost deposition technique
depositing the material from a supersaturated solution. It is not capable of
forming sharp junctions between two material layers. All the epitaxial stacks
used in this thesis were grown using MBE and MOCVD processes.

Other cost-effective, large-area and faster growth techniques have been ex-
plored in the mid—-20 th century for IlI-V semiconductors such as hybrid va-
por phase epitaxy (HVPE), close-spaced vapor transport (CSVT), and thin-
Im vapor-liquid-solid (TF-VLS) growth. HVPE is very similar to MOCVD
but the former is a non-equilibrium process controlled by the supersatura-
tion of the reactants at the substrate, while the latter features a kinetically
controlled growth. A volatile metal chloride is prepared at the atmospheric
pressure and ows towards the substrate to mix with the group V material
to form 1lI-V-Cl complex on the substrate followed by liberating HCL. The
growth rate of the HVPE process is much higher in comparison to that of the
MOCVD. CSVT is performed in a closed chamber where the volatile phase is
generated from solid materials in situ. This offers high growth rates and im-
proved precursor utilization. The reactions take place under H , ambient at
the atmospheric pressure. The metal chloride along with a group V dimer is
liberated at the source and the substrate. The source is kept at a higher tem-
perature diffusing the vapor phase reactant towards the substrate following
the deposition associated with the supersaturation. TF-VLS is a non-epitaxial
growth technique maintaining the crystalline and electronic structure. This
technique was rst reported for the synthesis of InP where a thin layer of In
was deposited on the molybdenum foil, which is capped by a layer of SiO ».
Phosphorus in gaseous form diffuses through the capping layer and interacts
with the now-liquid In under high temperature to form InP. The technique
allows one to utilize a wider variety of substrates. All the growth techniques
introduced in this section provide a pathway toward the commercialization
of a cost-effective approach for the 1ll-V semiconductors-based photonics in-
dustry.
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1.5.2 Resists and Spin-Coating

Resists are long-chain polymers dissolved in some solvents that are used to
write patterns. These polymers are sensitive to light (photoresist) or electrons
(E-beam resists), and their chemical properties change as the beam of light or
electrons hits the surface. If the resist bonds weaken by exposure, the de-
velopment creates a trench, washing the exposed resist portions away. Such
resists are known as positive-tone resists. The process of bond-breaking in a
positive-tone resist is also known as scission. Some examples of positive-tone
resists are ZEP520a, which is a chloromethacrylate and methylstyrene-based
polymer, and PMMA (poly methyl methacrylate). In contrast, the chemical
bonds of a negative-tone resist become stronger after exposure, and therefore
the development process eliminates unexposed parts of the resist while leav-
ing the exposed parts intact. The strengthening of the resist by exposure is
associated with cross-linking of polymers. Hydrogen-silsesquioxane (HSQ),
ma-N, and SU-8 are common examples of negative-tone resists. Positive and
negative tone resists are illustrated in Fig. 1.11.

FIGURE 1.11: Positive-tone resist (left) and negative-tone resist
(right).

The solvent which is used to dissolve the resists after the E-beam expo-
sure changes its chemical properties and is known as a developer. PMMA
is developed in a solvent mixture of Methyl isobutyl ketone (MIBK) and
IPA, ZEP520a is developed in n-amyl-acetate, and HSQ can be developed in
hydroxide-containing solvents like TMAH, NaOH, KOH. The resists are sol-
uble in some organic solvents, which allows one to change the viscosity of the
resists. The viscosity ultimately translates to the maximum resist thickness
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at spin-coating and the resolution that can be achieved at exposure. PMMA
and ZEP520a can be diluted in Anisole, and HSQ can be diluted in MIBK.

Some important characteristics of resists are adhesion, sensitivity, contrast,
resolution, and etch resistance. Adhesion refers to how well the resist sticks
to the material's surface during the spin-coating. If the material has been
exposed to high moisture, it may have polar OH bonds on the surface.
This makes the surface hydrophilic, and polar solvents (which is what most
E-beam resists are dissolved in) do not stick well to the surface. This is a
common case with 1lI-V semiconductors where at times, the resist does not
stick well to the material surface because the adhesion is poor. In such cases,
a thin layer of HexaMethyIDiSilazane (HMDS) that acts as an adhesion pro-
moter is deposited before spinning the resist. The resist resolution is related
to the minimum feature dimensions which can be written. Generally speak-
ing, the thinner the resist, the higher the resolution, but this also depends on
the chemical structure of the resists. PMMA is known to have the best resolu-
tion for the positive-tone resists, and structures with the critical dimension of
10 nm have been demonstrated using PMMA. Similarly, HSQ is also a very
high-resolution negative tone resist. Structures with the critical dimension of
7 nm have been produced using this resist. Recently, it has been shown that
resist sensitivity can further be improved if used with a lower temperature
development process (for positive tone resists) [44].

The sensitivity and contrast are very important resist characteristics. The sen-
sitivity is the minimum dose required for the resist to completely develop at

a particular beam energy or acceleration voltage. This is also known as the
dose to clear or clearing dose. For instance, the clearing dose for ZEP520a
at 30 kV for AlGaAs is around 75 nC/cm 2, whereas for PMMA for the same
beam acceleration it is 220nC/cm 2. This parameter changes with the beam
energy variation. For instance, the sensitivity of PMMA at 100 kV for AIGaAs
is around 500 mC/cm 2. The contrast is de ned as the slope of the develop-
ment curve. An ideal resist will have a sharp drop at the clearing dose, but
this is not the case in actual resists. The development happens at a gradual
rate and therefore creates a slope, which mathematically can be de ned as

1
" log,oD1 log,,Do’

9 (1.8)

where g is the contrast curve, D; is the dose at which the resist is fully de-
veloped and D, is the dose at which it just starts to develop (as de ned in
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FIGURE 1.12: Graphs representing sensitivity and contrast
curves of resists.

Fig. 1.12 for the resist A). For an ideal resist, D, = D4, which makes g in nity.
For an ideal resist, both the sensitivity and contrast should be large, meaning
a low dose to clear and a sharp drop in the development curve slope, but
there is always a trade-off between these two parameters. Fig. 1.12 showsD,
as the dose to clear for resist A, and Dg as the dose to clear for resist B. Resist
C is a negative-tone resist and therefore the curve goes up as the resist hard-
ens. The green curve shows the characteristics of an ideal resist. The slope of
the graphs gives the contrast. The resolution refers to the smallest structure
that can be fabricated using the resist. As mentioned earlier, the thinner the
resist layer, the smaller the structure that can be resolved, meaning high res-
olution. The resolution also largely depends on the E-beam properties (beam
energy, current), which will be discussed in the coming sections. The type
of resist also plays a crucial role in the resolution. And lastly, etch resistance
refers to the rate at which the resist erodes during the etching process of the
material for which it is acting as a mask.

The choice of the resist depends on the type of the structure to be fabricated.
For instance, PMMA is known to have a great resolution but has very poor
etch resistance, whereas ZEP520a has lower resolution but a much better etch
resistance. HSQ is one of the most widely used E-beam resists. Chemically



Chapter 1. Introduction 20

it is silsesquioxane (H-SiOx), and on heating up, it takes up the form of silica
(Si0Oy), which is known to have an etch resistance of close to 1:10 for most
[lI-Vs. It is also capable of providing a resolution down to a few nanometers
(nm) therefore, it makes up for one of the best E-beam resists. ZEP520a and
HSQ are the resists that have been used for the fabricated samples in this
thesis.

Similarly, for the structures where the trenches are supposed to be created, for
example plasmonic metasurfaces, which are metal nanoparticles on a semi-
conductor/dielectric substrate, it is essential to create an opening to do the
metal deposition. In such cases, positive-tone resist is recommended. On the
other hand, for waveguides and ring resonators, a negative-tone resist is rec-
ommended. This does not mean that waveguides and ring resonators cannot
be made using a positive-tone resist, but it is recommended to use negative-
tone resists to have lower write times to write the exact transferring structure
and not the inverse.

FIGURE 1.13: Spin-Coating.

The process used for depositing uniform thin Ims of resist on the sample
Is known as spin-coating [45]. It works based on the principle of centripetal
and centrifugal force. A clean sample is placed on a vacuum mount, and an
amount of resist suf cient for coating a complete sample is poured onto the
sample's surface. The sample is then rotated at some rotation speed (speci-
ed in rotations per minute or RPM) to get the required resist thickness. As a
result, the poured resist layer starts thinning and eventually turns into a uni-
form Im, as shown in Fig. 1.13. At lower spin speeds, edge beads (or edge
effects) are quite common, which results in larger and uneven thickness at
the periphery of the wafer. Therefore, these areas around the corner should
not be used for pattering. There are two ways to do spin coating: a dynamic
way, in which the resist is poured on to a rotating substrate, and a static way,
in which the resist is poured on a still sample and the process of spinning
follows. In the projects mentioned in this thesis, for the sake of repeatability,
we only worked with static spin-coating.
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The resist thickness largely depends on the material's viscosity and the spin-
ning speed. The spin curves provide the details for what speeds will lead
to what resist thicknesses. These are standard curves which are provided
by the resist vendors. Fig. 1.14 shows the experimental results of spin coat-
ing ZEP520a at different spin speeds. Another important parameter to know
while performing spin-coating is the saturation time, which is de ned as the
duration for which the resist sits on the sample surface before the spin pro-
cess is started. This is common in static spin-coating process and the resting
of resist for a speci ed time allows for the Ims to better stick to the sample
surface.

Once the spinning process is nished, the resist is baked at a speci ed tem-
perature for a given time. This step is performed to ensure that the remaining
solvents evaporate and we are only left with the polymer to write on. This
process is known as pre-bake. All the above mentioned steps together are
known as spin-coating recipe.

Sometimes the resists are also baked at larger temperatures after the exposure
and development, and before the process of etching. This is done to interlink
the bonds and slow the erosion rate of the resist down during the etching.
This bake process is called post-bake. To nd out whether the deposited
resist has the correct Im thickness or not, the measurements of the re ection
spectrum or using the pro lometer can be performed. Once the patterned
mask is transferred into the semiconductor layer and if the resist still remains,
the remaining resist can be completely removed. This process is also known
as resist stripping. This is done by dissolving the remaining resist in polar
solvents like acetone, n-methyl-2-pyrrolidone (NMP, also known as remover
PG) or similar solvents. E-beam resists can also be removed using an oxygen
plasma.

1.5.3 Electron-Beam Lithography

Lithography literally means “writing on a stone.” In semiconductor lithog-
raphy, the patterns are written on the semiconductor substrate materials us-
ing either light (photolithography), electrons (E-beam lithography), or ions
(focused ion beam). Photolithography is the most commonly used method
for patterning. It is widely used in the industry due to its speed and high
throughput. A resist coated with light-sensitive polymer is kept under a
mask with the patterns to be written, and the entire wafer is ooded with
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FIGURE 1.14: Experimental spinning curve for undiluted

ZEP520a positive-tone resist carried out at uOttawa's clean-

room facility. The resist thickness are in nm and spin speeds
in rpm

light at the same time, creating chemical changes in the resist. The state-
of-the-art optical lithography systems are called extreme ultraviolet (EUV)
lithography which uses a radiation source of 13.5 nm, thereby allowing the
writing of structures with the resolution down to 10 nm [46], [47].

Another common lithography method is focused ion beam (FIB) [48]. In this
method, the exposure is provided by much heavier ions, usually helium or
gallium instead of light or electrons. It is a direct write method in which
patterns can be de ned without the need of resists. This tool allows high
resolution imaging (similar to SEM), and can do milling at the same time
because of the heavier particles which bombard the material. It is suitable
for writing structures with the sizes down to 5 nm.

The most commonly used tool in research and prototyping is electron-beam
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lithography (or E-beam) system. These systems are capable of writing struc-
tures 5—-7 nm in size [49]. In this method, the exposure is provided by elec-
trons accelerated and controlled by the applied voltage. The electrons have
extremely small wavelengths associated with them, typically on the order of
sub-10-pm. Therefore, there is a very ne limit to the smallest structures that
can be written using E-beam. However, the limiting factor preventing sub-
10-nm writing is the electron optics that are used inside the E-beam systems
and the unavailability of resists capable of writing high-resolution structures.
All the samples described in this thesis have been produced using E-beam
writing. The section below is dedicated to the working principle and physics
behind the E-beam writing process, its control parameters, and the common
errors that one might encounter while using the tool.

Working Principle and Control Parameters

In the early 1920s, de Broglie, et al.[50]demonstrated that particles such as
electrons have an equivalent wavelength, which can be expressed using the
relationship
h
I = —, (1.9)
p

where his Plank's constant and p is the momentum of the particle.

Since electrons can behave like waves, all the concepts of wave optics also

apply to electrons. Consequently, diffraction of electrons has been demon-

strated [51], and imaging systems, such as the scanning electron microscope

(SEM) and transmission electron microscope (TEM), were invented. Since the

wavelength of an electron is a function of its energy, which depends on the

mass of electron (m), voltage (V) and speed of light (¢), it can be calculated as
1.225 10 ° 1

| = — SR 1.10
PS ~ (1.10)

1+ —
2mc?

Using this relation, one can obtain the electron wavelengths (in pm) for some
common acceleration voltages:

1kV=38.7; 10kV=12.2; 20kV= 8.58; 30kV=6.97; 100kV= 3.7.

Large energies can be generated by an electron generation source, which can
be either a thermionic or a eld-emission source.

Typical E-beam systems consist of the source at the top, some radiofrequency
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(RF) coils to direct the electron beam, a series of focusing lenses, beam blank-
ing system, a motorized stage, and a computer that controls all of the above
and hosts the software used for pattern writing [52]. The electron beam is de-
ected using RF coils and electromagnetic lens systems (commonly known
as electron optics). All the electron optics is housed in a stable vacuum en-
vironment also known as the E-beam column. This electron beam can be
modelled as a Gaussian function [53]. The accelerated electrons generate the
energy which eventually translates into some current value. This electron
beam passes through the focusing lenses, and creates a spot size on the order
of a few nanometers (depending on the beam energy), which is eventually
used for writing. There are several important control parameters that ma-
nipulate the E-beam. We are going to describe them brie y below.

1. Acceleration VoltageThis is the most important parameter characteriz-
ing an E-beam, which is related to the acceleration of the electrons as
they move from the gun towards the anode. Generally speaking, in-
creasing the accelerating voltage results in a smaller beam spot, which
typically improves the resolution. However, a smaller spot is not al-
ways recommended.

The smallest structure which can be written is de ned as critical di-
mension or CD. Ideally, a smaller spot is only recommended when the
critical dimension (CD) is on the order of the spot size (for example,
to write structures that are 7-10 nm in size). For larger structures, a
larger spot size is better as it leads to a better line-edge roughness (ler)
and line-width roughness (lwr), a better positional accuracy, and faster
write times. The write times can be calculated as the product of the
dose and the write area divided by the current:

Dose Exposure Area

Write Time =
Beam Current

(1.11)

To put things into perspective, an exposure of a1 cm 1 cm area with
a clearing dose of 80rC/cm 2 will take 30 days on a 30-kV system with
the beam current of 30 pA, whereas the same exposure will take 4 days
on a system with a larger beam current of 200 pA. If the same write was
to be performed on a much more powerful 100-kV system, with 50 nA
of current, the same expose can be performed in 1.5 hours (given that
the exposure dose for a 100 kV system is roughly 3 times higher, that is,
250nC/ crd). This is the reason why high-acceleration-voltage E-beam
systems are preferred.
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2. Aperture: Apertures are the standard openings of varying hole diam-
eters, controlling the electron ux that can pass through the openings
to the optics, which eventually determines the value of the beam cur-
rent. Therefore, these apertures are also called beam-limiting apertures.
Beam-limiting apertures also decide the convergence angle of the elec-
tron beam, which is described by the forward scattering parameter a.
The larger the aperture, the higher the electron-electron interaction in
the column, and therefore the larger the current and the spot size. There
Is also another beam blanking aperture, which is usually situated very
close to the lament which is used to blank the electrons when the ex-
posure is not needed.

3. Beam currentAs discussed previously, the acceleration voltage and the
aperture determine the total energy owing through the column, which
eventually determines the E-beam current. Smaller beam currents lead
to smaller spot sizes, and therefore smaller CD values and larger reso-
lution. But this also means that the writing speeds are slower, leading
to lower throughput, as it was discussed in the previous Section. 1.

4. Step size (or shot pitch) and Dwell tim€&he way E-beam writes the struc-
tures is as follows: the Gaussian beam hits the resist at one point and
stays at that place for some time such that the exposure of the resist oc-
curs, and then the beam hops on to another spot and repeats the same
process. The time for which the beam stays at one spot is called the
dwell time, and the distance between the centre of the two Gaussian
beam spot positions is called the step size or shot pitch. Ideally, the
shot pitch should always be an integer multiple of the structure size;
if it is not, there is a common occurrence called grid snapping which
leads to a snapped structure at the edges. Fig. 1.15 (a) shows a 5 nm
line written on a 1 nm grid, in this case the exposure will lead to a per-
fect dimension structure. Fig. 1.15 (b) shows the detrimental results of
grid snapping: the structure to be written is not an integer multiple of
the grid size and therefore the grid snaps and leads to a larger structure
size.

All these control parameters lead to the most important process parameter of
E-beam writing - the base dose. The base dose varies depending of the pat-
tern density, which means that isolated features would require a larger dose
compared to densely packed structures. Therefore, a base dose is selected for
a standard feature size, and then a dose sweep is performed or dose matrix
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FIGURE 1.15: (a) A 5 nm line written on a 1-nm grid; (b) A 5
nm line written on a 2-nm grid. Grid snapped which results in
a 6-nm structure.

is created. Speci cally, we create a matrix of 5 5 and sweep across vari-
ous dose factors, for example, from 0.5 to 2.0 , and then check which dose
factor leads to the correct CD target after the development.

Gaussian Beam and Proximity Effect

The spread of the electrons once they hit the resist surface can be modelled
based on how the electrons penetrate the resist. When the electron beam hits
the resist surface, many different reactions can happen, such as the genera-
tion of secondary electrons, back-scattered electrons, x-rays, auger electrons
and visible light. Of all these effects, secondary electrons and back-scattered
electrons are the two most important contributors affecting the variation in
the dose. Forward scattering happens because the electrons hit other elec-
trons from the resist, and the molecular chain breaks eventually. This for-
ward scattering parameter depends of the acceleration voltage (Vacc in kilo-
volts) and the resist thickness (R; in nanometers), and it can be described
using the following equation:

di = 0.9 (Ri/ Vacd >, (1.12)

which shows that forward scattering is the least when the acceleration volt-
age is the highest and the resist thickness is minimum.

The spread of the beam is usually modelled by a 2-Gaussian-beams model,
where the rst Gaussian function describes the spread from the secondary
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