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The information and telecommunication industry relies heavily on the opto-electronic
(OE) modulator link between electronic computation and optical data transmission. As
global data consumption has increased, the bandwidth, efficiency and cost demands
placed upon OE modulators (in data centres for example) has also increased. OE mod-
ulators based on a silicon photonic platform have the potential to meet these bandwidth
and efficiency demands, whilst remaining cost effective and industrially scalable due to
their compatibility with conventional complemetary metal-oxide semiconductor (CMOS)

fabrication processes.

The goal of this PhD project was to design and demonstrate a new type of energy
efficiency, high-speed, fully-crystalline-Si (c-Si) modulator that could potentially answer
the industry needs. To this end, in this thesis I present two new c-Si accumulation
plasma dispersion effect (PDE) modulator designs. The critical OE component of these
designs is, on the one hand, a bi-planar, horizontal-slot fin-waveguide on a double-silicon-
on-insulator (SOI) platform, and on the other hand, a planar, partially recrystallised,

vertical-slot rib-waveguide.

The key contributions I have made are (1) the development of a unique fabrication pro-
cess involving anisotropic wet etching of mirrored Si crystal planes to realise the low-loss
(0.85dB/mm) bi-planar, horizontal-slot fin-waveguide for use in an OE modulator, and
(2) the fabrication of an efficient, fully-c-Si accumulation modulator with switching speed
of 25Gb/s and modulation efficiency of 1.53V-7r. This modulator is the first demonstra-
tion of a uniquely designed modulator architecture which, with optimization, has the
potential the genuinely address the industry demand for an energy-efficient, high-speed
CMOS compatible OE modulator.
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Chapter 1

Introduction

For over 40 years optical interconnects have been developed to replace, first, long range
electronic communication (erbium doped fibre amplifier (EDFA) enabled optical fibres”
replacing copper coaxial cables for long-distance (1km-10,000km) telecommunication),
then medium range electronic communication (fibre optics replacing copper cables for
1m-1km distances), and now they are set to replace electrical short-range (<1m) com-
munication. Whenever shorter range interconnects have transitioned from electronic to
optical communication, it has required the development not only of the new fibre op-
tic cables themselves, but also the light source, amplifier, detector, wavelength division
multiplexer (WDM) and wavelength devision demultiplexer (WDDeM) components, and
importantly, the opto-electronic (OE) modulator to convert the electronic signal into an

optical signal.

Silicon (Si) based devices have long been chosen for passive optical components due to the
refractive index (n) difference (An)® of Si with its native oxide silicon dioxide (SiOz), low
optical loss?, high mode confinement !° (effective volume (Vg)), high bandwidth ! (sus-
taining multiple wavelengths simultaneously for multi-channel operation), transparency
at telecommunication wavelengths, and ease of production. However, owing to the fact
that unstrained Si exhibits no 1% order electro-optic (EO) effect !? (due to its centrosym-
metric crystal structure'3), only a very weak 2°¢ order EO effect, and lacks a direct
energy bandgap, III-V semiconductor materials have traditionally dominated active op-
toelectronic components such as lasers 4% detectors'® and modulators!”. Despite these
challenges, the desire for fully integrated on-chip optoelectronic integrated circuits (OE-
ICs) with fully integrated optical emission, amplification, modulation and detection has
driven active OE component innovation in the direction of Si photonics, which benefits

from over 50 years of Si integrated circuit (IC) development and investment.

The rapid growth in the amount of data traffic in modern data centres from 4.7ZB per

year in 2015 to a projected 15.3ZB per year for 2020 (27% annual compound growth
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rate) !® is pushing the electronic and OE performance metrics of device density, modu-
lation speed, thermal output and energy consumption per bit etc. to the limit of what
is possible with current technology. On-chip transistor density and computation speed
continues to increase, but as parallel computation increases and bandwidth required
for input/output (I/O) increases, the industry is now encountering the “bottleneck”
interconnect problem, whereby increased computation is now limited by the speed at
which information can be communicated between chips and servers 2. Along with a Si
laser /photodiode and small-scale photodetector, a critical technology required to solve
this bottleneck problem of data transfer is an on-chip OE modulator. This device could in
the long-run bridge the gap between separate components within a chip, and in the near
term will allow better high-speed communication with off-chip systems. Traditionally,
on-chip and off-chip interconnects have been metal (with IC being completely electronic),
but industry is moving towards OE modulators to help solve the bottleneck problem of
low power 2122 high speed?3, cheap interconnects. Si photonics is also a logical approach
to this problem because it is already compatible with complemetary metal-oxide semi-
conductor (CMOS) standard fabrication processes. Optical interconnects experience no
crosstalk?*25 have higher density with WDM fibres exhibiting 96 separate channels?6
commercially (more channels demonstrated academically) with a wavelength separation
of 0.4nm (50GHz) etc.

OE modulators come in a variety of forms, using different modulation mechanisms, for
example the 15° order nonlinear EO Pockel’s effect (which lithium niobate crystal ex-
hibits) or the 2°¢ order nonlinear EO Kerr effect which have traditionally been used in
non-Si photonic devices. These effects can be used to change the n of the waveguide
material as a function of input voltage (driven by an electronic signal), and therefore
change the n of the propagating light. The electronic signal modulates at a certain
speed, which modulates the input voltage of the device, which modulates the refractive
index of the light. In an interference design device architecture, this very small refractive
index change can be converted into a phase change between two beams of light, which
results in either constructive or destructive interference, modulating the output light
intensity. If the device architecture incorporates a resonant structure, this very small
refractive index will cause the light to couple or decouple to the resonant structure, also

modulating the output light intensity.

The main problem for Si based OE modulators is that due to its centrosymmetric crystal
structure?”, it does not exhibit Pockel’s effect?®, and it exhibits the the Kerr effect very
weakly2®. The bias V required to induce An in Si sufficient for phase change modulation
using an Mach-Zehnder interferometer (MZI) or resonant structure exceeds the break
down voltage of Si (Si becomes conductive at this point). The Franz-Keldysh effect is
also very weak in Si at telecommunication wavelengths. Together, these three effects
are the dominant operating mechanisms of III-V material semiconductor modulators.

The solution to this problem is to use either the plasma dispersion effect (PDE) or the
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thermo-optic effect. As the thermo-optic effect is limited to switching speeds on the
order of MHz, it is too slow for GHz+ modulation speed required for telecommunication

interconnects, which can only be produced in silicon based devices using PDE.

The PDE operates by changing the concentration of electrons and/or holes in a Si waveg-
uide, which can change the n of the propagating light, which can then be converted into
a change in output intensity (using an interference or resonance device). The concentra-
tion of free electrons and holes can be changed using one of three device architectures
and corresponding mechanisms. One, carriers can be injected into the centre of a p-i-n
diode structure. Two, carriers can be depleted from a depletion region at the centre of
a p-n diode structure. Three, carriers can be accumulated either side of a narrow gate

oxide slot in the middle of a metal-oxide-semiconductor capacitor (MOScap) structure.

The development of PDE Si OE modulators began with the development of very-low-

speed(<MHz) carrier injection devices2%3!

due to the fact that fabrication of p-i-n diode
structures within the waveguide was considerably less demanding than the fabrication
of p-n diode structures or MOScap structures within the waveguide. Despite the fact
that the first Si photonic OE switch was demonstrated in 198732 (which utilized carrier
injection into the intrinsic region of a p-i-n diode waveguide as the mechanism to ma-
nipulate waveguide n), it took 13 years before the demonstration of a modulator with
an operational speed >10MHz?3, and a further 4 years before the demonstration of the
first a modulator with an operational speed >1GHz3* (which was rapidly improved the

following year when an operational speed of 10Gbit~! was demonstrated3?).

Despite the initial high-speed breakthrough occurring using a MOScap accumulation
based device®+3°, due to fabrication concerns and a desire to increase operational speed,

many high-speed, low-efficiency depletion based devices were subsequently demonstrated 3642,

143-46

with several exhibiting operational speed of 50Gbit™ The current record for

—147 "which was achieved in a depletion device.

operational-speed in literature is 90Gbits
High-speed depletion devices come at the cost of decreased energy efficiency compared to
injection devices (which correspondingly suffer from lower speed limits, but with higher
energy-efficiency). The important figure-of-merit used to determine modulation energy
efficiency is VL, which is the required voltage applied of 1cm of the device to induce 7
phase-shift in the propagating light. The 50Gbits~! devices demonstrated by Tu et al. 46
and Thomson et al*? have VL energy efficiencies of 26.7Vem and 2.8Vem, respectively,
for example. The modulation speed is certainly one of the most important operating
parameters, and there is niche industry demand for very-high-speed modulation at the
cost of efficiency, however, because energy and cooling costs are such a large and grow-
ing concern for large data-centres, the primary industry demand is for medium-speed,

high-energy-efficiency modulation.

Several medium-speed accumulation modulators have been demonstrated with high en-

ergy efficiency **°2. Fujikawa et al. demonstrated an operational speed of 25Gbits™! with
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a VL of 0.28Vem Y, Webster et al. demonstrated an operational speed of 28Gbits~! with
a VL of 0.2Vem®?. These devices demonstrate the principle that accumulation based
modulators can target the industry need for "middle-ground" OE interconnects between
high-speed, low-efficiency depletion devices (which currently dominate the market, but
present scaling problems due to high energy inefficiency), and low-speed, high-efficiency
injection devices (which cannot support the high speeds necessary to satisfy most OE
interconnect requirements). Because of the industry need for "middle-ground" OE inter-
connect devices, and the fact that fabrication methods have improved significantly over
the last 20 years such that previously very challenging MOScap embedded waveguide
designs can now be fabricated and tested in an academic environment, it is now a very
promising time to pursue novel accumulation modulator designs to address this industry

need.

Conventional accumulation OE modulators utilize a vertically stacked Si/SiO2/Si MOScap
structure built into a rib-waveguide. This structure relies on either high-optical-loss, de-
posited, partially amorphous-Si (a-Si) or polycrystalline-Si (poly-Si)3*#%4% or bonded
double-crystalline horizontal-slot waveguide structures which introduces parasitic capac-
itance which increases energy consumption and limits switching speed®!. Schematic
representations of a conventional accumulation modulator utilizing poly-Si, and one us-
ing a bonded double-crystalline substrate are shown in 1.1 (a) and (b) respectively. A
key challenge that must be solved is the design and fabrication of a fully-crystalline-Si
(c-Si) slot-waveguide structure without any intrinsic parasitic capacitance. This thesis

will explore two proposed solutions to this challenge.

The first possible solution that is explored is a design based on a horizontal-slot, fin-
waveguide on bonded double-silicon-on-insulator (SOI)!, which allows one to take ad-
vantage of the inherent c-Si/SiOg/c-Si structure easily®®. A schematic of this design is
presented in 1.1 (d). Fabrication of high quality OE devices on double-SOI is also a pre-
requisite to the further development of multi-layer optoelectronic devices or multi-layer
integrated optoelectronic and microelectronic devices on the same double-SOI substrate.
A challenge associated with using a horizontal-slot double-SOI is how to pattern the bot-
tom SOI layer using lithography of the top SOI layer, since the double-SOI wafers must
be bonded prior to patterning so as to ensure excellent interface quality. I will demon-
strate the use of anisotropic wet-etching of mirror-aligned top and bottom SOI layers to
solve this challenge, and and thereby establishing a unique fabrication process to fabri-
cate horizontal-slot strip/fin-waveguides consisting of two ¢-Si SOI layers separated by a
10nm gate oxide SiOq layer, with multiple fin-gratings for use as electrode connections.
In the future this design will also enable optical communication to be overlaid directly
above microelectronic computation, which will lead to a whole new architecture of fully
integrated (as well as vertically integrated) optoelectronic integrated circuits (OEIC).
This structure also has the secondary benefit that it allows for easy ion implantation /-

doping of the SiOy slot (for example in the case of an erbium doped slot-waveguide
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F1GURE 1.1: Schematic representations of conventional accumulation modulator de-
signs ((a) and (b)), demonstrating their inherent weaknesses, and two proposed solu-
tions to these weaknesses ((c¢) and (d)). Cross-section through active region of waveg-
uide. Black dotted oval represent approximate region of propagating mode. (a) Double-
¢-Si design formed by bonding two (100) orientation SOI wafers. Total capacitance
across the gate oxide is made up of two components, C,, and Cp, only the C,,. Utiliz-
ing this platform there is currently no way to remove the bottom-left SOI, thus removing
Cp. The propagating mode is maintained in the position that it is (at the edge of the
top SOI) as a WGM at the edge of a microdisk resonator. (b) Deposited a-Si can only
be partially recrystallized to high-optical loss poly-Si. (¢) Proposed solution design #1:
Vertical-slot oxide grown on the side of exposed Si wall using LOCOS process, then a-
Si is deposited and recrystallized, before patterning waveguide with vertical slot in the
centre. (d) Proposed solution design #2: Double-c-Si design formed by bonding two
(110) orientation SOI wafers. Anisotropic tetramethylammonium hydroxide (TMAH)
wet etching can be used to suspend the top SOI, thus removing C),.

optical amplifier), a process that is difficult to achieve for high aspect ratio vertical-slot

designs.

The second possible solution that is explored is the use of a fully-c-Si vertical-slot rib-

354 accumulation modulator. A schematic of this design is presented in 1.1

waveguide
(c). This device is fabricated using a process involving sidewall local oxidation of silicon
(LOCOS) to grow the vertical gate-oxide layer, deposition of a-Si which is then fully
recrystallised using the SOI layer as a crystallization seed, chemical mechanical polishing
(CMP) planarization, waveguide patterning and etching. Subsequently, electrically active
components (doping, metal contacts etc.) are fabricated to complete the electrically
active design. This design is planar, and is therefore compatible with established Si
photonics devices on the same chip, which has advantages in terms of on-chip integration.

This solution will be shown to satisfy the key aim of the PhD which is to fabricate
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and characterise a low-power-consumption fully-c-Si OE modulator that overcomes the

challenges listed above.

The key aims of this thesis are:

1. Propose two new possible fully-c-Si slot-waveguide design architectures that do not
include intrinsic parasitic capacitance, for use in an energy-eflicient, high-speed

accumulation modulator.

2. Demonstrate the feasibility of fabricating these two fully-c-Si slot-waveguide de-

signs.

3. Utilize one of the new designs to fabricate an optoelectronically active, high-

efficiency, high-speed accumulation modulator, and demonstrate such performance.

The thesis is organized as follows:

Chapter 2 will give an overview of the theory and relevant literature relating to three
areas. Firstly electromagnetic (EM) wave propagation (for strip and slot waveguides,
grating couplers (GCs), multimode interferometers (MMIs), Mach-Zehnder interferome-
ters (MZI) and photonic crystal (PhC) bandgap guided propagation (relevant for one of
the fin-waveguide designs)) will be discussed. Secondly, the active use of OE modulators,
focussing on accumulation modulators, will be presented. And thirdly, some key Si pho-
tonics fabrication techniques (wafer bonding and thinning, and anisotropic wet etching
using tetramethylammonium hydroxide (TMAH) etc.) will be discussed.

Chapter 3 will present the two distinct designs (horizontal-slot fin-waveguide accumula-
tion modulator and vertical-slot rib-waveguide accumulation modulator) that make up
the two proposed solutions in this thesis. These will be presented with relevant compu-
tational simulations. The fabrication process flow for each of these designs will also be
presented in detail here.

Chapter 4 will present the fabrication characterisation and the post-fabrication charac-
terisation and analysis of the passive horizontal-slot strip-waveguides. This chapter will
also present the characterisation of MOScap devices fabricated on the bonded double-SOI
demonstrating the quality of the bonding-oxide and its suitability for use in an active
modulator.

Chapter 5 will present the analysis of the fin-waveguides themselves, and the their use
in passive MZI devices.

Chapter 6 will present the fabrication characterisation and the post-fabrication charac-
terisation and analysis of the passive vertical-slot rib-waveguides, and will then go on to
present the analysis and operational characteristics of the active accumulation modulator
based on the vertical-slot rib-waveguide.

Finally, Chapter 7 will provide a summary of the thesis, highlighting the key conclusions
(two new silicon photonics architectures proposed and developed, and a new architecture

accumulation modulator demonstrated), and propose some possible future work.



Chapter 2

Theory And Literature Review

2.1 Waveguides

EM waves with A smaller than the cross-section of the waveguide through which they
are guided can often be described using total internal reflection (TIR) and Snell’s law.
However, when the cross-sectional dimensions of the waveguide approach or are smaller
than the A of the propagating EM wave, the wave nature of light needs to be taken into

consideration and Maxwell’s equations need to be utilized.

2.1.1 Electromagnetic Propagation in 2-Dimensional Waveguides: Maxwell’s

equations

The wave equation can be derived from Maxwell’s equations. Maxwell’s four differential
equations relate the electric field (E) and electric displacement (D) to the magnetic field
(H) and magnetic induction (B), as well as the charge density (p) and the current density
(J) as follows (for the specific case of a charge free (p = 0, J = 0), nonmagnetic (magnetic
permeability (1) = magnetic permeability of free space (pp)) dielectric (conductivity

(0)= 0) medium) :

V-E=0 (2.1)
V-H=0 (2.2)
oH
E=-——"— 2.
V x 5 (2.3)
OE
VxH= MUGOE (2.4)

po = magnetic permeability of free space (H/m) = 47 x 10~7 H/m
€o = electric permittivity of free space (F/m)
t = time (s)
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These four equations can be used to derive the wave equations for magnetic (2.5) and

electric fields (2.6) in an inhomogeneous medium (n(r) = r).

0*H

V2H = M0€0”2W (2.5)
O’E
V’E = uoeonQW (2.6)

A propagating EM wave can be split into x, y and z component parts, E., E,, E., H;,
Hy,, H,. For an EM wave propagating in the z-direction, it can be polarized in two
ways that must be considered for waveguide design. These are transverse electric (TE)

polarization or transverse magnetic (TM) polarization, which are defined as follows:

TE polarization: E = E;; E,=E,=0; H;=0
TM polarization: H=H,;; Hy=H,=0; E;=0
The TM wave equation (2.7) and TE wave equation (2.8) describe a polarized EM wave

propagating in the z-direction in a homogeneous medium, and incorporate the mode

defining parameter, the propagation constant (3).

Pall) w2 (y) — 971, (27)
Pt — [ign(y) — ) (28)

H,(y) indicates that the magnetic field in the z-direction is a function of .

ko = wavevector = ()\—Z)2 = ppegw?

Ao = wavelength in vacuum (nm)

w = angular frequency (rad/s)

n = refractive index (constant in this case)
B = koNeyy

Neyp = mode effective refractive index

0 defines a unique EM field distribution, which is a unique mode of propagation. S can
be determined from the transcendental equations (which are specific to the waveguide
geometry) for TE and TM polarization separately. If a single solution to either of these
equations exist, a single propagating mode exists; the waveguide is single-mode. If
multiple solutions exist, multiple propagation modes exist; the waveguide is multi-mode,
however, the first “fundamental” mode carries most of the energy. Only a finite number
of discrete propagation modes can exist. If no solution exists, no propagation mode
exists and only unguided radiation modes exist, which will leak out into the surrounding
material. The horizontal-slot, strip and fin-waveguides, as well as the vertical-slot rib
waveguide, on which the accumulation modulators proposed in this thesis are based, are

designed to contain one fundamental propagating TE mode for the energy spectrum of
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interest (A ~1500-1600nm). A schematic and finite difference eigenmode simulation of
a TE mode, conventional Si on buried oxide (BOx) strip-waveguide with SiOs cladding
(performed using Lumerical Solutions MODE: Waveguide Simulator, version 2017a°%) is

presented in Figure 2.1.

The conventional TE mode presented in Figure 2.1 is the fundamental spacial profile
solution to discretized Maxwell’s equations, across a 2-dimensional (2D) cross-sectional
area, for this particular geometry. The electric field intensity, |E(r)| (Figure 2.1(a)), and
magnetic field intensity, [H(r)| (Figure 2.1(b)), at each point, r, are functions of their x,

y, z components, and are defined in 2.9 and 2.10 respectively:
E(r)| = |Bo(r)] + | By (r)]* + |E=(r)? (2.9)

[H(r)| = [Ha(r)|* + | Hy (r)* + |H=(r) | (2.10)

The energy density, n(r), at each point, r, is a function of |E(r)|, |H(r)| and €(r), and is

defined in 2.11: )

n(r) = 5 (e(r)[E(r)] + polH(r)]) (2.11)

where €(r) = eon(r)?. €(r) is not dependent on changeable yu(r) as neither Si nor SiOy
are magnetic, and therefore pu(r) = uo for all values of 7. Despite the fact that there is an
obvious |E(r)| peak either side of the waveguide, within the low n cladding, as evidenced
in Figure 2.1(b), this only has a minor effect on the n(r) in this region (Figure 2.1(c)).
Each peak accounts for 9% of the total [ |E(r)|dzdy across the entire simulation region
(56% of total [ |E(r)|dzdy is within the Si waveguide), but <1% of the total [ n(r)dzdy
across the entire simulation region (73% of total [ n(r)dzdy is within the Si waveguide).
This is for two reasons: (1) |H(r)| contributes negligibly to n(r) in this region, and (2),
% = 5.5, and therefore the same |E(r)| contributes to higher 7(r) in the Si waveguide

region.

2.1.2 Optical Loss Mechanisms

In an ideal single mode waveguide, the propagating mode is perfectly confined in two
dimensions and is subject to 0% optical transmission loss. However, in reality, there are
several important loss mechanisms that must be taken into account, and are outlined

herein (in order of increasing importance for nm scale strip and slot-waveguide designs):

e Inter-band absorption

A photon excites a valance band electron across the bandgap into the conduction
band, which then relaxes in Si’s case usually with the emission of a phonon. This
effect is negligible at A = 1.55 pm, as the incident photons do not have the required

energy to excite electrons across the bandgap.
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FIGURE 2.1: (a) Cross-section schematic of simple Si strip-waveguide on BOx with
typical design parameters; waveguide width = 450nm and waveguide height= 200nm.
ngi=3.4; npox=1.4; nclaa = 1.4. Normalized electric field intensity (|E(r)|), normalized
magnetic field intensity (|E(r)|), and normalized energy density (n(r)), for the funda-
mental TE mode of structure (a) is shown in (b), (¢) and (d) respectively. The majority
of dominating components are strongly confined to the high n Si strip-waveguide. Nor-
malized profile and arbitrary units used as absolute values depend on arbitrary input
power.
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e Volumetric inhomogeneity scattering

Any internal discontinuity in n,,(z) (for a 2D waveguide propagating in the z-
direction) causes a change in the mode profile. This mode-mismatch causes scat-
tering of the electromagnetic wave into the cladding. It is for this reason that it
is crucial to maintain a uniform oxide layer through excellent bonding quality (no
voids) when fabricating strip-waveguides with on bonded double-SOI with nm scale

bonding oxide.

e Free Carrier Absorption (FCA)

Photons are absorbed by free electrons or holes present in the material. This is

particularly important when considering positively doped Si (p-type) and nega-
tively doped Si (n-type) regions for active devices such as OE modulators. It is
also a necessary side effect of increasing the free carrier density to manipulate the
material n. This effect is described by the Drude-Lorenz equation, and is explained
in more detail in Section 2.2.2. As a rough estimate, a free carrier concentration of
10'® /em3 is responsible for an additional FCA propagation loss of approximately
10dB/cm.

e Surface roughness scattering

Waveguide surface roughness can be modelled as a random variation in waveguide
width, with changes in local n along the sidewall surface. This random change of
refractive index is a “pseudo-grating” (as opposed to a normal grating which has
a periodic change in refractive index), which can couple light into the surrounding
cladding®. As waveguide width decreases, the sidewall /interface region makes
up a larger proportion of the waveguide area, and therefore (in a conventional
device) there is a greater mode concentration at the sidewall and the pseudo-grating
has a larger effect on the mode. Surface roughness scattering is proportional to
An?°7. This is the dominant loss mechanism for passive single-mode waveguides
(dry etching incurs significant roughness) with widths < 1pm, and must therefore

be minimised if possible by wet etching techniques.

2.2 Modulators

2.2.1 Si and Non-Si Optoelectronic Modulators

Si was initially not an obvious material on which to build active OE components. It ex-
hibits no 15¢ order EO effect (Pockels effect) due to its centrosymmetric crystal structure,
and only a very weak 2"4 order EO effect (Kerr effect) with which to directly modulate
a change in the real refractive index change (An) or the imaginary refractive index (ap-
sorption coefficient change (Aa)) in the material. Traditionally, non-centrosymmetric

materials that demonstrate one of these effects, such as lithium niobate (LiNbOg), which
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possesses ferroelectric properties (local internal electric polarization which can be ma-
nipulated by an applied electric field) or IT1I-V material gallium arsenide (GaAs) (which
has the added benefit of having a direct energy bandgap and can be used to make near-

infrared laser diodes®®) have been used to modulate light directly.

Optical modulation requires the change of output optical intensity, either by directly
modulating changes in absorption or by modulating changes in the refractive index (which
can be used in a device such as an interferometer to shift the phase of a propagating
wave, or in a resonator to couple light from the main (access) waveguide into a secondary
resonant structure, which then indirectly effects the output intensity). The refractive
index of a material is made up of a real and an imaginary component, the refractive

index (n) and the absorption coefficient («) respectively.
An - refractive index change
A« - apsorption coefficient change
An electrical signal can induce a change in E in the material which then causes a An
and A« in the material, which modulates the light propagating through that material,

thus converting the electrical signal into an optical signal. The primary mechanisms

traditionally used by non-Si modulators to effect material An and A« are the following;:

Pockels effect (not present in Si)

The 15° order (linear) electro-optic effect changes n proportional to the applied electric
field, E, by changing the materials birefringence (a material property whereby the re-
fractive index of the material is dependent on the light polarization and propagation
direction) according to the following equation 2.12%% (when the direction of the applied
E field is aligned with the direction of the principle crystal axis):

E
An = 7‘371373 (2.12)

Where:
r3 = Pockels electro-optic tensor (material and crystallographic orientation dependent,
hence the subscript “3” denoting the alignment in the three relevant crystal planes)

ng = refractive index in the direction of the applied field, E.
E = applied electric field

Kerr effect (weakly present in Si)

The 2" order (quadratic) EO effect. An is proportional to E? according to the following

equation 2.13:
E2
An = 5310~ (2.13)
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Where:
s3 = Kerr coefficient

ng = refractive index whe n E = 0

An is independent of E direction relative to crystal axis. Applied E required for An
sufficient for phase change modulation in Si occurs at an applied E~100V/um at A =
1.33um (theoretically calculated by Soref and Bennet'?) which is above the breakdown
voltage of Si. The change in An as a function of applied electric field for A = 1.3-
1.6um is plotted in Figure 2.2 (a) (from Soref and Bennet !2). Figure 2.2 (b) (from Soref
and Bennet '2, original data from Wendland and Chester®, and also reproduced in Reed,
Chapter 4, Figure 4.4°?) shows the change in the A« of Si as a function of photon energy
at various applied electric fields. At photon energy < 1.02¢V (i.e. at A > 1033nm) the
Franz-Keldysh effect contributes negligibly to total absorption coefficient («) compared
to other loss mechanisms such as volumetric scattering, free carrier absorption (FCA) or

surface roughness scattering®.

(a) (b)
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FIGURE 2.2: (a) An as a function of applied electric field (V/cm) due to Kerr effect.

Reproduced from Soref and Bennet!2?. (b) A« as a function of photon energy at ap-

plied E fields 75 kV/cm, 85 kV/cm, and 100 kV/cm, due to the Franz-Keldysh effect.
Reproduced from Wendland and Chester°.

2.2.2 Plasma Dispersion Effect

The only available mechanism to modulate light at high speed in Si is the PDE. This is the
phenomenon whereby the n and « change independently as a function of concentration

of free carriers (either electrons or holes), according to the following analytic equations
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produced by Soref and Bennet? (at wavelength 1.55um):
An = Ang 4+ Anj, = —[8.8 x 10722 x AN, + 8.5 x 107 x (AN;,)%8 (2.14)

Aa = Aae + Aay, = [8.5 x 10718 x AN, + 6.0 x 10718 x (AN;,)%9] (2.15)

Where:

An, = refractive index change attributed to change in free electron concentration

Any, = refractive index change attributed to change in free hole concentration

Aa, = absorption coefficient change attributed to change in free electron concentration
Aqy, = absorption coefficient change attributed to change in free hole concentration
AN, = change in free electron concentration

AN}, = change in free hole concentration

FI1GURE 2.3: Typical MZI modulator design

FIGURE 2.4: Typical ring resonator modulator design

Using equation 2.14 we can determine that carrier density change of 5x 107 cm™3 results
in a An = 1.66 x 1073, This can be used in certain architectures to realise a significant
output intensity change. In a typical MZI design (Figure 2.3), light is coupled from
the input fibre into a waveguide and split into two parallel waveguides that make up
the phase shifter section of the device. If An is induced in one waveguide and not the
other, the group velocity of the light propagating in that waveguide is decreased. If An
and phase shifter arm length (Lgpiser) are sufficient, when the two waves are recombined
they will destructively interfere and the output intensity will be 0 (in an ideal case). The

V - cm required to induce 7w phase shift (VL) (V-cm) of a device is a critical figure of
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merit for MZI devices that defines the V-cm required to achieve one full 7 phase shift, for
maximum destructive interference. In typical resonant ring/disk modulators (2.4) a An
induced in the waveguide making up the ring/disk changes the resonant frequency of the
ring/disk and light from the adjacent waveguide couples evanescently into the resonating
ring/disk structure. At requisiteAn caused by biased induced E in the active region, all
light couples into the ring/disk and output light intensity at the end of the waveguide

decreases to 0.

2.2.3 Injection, Depletion and Accumulation Plasma Dispersion Effect
Modulation

Three different PDE operating mechanisms can be used to modulate free carrier dis-
persion in the waveguide section of a device. These are carrier accumulation, depletion
or carrier injection (Figure 2.5). In a carrier accumulation semiconductor-insulator-
semiconductor capacitor (SISCap) device®*, a gate dielectric layer (usually SiOz) is sand-
wiched between lightly doped Si strips that make up the waveguide. When a bias V is
applied across the capacitor, free carriers of opposite charge accumulate on either side of
the dielectric layer, changing their concentration where the mode concentration is high-
est, inducing An. This approach has the potential to achieve the highest switching speed
(i.e. high-speed, high data throughput) because it is not limited by high free carrier life-
time (tcarrier), before recombination, associated with the other mechanisms. However,
there are a few fabrication challenges associated with this design such as dielectric-
semiconductor interface quality, and the reliance on a-Si or poly-Si for one-half of the

waveguide.

Carrier depletion modulators have a waveguide made up of a p-type and n-type regions
so that they form a p-n diode, and operate in reverse-bias. When V is applied across the
diode, carriers are attracted away from the centre p-n interface region, forming a depletion
layer at the centre of the waveguide. In carrier injection modulators the waveguide is
formed of three separately doped regions, p-type, intrinsic and n-type, forming a p-i-n
diode. When V is applied across the p-i-n diode in forward bias, free carriers are injected
from the doped regions into the intrinsic central region. Injection type modulators have
lower switching speeds compared to depletion type modulators due to high free carrier

lifetime, tcarrier, before recombination.

The "figures of merit" that define the performance quality of optoelectronic modulators

are the following:

e Modulation 3dB bandwidth (f345)

The frequency over which transmission is at least 50% of maximum transmission

value. Resonant structure modulators (ring/disk) are “narrowband” devices with

much lower bandwidths available for modulation (on the order of 100s pm®!).
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FIGURE 2.5: Schematic of (a) accumulation based PDE Si strip modulator with hori-
zontal gate oxide barrier, (b) injection based PDE Si strip modulator and (c) depletion
based PDE Si strip modulator.

Narrowband devices also suffer from very low fabrication tolerance (e.g. resonant
wavelength of a ring/disk can change by as much as 0.25nm, double modulation
bandwidth, for a Inm increase in ring width%?), and have higher temperature sen-
sitivity than MZI devices364. MZI devices have much larger available bandwidths

(10s of nm’s) and are said to be “wideband” devices.
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e Modulation depth

Ratio of maximum transmission intensity (I,,42) to modulated minimum transmis-

sion intensity (Ipn) in dB. The required modulation depth depends on the intended
application, 4-5dB is often sufficient ', however, if minimizing device footprint and

power consumption are a priority, a lower modulation depth may be tolerable.

e Modulation speed

Speed at which light can be reliably modulated. Under high-speed operation the

output "eye diagram" must remain open for reliable modulation.

e Optical loss
“Passive” and “active” loss as explained in 2.1.2. As waveguide cross-sections have
been decreased to reduce device footprint and increase light-matter interaction %,

increase speed and decrease power consumption, passive optical loss has increased.

e Device footprint

Reducing device footprint increases device density and decreases cost per device,
however, this is often at the expense of other performance metrics, such as a signifi-
cantly reduced bandwidth and high thermal sensitivity (with incumbent additional
power required to maintain device temperature) when comparing small device foot-

print resonator devices to large device footprint MZI devices.

e Power consumption (or power consumption per bit)

Energy required per modulated bit. Lightwire’s accumulation modulator operating

at 10Gbit s-1 has an energy consumption of 5pJ bit "1,

2.2.4 Review of Injection, Depletion and Accumulation Modulator De-

vices in Literature

The three modulation mechanisms (injection, depletion and accumulation) and the two
device architectures (MZI and ring resonator) each have pros and cons. This subsection
will review the development of these three mechanisms in the literature, highlighting
which mechanisms/architectures are suitable for which applications. Injection mecha-
nism modulators are the easiest to fabricate, as the p-type and n-type doped regions are
separated by the intrinsic region, so doping layer alignment and controlling the dopant
diffusion pattern is less critical than with depletion devices, and the waveguide doesn’t
need to be built around a precise oxide capacitor layer, as with accumulation devices.
The ease of fabrication is exemplified by the fact that injection mechanism switches were

the first to be developed from 19872 which utilized "x-switch" splitter architecture??:66,

33’67, prior to achieving high-

MZI freespace architecture®!, and MZI on-chip architecture
speed modulation in 2004 %® which utilized a microdisk resonator architecture. Since then
many medium-speed, high efficiency injection devices have been demonstrated 697,

Exceptionally low energy consumption per bit has been achieved with injection devices.
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Preston, K. et al. demonstrated 86fJ /bit energy consumption at 3Gbit /s operation ™ us-
ing a micro-ring resonator architecture, and Debnath, K. et al. demonstrated 1.6fJ/bit
energy consumption at 0.5Gbit /s operation” using a a cascaded WDM PhC resonator
architecture. The majority of injection mechanism modulators demonstrate operational
speed < 20Gbit/s, and because of the long minority carrier lifetime (fcarrier) in Si they
will be restricted to lower operational speeds at <2V drive voltage (IC compatible drive
voltage). This speed limitation can be circumvented to an extent by utilizing resonant
structures*® but these devices are narrow-bandwidth compared to MZI architecture de-
vices, and require thermal heaters to tune the devices, which increases energy/bit mas-

sively, generally offsetting the efficiency of injection mechanism devices.

Depletion mechanism modulators are more challenging to fabricate due to the need to
carefully control the placement of the p-type and n-type doped regions and dopant dif-
fusion pattern. The first deletion mechanism modulator was proposed in 20057%, and
realised in 20073637, Since then many medium /high-speed depletion devices with various
designs have been realised 1739447783 with some demonstrating operational speeds up to
90Gbit /s*7. Despite the plethora of medium/high-speed depletion devices demonstrated,
they all have corresponding high energy consumption, with most reported devices (and
most cited in this paragraph) having V,L >2 V.cm, with Zeilbell, M. et al. reporting
3.5V-cm for 40Gbit /s operational speed®*, and Thomson, D. J. et al. reporting 2.8V-cm

for 50Gbit /s operational speed*? as representative examples.

As previously mentioned, the accumulation mechanism modulator was the first to demon-
strate > 1Gbit/s3* and then >10Gbit/s3® performance. It was understood that accumu-
lation mechanism modulators could outperform injection mechanism modulators as they
are not limited by long minority carrier lifetimes, but instead are limited by device resis-
tance and capacitance'!, which can be optimized with appropriate fabrication methods.
However, despite the recognised potential, accumulation modulator development was
slow due to inherent fabrication challenges. As fabrication methods improved, several
MZI accumulation modulators with operational speed > 20Gbit/s and VL < 0.3V-cm
have been demonstrated?® 2052  as well as low energy-per-bit operation micro-disk res-
onator structures®. Accumulation modulator operational speeds are slightly ( 20Gbit /s)
lower than that demonstrated by depletion modulators, but their V. L efficiency is almost

an entire order of magnitude that that demonstrated by depletion modulators.

As can be seen, different modulation mechanisms are suitable for different purposes,
with injection mechanism modulators suitable for applications where ultra-high speed
is not necessary but that require ultra-high efficiency, depletion mechanism modulators
suitable for ultra-high-speed applications at lower efficiency, and accumulation mecha-
nism modulators suitable for middle-ground applications that require both high-speed
and high-efficiency. The goal of this project is to realise an efficiency (lowV,L), low
optical loss, high bandwidth, high speed modulator for short range OE interconnects.

This application area is particularly important because of the growing energy concerns
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within the telecommunications/OE of data-centres industry. The most promising mecha-
nism to achieve this middle-ground of high-speed and high-efficiency is the accumulation

mechanism.

2.2.5 Plasma Dispersion Effect Accumulation Mach-Zehnder Interfer-
ometer Modulators

The first GHz Si OE modulator was based on carrier injection into a p-i-n diode waveg-
uide, demonstrated in 2004 with a speed of 5GHz3>. The switching speed of this type
of device was limited by the long tcaprier- In 2004 Intel demonstrated a Si accumula-
tion modulator with an operating speed exceeding 1GHz>* (1Gbit /s pseudo-random bit
sequence (PRBS) successfully modulated). This was improved in 2009 when Lightwire
demonstrated an accumulation modulator with 10Gbits™1 operation, with a modulation
depth of 9dB!!. In 2013 Cisco demonstrated another MOScap accumulation Si modula-
tor with 28Gbits~1 and 9dB modulation depth (40Gbits~1 for 8dB modulation depth)*®.

The goal of this thesis is to modify and improve upon this design.

The electrical circuit electrical circuit relaxation time (¢,¢4,=RC) is the switching speed

limiting factor in depletion/accumulation devices

, as opposed to the fcaprier limiting
factor for carrier injection devices®0. Reverse-bias, p-n diode, depletion modulators with
t<«tearrier Were easier to fabricate than accumulation modulators in the past and there-
fore Si modulator research initially focussed on these devices®”. However, the junction
capacitance (Cjumtion) (the capacitance arising from the charge variation in the deple-
tion region) and the resistance (R) of depletion modulators are both functions of doping

concentration (N) of the p- and n- doped regions according to the following relationships:
Rox N1 (2.16)

1
Cjunction x N2 (217)

In accumulation modulators total capacitance (C') is independent of N and is determined
exclusively by relative electric permittivity of dielectric (e, ) of the dielectric material, and
the oxide thickness (t,;) of the capacitor (equation2.18). As C'is independent of doping,
it allows for the design of either low-voltage (high-C) or high speed (low C) modulators

depending on the application.
A

C =ee€eg— (2.18)
lox
Si accumulation modulators with embedded horizontal gate oxides separating a doped
poly-Si layer (top) and doped c-Si layer (bottom), have previously been shown to operate
with data transmission speed of 10Gb~13%. However, light propagating through poly-Si
is subject to high scattering loss from the many poly-Si grain boundaries as previously
described. This design of poly-Si/dielectric/c-Si accumulation modulator is shown in

Figure 2.6.
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FIGURE 2.6: Schematic of horizontal poly-Si/dielectric/c-Si SISCap accumulation mod-
ulator.

Sodagar, M. et al®’ demonstrated a c-Si/SiOy/c-Si high-quality factor (Q-factor) mi-
crodisk resonator modulator on a bonded double-SOI (2.7) with a 10GHz bandwidth
and 15 Gbit~! operating speed. The Sodagar, M. et al.’! device is comprised of a mi-
crodisk optical resonator (radius=3um), placed 150nm away from the waveguide width
(Wiwg)= 450nm wide access waveguide (for evanescent coupling with the access waveg-
uide). Both top and bottom Si layers were connected to metallic contacts (1.5pum from
the WGM located in the microdisk to minimize propagation loss from metallization).
The SiO9 capacitor extends across the microdisk, and upon the application of positive
bias, V, causes an accumulation of oppositely charged carriers (AN ) on the top and
bottom Si layer. Accumulated charge at the centre of the capacitor has negligible effect
on the fundamental TE mode confined mostly to the edge of the microdisk. The C
is made up of the C,,, where the mode is confined, and the C), at the centre of the

microdisk where there is virtually no mode present.

Handle Layer

FIGURE 2.7: (a) Schematic of ¢-Si/70nm SiOq/c-Si accumulation-based microdisk res-

onator modulator. (b) Cross section of microdisk resonator section of the device, in-

dicating Cy,, where the optical mode is designed to propagate, as well as C), in the

central region of the disk. (¢) Mode profile of the ring resonator. (a), (b) and (c) taken
from Sodagar, M. et al.%!

change in free electron concentration (AN,) and change in free hole concentration (ANy,)



Chapter 2 Theory And Literature Review 21

in the region of mode confinement induces An in accordance with the PDE, which changes
the optical path length in the microdisk and therefore changes the evanescent coupling

efficiency between the input waveguide and the microdisk.

The Sodagar, M et al. device was fabricate on a directly bonded®®®? double-SOI.
The double-SOI fabrication process (outlined in Moradinejad. H et al.?’) is as follows
(schematically presented in Figure 2.8):

1. 35nm thermal oxide grown on thinned down undoped SOI (3pum BOx)

2. SOIs cleaned using acetone (ACE), methanol, isopropanol (IPA) and an industry
standard cleaning process to remove organic contaminants, remove the native oxide,
and remove ionic contamination (developed by the Radio Corporation of America
and commonly known as an RCA clean). This cleaning was performed to minimize
surface contaminations as any particles of any size can reduce bonding quality

through void formation or weak adhesion.

3. Activation step of application of Og plasma from reactive ion etching (RIE) fol-
lowed by submersion in ammonium hydroxide (NH4OH) (to increase the surface

hydrophilicity).

4. Following bonding, the handle layer and BOx of the top wafer was thinned down

using a combination of dry and wet etching.

Steps 1-3
Step 4

Handle Si >
Handle Si

BOx (3
AF BOx (3um) Step 5
Thermall SOl (110 . .
rown oxize X — Bonding SOl (110nm) Bonding SOl (110nm)
g “a axide axide
(35nm) SOl (110nm) {70nm) SOl (110nm) {70nm) SOl (110nm)

BOx (3um) BOx (3um) BOx (3um)

Handle Si Handle Si Handle Si

FIGURE 2.8: Direct wafer bonding and thinning down process. Steps 1-3 — Thermal
oxidation, SOI cleaning and pre-bonding activation. Step 4 — Direct bonding and
annealing. Step 5 — Top handle and BOx removal to realise double-SOI structure

The optical devices were patterned on double-SOI using e-beam and dry etching using
inductively coupled plasma (ICP) and RIE. An oxide layer was then deposited on the

sample via atomic layer deposition (ALD) to prevent ion tail channelling. Several ion
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implantation steps were implemented to realise the p-/p-+/n-/n+ doped areas required
for the active device. The sample was then annealed using rapid temperature annealing
(RTA) to electrically activate the implanted ion dopants, then coated with oxide us-
ing plasma enhanced chemical vapour deposition (PECVD). Vertical channels were ICP
etched through the deposited oxide above highly doped regions, allowing subsequently
deposited Ti/Cu metal to contact the substrate. These vertical channels which allow
vertical electrical connection through insulating oxide are referred to, by convention, as

”Via’s” .

A continuous-wave (CW) laser source was coupled into the input waveguide using cleaved
single mode fibres (SMFs). The coupling and access waveguide total loss was measured
to be 20dB at wavelength 1560nm. The light source was then polarization controlled
and the wavelength swept from 1550nm to 1570nm. Figure 2.9 (a) (taken from Sodagar.
M.?!) shows the normalized transmission spectrum for various applied direct current
voltage (Vgc)). At Vg.) = 0, the resonance feature (fsgp) ~0.45nm (Q-factor ~ 3500).
As V. is swept from 0V — +20V the resonance wavelength is blue shifted ~340pm due
to An in Si'? caused by the accumulated free carriers in the area where the mode is

concentrated. At the same time, FCA increases microdisk loss, decreasing the Q-factor.

Figure 2.9 (b) (taken from Sodagar. M. et al.) shows the measured resonance wavelength
shift for positive and negative polarizations as function of the absolute value of V., both
of which follow the same trend of increased blue shift with increased V4.. However, the
blue shift associated with the negative polarization is smaller because in this case the
Si layers must first be depleted of oppositely charged carriers because of their initial
doping. This phenomenon is common in the inversion condition of a regular MOScap®!.
When Vg > 12V, resonance wavelength shifts at a rate of ~25 pm/V, in accordance
with theoretical predictions. At V4. < 12V, resonance wavelength shift rate is lower than
predicted, due to non-zero flat band voltage caused by fabrication errors such as charge

traps.

A data transfer rate of 15 Gb/s was achieved by studying the response to PRBS at 15
Gb/s at peak V = 4V. The authors claim that the “eye-diagram” produced implies a
data transfer rate of up to 30 Gb/s is achievable with this device and that with proper
optimization (of doping profile, microdisk Q-factor etc.), the authors predict a data-
switching rate of 60 Gb/s is achievable. This is a very high switching speed considering
the compactness of the device. However, compactness comes at the cost of increased
fabrication intolerances and massively reduced bandwidth. The fabrication process for
realising this double-SOI horizontal-slot accumulation modulator can be taken in part
and adapted to fabricate an MZI on a double-SOI structure.
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FIGURE 2.9: (a) Normalized transmission spectrum of microdisk resonator modulator
at various applied Vg4.. (b) Resonance shift as a function of applied V4. for positive
and negative polarities. Both figures from Sodagar. M.

2.3 Fabrication

2.3.1 Direct Bonding

Liang, D. et al®? outlined a process for low-temperature SiO3/SiOs covenant bonding
to bond III-V semiconductors to SOI, a process that can easily be modified to bond
SOI-SOI to create double-SOI. A bonding oxide layer of 60nm was achieved, although
there is no reason to expect a <10nm bonding oxide cannot be achieved. After SiOq is
thermally grown, the process involves Oy plasma treatment by RIE and application of
dilute hydrofluoric acid (HF) activation steps to form a “porous fluorinated network” "3,
enhancing low-temperature bonding. After this step, the wafers are baked on a hotplate
(whilst simultaneously applying NH4OH vapour), then bonded under 1.5MPa pressure,
and annealed at 300C for 2-12 hours. This step could be followed by a high temperature
annealing step (i.e. over 800C for high-temperature bonding, where the inter-facial oxide
becomes viscous, increasing the contact area enhancing diffusion of hydrogen trapped
at the interface, reducing inter-facial voids®®), but that was not the purpose of this

particular study.

The bonding quality was tested via the "crack-opening method"®’. Equation 2.198%94
shows the relationship between the geometry of a crack propagating through a cleaved
bonded wafer and the specific surface energy (v) at the interface between the two bonded

wafers: 5
3Et°y
= — 2.19
YT TR (2:19)
Where:
v = specific surface energy(ergs/cm?)
y = wafer crack separation distance/2 (thickness of inserted blade (cm))

L = wafer crack length (length between blade edge and first interference fringe from
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blade (cm))
tw = wafer thickness (cm)
Epnoq = electric field (material specific, E = 1.66 x 10'2dyn/cm®™ for <100> Si)

SURFACE ENERGY
¥ = g Eﬁ
8 L*

8i WAFER t
BLADE & £

¢ S WARER

FIGURE 2.10: Schematic of crack opening method®’

A crack is made with a blade at the edge of the wafer and interference fringes parallel
to the blade edge can be observed using transmission IR radiation. This technique can
also be used to observe individual voids larger than ~ 1um, as they cause breaks in the

regular pattern of the interference fringes.

This technique was used by Liang. D et al.?? to determine a surface energy of 2.63 J/m?
(averaged from several samples of lecm? chips cleaved from the same double bonded
wafer), for wafers bonded at 300C for 2 hours, falling to between 2.23 J/m? — 2.44 J/m?

192 shows the relationship between annealing time and

following 12 hours annealing. 2.1
v (after saturating at ~2.5-3 hours v fluctuates but shows no correlation with increased
annealing time) as well as an infra-red transmission image of a lem? chip cleaved from

a bonded double-bulk Si wafer (with combined 60nm PECVD deposited oxide bonding

layer), showing 0 visible voids.

Voids can form for a few primary reasons. Firstly, any pre-bonding contamination parti-
cles are points where the two wafers will not contact, therefore pristine conditions must
be maintained pre-bonding. Despite this, voids are inevitable around the edges of the
wafer where it has been handled with tweezers. Secondly, trapped inter-facial gas or
gasses produced as by-products of the bonding reaction that cannot diffuse away from
the interface during annealing can cause voids®®%° These particularly lead to high in-
ternal pressure, which can lead to the bonded wafer cracking when annealed at high
temperature, or lead to micro-scale voids in less extreme cases. Oo plasma treatment via
RIE was shown to reduce such voids. Figure 2.11 (from Liang, D. et al.??) shows two
bonded samples, (a) underwent no Og treatment and has a void density of 138 cm™2,
(b) underwent Oo plasma treatment and has a void density of 2 cm~2. This void den-

sity reduction is thought to be due to a reduction in surface defects (not reduction in
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FIGURE 2.11: Surface energy of bonded Si/Si wafer as function of annealing time at

300C. Left inset: InP/SOI bonded chips. Right inset: Si/Si bonded wafer annealed for

2 hours, imaged using infrared transmission, showing 0 voids. Taken from Liang. D et
al. 92

contaminations). Og plasma grows a <5nm layer of SiOy with a higher strain compared
to thermally grown SiO2”0, and deforms the structure of the thermally grown SiOs.
This surface is also more hydrophilic, which leads to a higher density of Si-OH bonds
after contact with dilute HF. Oy plasma also breaks Si-O bonds, decreasing the surface
stability”” increasing Si-O to Si-fluoride (F) and Si-amino group (NHs) reactions in the
subsequent HF activation step. It also reduces the amount of bonding by-product HO,
which vaporizes upon annealing and can lead to trapped gas causing cracks as well as
voids. These processes and problems must be taken into account when developing a

bonding process.

Ljungber K. et al.?® were the first to develop the method of dilute buffered HF (sulfu-
ric acid (H2S04):H202:HF) cleaning and H2O rinsing prior to bonding, which improves
initial van der Waals low-temperature bonding. Buffered HF increases surface hydropho-
bicity and passivates the surface with Si-F dangling bands, which are then replaced with
Si-OH bonds when rinsed in HoO. The Si-OH bonds are unstable and bond easily to
other Si-OH bonds. This method can be used to bond SiO2-SiOs surfaces, as well as
Si-Si surfaces. The authors also showed that surface energy (i.e. bonding strength)
increases with annealing temperature from 350C (where the low-temperature bonding

regime ends) to at least 600C for wafers treated with buffered HF prior to bonding.

A patent for an “Optical modulator utilizing wafer bonding technology”?’ was published

in 2011 (Figure 2.12), which describes the fabrication of a bonded double-SOI and subse-
quent splitting step (instead of top handle Si dry/wet etching) using an injected implant
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FIGURE 2.12: Two separate, bonded samples. (a) without Os plasma treatment ((c)
100x magnification showing 138 cm~2 void density), (b) with O plasma treatment ((d)
100x magnification showing 2cm~?2 void density). From Liang, D. et al.%?

layer to weaken the bonded wafer in the appropriate place, and subsequent modulator

fabrication.
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FIGURE 2.13: Schematic of patented optical modulator. Light propagates though the
central waveguide highlighted by the dashed oval in the middle. Reproduced from
patent 99

The optical loss in undoped poly-Si waveguides is approximately 9dB/cm'9%191 which
increases when doped. For high-speed EO modulator operation (i.e. >25 Gb/s) high
doping is required, which in poly-Si would lead to unacceptable optical loss. Therefore,
the only way to achieve high-speed EO modulation in a MOScap device is to us double-

¢-Si, which can be most feasibly achieved using the bonding methods described.
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2.3.2 Tetramethylammonium Hydroxide Etching

The high refractive index difference (An = 2.0) at the Si/SiOy interface allows high op-
tical confinement but is also a major source of loss, as scattering loss from the sidewall’s

257 As such, it is important to smoothen the

of the waveguide is proportional to An
sidewall’s as much as possible. Strip and slot waveguides are conventionally etched after
e-beam lithography by dry etching (i.e. RIE or ICP etc.), but this causes significant
sidewall roughness. This sidewall roughness after dry etching can be reduced by two
wet etching steps. Firstly, the structure can be oxidised to grow a thin oxide layer on
the surface of the Si waveguide, and subsequently removed by wet etching with HF.
Secondly, the structure can be anisotropically etched using tetramethylammonium hy-
droxide (TMAH) (which etches the Si <111> crystal plane at ~2% the speed at which

it etches the <100> crystal plane).

The anisotropic etching of Si by TMAH (chemical formula: (CH3)4NOH) is a result of the
fact that different Si atoms in the crystal structure are subject to different removal rates,
and etching is determined by site-dependent chemical reaction kinetics. The "etching
event" is a complex process involving either a chemical or electrochemical oxidation of

102 " and subsequent etching step, resulting in a free orthosicilic acid

surface Si atoms
(Si(OH)4) product. The surface Si atoms on the <100> plane are bonded to only two
additional Si atoms, whereas Si atoms on the <111> plane are bonded to three additional
Si atoms!'%3. The activation energy barrier required for the sequence of "etching event"
chemical reactions to take place is higher in the case of the strongly bound <111> plane

atoms than the weakly bound <100> plane atoms 94105

, and is consequently less likely
to take place. When a Si atom is etched from the <111> plane, a pit forms surrounded by
three less strongly bound Si atoms. These Si atoms have a higher etch probability than
<111> plane surface atoms and are therefore etched faster. As they are removed, more
weakly bound Si atoms are exposed, and rapid etching propagates parallel to the <111>
plane. This etching can sweep over the entire <111> plane, creating an atomically
smooth layer. <111> plane etching is therefore a combination of rare/slow removal of
strongly bound Si atoms (nucleation), and subsequent rapid lateral etch propagation.
From a macroscopic perspective, the <111> plane can be modelled as slow-etch rate
stopping layer, that creates perfectly atomically smooth planes. The site-dependent
reaction-controlled etching of TMAH (and other anisotropic wet etchants) is opposed to
diffusion-controlled etching, in which all surface atoms are etched at the same or similar

rates, and etching rate is determined by reactant supply and product dispersion.

In 2001, Lee. K et al.'%% demonstrated 0.8 dB/cm optical loss for a TMAH etched 0.5um

1.106) shows AFM images for

wide Si strip-waveguide. Figure 2.14 (taken from Lee. K et a
(a) a conventionally dry etched waveguide, (b) a waveguide fabricated using dry etching
and oxidation smoothening, and (c¢) a waveguide using dry etching, oxidation smoothen-

ing and TMAH etching. The sidewall’s roughness visibly decreases for the oxidation
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(b) (c) '

Conventional Oxidation Anisotropic
Fabrication Smoothing Etching

(a)

o

FI1GURE 2.14: AFM images of waveguides having undergone different levels of sidewall

smoothening. (a) Conventional RIE dry etching only, rms roughness (o) = 10nm.

(b) After dry oxidation and HF wet etching smoothing, ¢ = 2nm. (¢) After TMAH
anisotropic etching, <111> plane clearly defined. ¢ = 2nm.

smoothening sample, and smoothens further after TMAH etching. The transmission loss
associated with these three types of devices are >10dB/cm, 1-10dB/cm and <1dB/cm
respectively. This is a promising technique for reducing sidewall scattering induced loss,
as well as patterning lower layers of a device from above using <111> plane selective

etching.

Debnath. K. et al.>* used a similar method using <110> wafers (crystallographic
plane <110> perpendicular to the surface), to fabricate ideally atomically flat sidewall
waveguides with sidewalls perpendicular to the BOx substrate, as opposed to trapezoid
(54.7deg angle between sidewall and BOx surface due to crystalline structure) waveguides
fabricated by Lee. K. et al.'% which are polarization sensitive and therefore not suitable

1.%4 was able to

for use in polarization independent OE modulators. Debnath. K. et a
demonstrate strip-waveguides with 0.85dB/cm loss for TE polarization, and 1.08dB/cm

loss for TM polarization at A = 1550nm, demonstrating polarization insensitivity.



Chapter 3
Design and Methodology

As outlined in 1 and 2.2.4, there is a growing industry need for compact, high efficiency,
OE modulators as a solution to the short-medium range telecommunication bottleneck
problem. Si photonics PDE modulators are a promising technology to address this
need due to their CMOS compatibility and scalability. 2.2.4 presents the historical
development of Si PDE OE modulators and demonstrates that although injection and
depletion mechanism modulators have advantages in terms of either absolute efficiency
(injection) or absolute speed (depletion), accumulation modulators offer the best middle-
ground solution of medium-speed, high-efficiency that industry requires. As outlined in
2.2.5, despite the progress in accumulation modulator design and fabrication, there is
still no demonstration of a fully-crystalline-Si modulator that does not exhibit intrinsic
parasitic capacitance. Sodagar, M. et al®! demonstrated a fully-crystalline-Si horizontal-
slot accumulation modulator on a bonded double-SOI structure, but there was no way
to remove the bottom SOI layer independently from the top SOI layer, and the device
therefore suffered from parasitic capacitance (decreasing energy efficiency) and limited
the modulator to a microdisk design. Wu, X. et al.*® demonstrated a horizontal-slot
accumulation modulator using partially recrystallized poly-Si. This device demonstrated
20Gbit/s and 4.5pJ/bit operation, but this design will always be limited by the fact
that the deposited a-Si can not be fully recrystallized, leading to high poly-Si optical
loss, higher input power, and therefore higher energy consumption. The two designs
presented in this chapter both solve the problem of how to fabricate a fully-crystalline-Si

accumulation modulator without intrinsic parasitic capacitance, in two different ways.

The horizontal-slot fin-waveguide accumulation modulator design (3.1) is a unique de-
sign that utilizes a bonded double-SOI platform with mirrored top-SOI/bottom-SOI
crystal alignment, allowing for the bottom SOI layer to be anisotropically under-etched
from above, removing parasitic loss and introducing a new biplanar (vertical-MOScap
structure) waveguide design. The vertical-slot rib-waveguide accumulation modulator
(3.2) presents a unique planar, vertical-slot (horizontal-MOScap structure) modulator,
in which the SiOs thickness is defined using LOCOS, and one half of the rib-waveguide

29
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is comprised of fully recrystallized deposited a-Si, using innovative c¢-Si "seed" windows.
This chapter will detail the simulated device performance demonstrating that as well
as conceptually innovative designs, these designs have the potential to compete with es-
tablished accumulation modulator devices. This chapter will also detail the fabrication

process flows for both devices, and 3.3 will outline key fabrication techniques used.

3.1 Horizontal-Slot Fin-Waveguide Accumulation Modula-

tor

3.1.1 Design

Figure 3.1 shows the new proposed design for the horizontal-slot, low VL, low-loss, high-
speed accumulation OE modulator. The fully ¢-Si horizontal-slot strip/fin-waveguide is
fabricated on bonded double-SOI. A major problem associated with using the double-SOI
platform is patterning of the bottom layer separately from the top layer, seeing as the
double-SOI wafer should be bonded before any patterning processes take place to ensure
excellent Si/SiOs interface and SiO9/SiO9 bonding interface quality. The solution to this
problem is to use anisotropic wet-etching to selectively under and over etch the top and
bottom SOIs independently in a single step. This will form a fin-waveguide structure

with the multiple-fin grating being used as electrode connections.
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FIGURE 3.1: Design schematics of (a) the top down view of phase-shifter fin-waveguide

region. The relevant <111> stable planes are superimposed over the fins of the top SOI

and bottom SOI on the left (green) and right (yellow) respectively. (b) Cross-section

b-b’. Wy, = 350-500nm, H,, = 210nm, t,; = 5-10nm, W,_= W,_=1000nm. (c)
Cross-section b-b’.

The bonded double-SOI consists of two <110> 100nm Si SOI wafers, bonded with a 10nm
thermally grown gate oxide slot. The orientations of the stable <111> crystallographic

planes of the top and bottom wafers are mirrored (Figure 3.1). The sidewalls of the

upper fins align perpendicular to the upper SOI <111> direction. The sidewalls of the
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lower fins align perpendicular to the lower SOI <111> direction. The fins are therefore
at a 20° angle perpendicular to the waveguide. Perpendicular to the substrate, the fin
width (Wy;y) is between 100-200nm and the fin period (Ay,) is between 250-400nm.
Figure 3.1 (b) and (c) shows a schematic of the active phase-shifter section of the MZI

device.

3.1.2 Simulation

Finite difference eigenmode simulations were performed® to establish the characteristics
of the expected TE mode profile in both the horizontal-slot strip and fin-waveguides
(Figure 3.2). |E|? is concentrated around the central oxide region, the region where free
carrier change is expected to be highest in an active MOScap based modulator device
utilizing this design. The concentration of |E|? around the oxide for this fundamental
mode increases the potential An in an active device. Also, despite the fact that the mode
profile is slightly "tilted" in the fin section as opposed the the strip waveguide section,

the |E|? concentration is negligible at over 100nm into the fins.

Dielectric cladding

.
S -

Buried Oxide

FIGURE 3.2: Simulated normalized energy density (n(r)) of TE optical mode profile of
(a) and (b) strip-waveguide at Wy, = 500nm in linear scale.

The fins serve the primary function of acting as electrical contacts either side of the ox-
ide barrier, however, due to the fact that their placement is periodic, they can serve the
secondary function of acting as a pseudo-1-dimensional (1D) PhC. Four fin-waveguide
designs (Table 3.1.2) (varying Wy;, and Ay, were studied. According to 3D finite dif-

ference time domain (FDTD) simulations (performed using Lumerical Solutions FDTD:
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3D Electromagnetic Simulator, version 2017a'%7) (Figure 3.4) fin-waveguide design #4
exhibits a clear 42nm wide bandgap between wavelengths 1576nm-1618nm. If desired,
this device could be operated at the band-edge in the "slow-light" region (the exponential
increase of group index, ngy, at the band edge is indicative of slow light), however, for the
purpose of this study, maximizing bandwidth and lower propagation loss are of a higher

priority.

3D charge transport simulations (Lumerical Solutions CHARGE: 3D Charge Transport

108) were performed to estimate VL, f3sp and optical loss as

Simulator, version 2017a
a function of W, (Figure 3.3) for fin-waveguide MZI modulators with Wy;, = 160nm,
Aytip = 214nm, as well as non-fin horizontal-slot SISCap MZI modulators for reference.
VL is improved 10% at W,,, = 500nm, where optical confinement is strongest. Optical
loss is improved by 0.4dB at Wy, = 350nm. Figure 3.3 shows that f3;p is decreased by

the fin structure. This is due to the increased resistance caused by the fins.
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FiGURE 3.3: Simulated performance characteristics of horizontal-slot fin-waveguide
accumulation modulator, compared to non-fin waveguide. (A) V,L as a function of

Wng-

The fin-waveguide device shows a 17.4% improvement in efficiency over the

non-fin-waveguide structure at W,,4 250nm, and a 11.4% improvement in efficiency at

waveguide width 500nm. (B) Optical loss as a function of Wy,4. (C) f3ap as a function

of waveguide width. (D) fsgp as a function of optical loss (dB). Simulations carried
out in Lumerical Solutions CHARGE 08,



Chapter 3 Design and Methodology 33

TABLE 3.1: Four different fin designs (with different Wy;,, and Ay;,,)
Design # ‘ Fin width (nm) ‘ Fin period (nm)

1 100 300

2 125 250

3 150 300

4 200 400
oms (i) (ii)
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FIGURE 3.4: Dispersion relation (a) and group index of fundamental TE mode for

fin-waveguide design#4 (Wy;, = 200nm, Ay;, = 400nm). The dispersion relation

clearly shows a photonic bandgap. 3D simulations carried out in Lumerical Solutions
FDTD!07,

3.1.3 Fabrication Process Flow

The primary fabrication challenge involved for the realisation of the horizontal-slot fin-
waveguide accumulation modulator described above is the problem of how to selectively
under-etch one side of the fins and over-etch the other side of the fins. The solution
proposed and demonstrated in this thesis is to bond two <110> wafers together, such
that that the crystal orientation of the top layer mirrors the crystal orientation of the
bottom layer. TMAH anisotropic wet etching therefore effects each layer differently.
By patterning the fins such that their sidewalls are aligned normal to the the <111>
crystal plane of one layer (and are therefore out of alignment with the normal to the
<111> crystal plane of the other layer), the top fins can be under-etched and the bottom
fins over-etched simultaneously in a single step, in a "self-aligned" process. This is
demonstrated clearly in Figure 3.5 which shows the fabrication process for fin-waveguides

from the starting point of a bonded double-SOI substrate.
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Bottom SOI
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SiO, (bonding
layer)

Buried Oxide

Outline of
removed fins

FIGURE 3.5: Fin-waveguide fabrication process flow. (A) Bonded double-SOI platform
with 10nm bonding "gate" oxide. 22nm thermal oxide protective layer grown on top.
The top and bottom (110) SOI layer have mirrored crystal orientation (shown in (E)).
Fin-waveguide patterned using electron beam lithography and dry etched using SFg
and CHFj3 chemistry ICP. (C) Local oxidation of silicon (LOCOS) process. ~10nm
thermal oxide grown on (111) sidewalls to reduce sidewall roughness to an acceptable
limit pre-TMAH etching. (D) Sidewall oxide removed using HF and TMAH applied
for 105 minutes etching non-stopping Si planes (i.e. non-(111) Si planes). Left-lower
fins etched whilst top fins protected by (111) sidewall. Right-upper fins etched whilst
bottom fins protected by (111) sidewall. (E) Remaining exposed oxide removed using
HF. Dielectric protective layer (PMMA, n = 1.44) applied.

3.2 Vertical-Slot Rib-Waveguide Accumulation Modulator

3.2.1 Design

The cross-section of the vertical-slot rib-waveguide and the MZI phase-shifter design are

presented schematically in Figure 3.6 and Figure 3.7 respectively.
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FIGURE 3.6: Vertical-slot waveguide cross-section.

FIGURE 3.7: Active MZI section of vertical-slot rib-waveguide accumulation modulator,
3D schematic.

The vertical-slot rib-waveguide is designed to have a total waveguide thickness of 320nm,
with 100nm thick Si contacts either side of the waveguide which act as electrical contacts.
These electrical contacts are thin enough such that the fundamental TE mode is confined
almost entirely within the central rib section of the waveguide, whilst also being thick
enough to provide adequate low-resistance contacts. Both sides of the rib-waveguide
are lightly doped (target doping concentration = 1x10'®) with n- or p-, allowing for
high-bandwidth performance without inducing intolerable FCA optical loss. The heavily
doped (target doping concentration = 1x10?°) n+ and p+ regions, which are required
for ohmic contacts to the metal layer, are each 900nm away from the centre of the
rib-waveguide. The mode field is negligibly present 900nm from the centre of the rib-
waveguide, therefore these highly doped regions do not contribute to significant FCA
optical loss. When a bias is applied across the MOScap device, electrons accumulate

either side of the oxide barrier.

The MZI utilizes conventional partially-etched input/output grating couplers and MMI
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splitters. The waveguide bends (at the end of which the slot is introduced adiabatically
from the side) have a radius of 50um. The length of the phase shifter section of the
device is 500pm.

3.2.2 Simulation

Simulations (FDTD 7 and CHARGE!%8) were performed to establish estimates for de-
vice C, phase change (0), propagation loss, device operating speed and operating effi-
ciency. Figure 3.8 (a) shows the simulated distribution of charge carrier concentration
under 4V applied bias. This charge carrier concentration change is most significant on
the Si side of the SiO2 interface as expected, which is the location of the highest |E|
concentration (Figure 3.8 (b)). This causes the n of this mode to change in accordance
with equation 2.14. The 3D FDTD simulation of the section of the waveguide transition-
ing from rib-waveguide to rib-slot-waveguide (Figure 3.8 (c)) suggests a coupling loss of
~1dB, which is tolerable considering that the GC loss is expected to be ~4dB per GC.
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FIGURE 3.8: (a) Cross-section of log carrier concentration (cm®) as a result of 4V

applied bias across MOScap device structure. (b) Cross-section showing normalized
|E| of fundamental TE mode. (c) Top-down view showing simulated |E| in section of
the waveguide transitioning from rib-waveguide (left) to rib-slot-waveguide (right).

Given the stated parameters of waveguide width, height, doping concentration and high-
concentration doping positioning etc. the most important parameter that effects the per-
formance characteristics of the modulator is the t,,. The device is designed to operate
with a positive bias applied to the positively doped side of the waveguide in accumula-

tion mode. As shown in Figure 3.9 (a), as positive bias is applied, capacitance increases
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FIGURE 3.9: Vertical-slot rib-waveguide accumulation modulator: (a) capacitance
(pF/mm), (b) phase shift (rad/mm) and (c) propagation loss (dB/mm) as a function
of applied voltage for gate SiO5 thickness = 5nm-20nm.

until it reaches a saturation point at the "flat-band voltage". Maximum achievable ca-
pacitance increases exponentially as t,, decreases. Increased capacitance for the same
applied voltage increases device efficiency, but it also comes at the cost of an increased
electrical relaxation time constant, which decreases maximum modulation bandwidth.
If operating the device with a voltage swing from 0V—4V, with ¢,,=5nm, modula-
tion efficiency=0.563Vem and modulation bandwidth=20GHz. If t,,=20nm, modulation
efficiency=2.4Vem but modulation bandwidth=52GHz. t,,=5nm and t,,=20nm are ei-
ther end of the high-efficiency /low speed to low-efficiency /high speed spectrum, and a
design decision has to be made as to whether to target high-efficiency /low-speed or low-
efficiency /high-speed, or to target medium-efficiency/medium-speed. For the purposes
of this study it was decided to target medium-efficiency /medium-speed, and therefore
a tor=10nm. With ¢,,=10nm, simulations indicate that the performance metrics that
can be expected are as follows: capacitance=1.25pF /mm, modulation efficiency=1Vem,

maximum modulation bandwidth=32GHz (Figure 3.9).

3.2.3 Fabrication Process Flow

The process flow for the fabrication of the passive vertical-slot rib-waveguides is pre-
sented schematically in Figure 3.11 (2D cross-section) and Figure 3.10 (3D model). The
most important feature of this device and this fabrication is the vertical-slot oxide. The
realisation of this non-planar feature (in the phase-shifter region of the device only) re-
quired a slightly non-conventional fabrication technique, which is outlined here (details
in 6.1.1). Dry etching a vertical-slot and depositing SiO9 is possible and practical for
slot widths 2 100nm, but at shorter widths the height /width aspect ratio prevents ade-
quate SiOg deposition, resulting in unacceptably large void regions within the slot. High
height /width ratio vertical slots are also difficult to etch, and their sidewalls cannot be
easily smoothed using LOCOS or TMAH wet etch techniques. Instead the vertical-slot
oxide layer must be grown on an exposed Si sidewall. Using this technique, an arbitrary

wide "trench" is etched exposing the sidewall that will define the vertical oxide layer
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FI1GURE 3.10: Fabrication of passive vertical-slot fin-waveguide process flow schematic
(3D). Active (doping) steps omitted here but explained in the text for the sake of
clarity. (A) (110) 320nm SOI layer with 20nm thermal oxide. (B) Positive electron-
beam resist (ZEP520A) applied. (C) Rectangular trenches patterned and dry etched,
using the bottom BOx as a stopping layer. (D) Resist removed and TMAH applied
to reduce sidewall roughness. (E) Substrate oxidized to grow 10nm on exposed (111)
sidewall. (F) Negative electron-beam resist (UVN-30) applied and patterned such that
everything except the region around the vertical-slot are exposed. (G) Exposed top-
surface and sidewall SiOq layer removed using HF. (H) Negative resist removed. (I)
a-Si applied using PECVD. (J) Recrystallization of a-Si to ¢-Si using the a-Si/c-Si
contact windows as recrystallization "seed" points. (K) Substrate underwent CMP to
recover smooth, planar surface. Top Si layer 320nm thick. (L) Positive electron-beam
resist applied. (M) Waveguide and MZI structure patterned. (N) Waveguide and MZI
structure defined by ICP dry etching, leaving 100nm thick Si layer connecting outer
regions to waveguide for use as electrical contacts.

and centre of the rib-waveguide (Figure 3.10 (D)). The sample is then oxidized, growing
the vertical SiOg layer (Figure 3.10 (E)). An a-Si layer is then deposited using PECVD
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FIGURE 3.11: Fabrication of vertical-slot fin-waveguide process flow schematic (2D
cross-section).

(Figure 3.10 (I)), which is then recrystallized at high temperature (using exposed c-Si/a-
Si contact points to "seed" crystal growth, Figure 3.10 (J)). The non-planar substrate
is than planarized using CMP (Figure 3.10 (K)). The rib-waveguide and total MZI can

then be defined using conventional dry etching, doping, metal contact deposition etc.

3.3 Fabrication Techniques

This section will give an overview of the fabrication techniques utilized to realise the

above mentioned devices. Some device features (~100nm GC gratings and ~100nm wide
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fins) were too small to realize using photolithography. For this reason and to increase
speed of design iteration, electron-beam lithography was used exclusively for both design.
The techniques covered are 3.3.1 electron-beam lithography patterning and development,
3.3.2 inductively coupled plasma dry etching, 3.3.3 plasma enhanced chemical vapour
deposition, 3.3.4 chemical mechanical polishing, 3.3.5 SiO2/SiO2 bonding and 3.3.6, local

oxidation of silicon. TMAH wet etching has been covered extensively in 2.3.2.

3.3.1 Electron-beam Lithography: Pattering and Development

Electron-beam lithography is a process by which a focussed beam of electrons expose an
electron sensitive resist, and either increase (negative resist) or decrease (positive resist)
the solubility of the resist to the resist developer. The electron beam is focussed and
steered using a system of magnetic lenses, and linearly swept across the substrate accord-
ing to a preset design. This is a time consuming process compared to photolithography,
where the entire design can be exposed simultaneously. However, it is required to achieve
feature sizes as low as 10nm. The design can also be easily changed programmatically,
whereas a photolithography mask must be ordered, custom manufactured and delivered
physically for each iteration of the design before it can be used. For these reasons,

electron-beam lithography was used in this work.

A 100kV Joel JBX 9300FS Electron Beam Lithography System was used. The electron-
beam generation, acceleration and direction system consists of a ZrO/W electron emitter
gun, an acceleration electrode, a beam "blanker" (which blocks the electron beam, effec-
tively acting as a beam on/off switch), an aperture and a series of condenser lenses,and
finally an aperture and an objective lens. At the focus point, the substrate is placed
on a movable stage, the position of which is carefully monitored with an interferome-
ter.Figure 3.121%° presents a schematic of the electron optics system and electron beam
deflection system (B), a representation of the electron beam field (A), and schematic of
the entire e-beam system, showing how the substrate is positioned in a wafer holder on a
movable stage below the deflection system (C). Figure 3.12(C) includes a flow diagram de-
tailing how the design inputted into the "COMPUTER CONTROL SYSTEM" interacts

with the electron-beam lithography system hardware, and is included for completeness.

The beam current and aperture size define the Gaussian width of the beam at the surface
of the substrate, and the objective lens directs the beam to write the pattern across the
surface. Complex geometrical patterns are broken up into rectangles. The beam is swept
as a series of circular spots across each rectangular area to be exposed in a form of a
vector scan. The beam is then blanked, redirected, and the next rectangular area is
exposed. The required exposure dose (uA-s-cm~2) is achieved by varying the time the
beam spends at each spot position, and proximity error control (PEC) is used calculate
the time required at each spot (as spots at the centre of an exposed area will be subject

to additional exposure from scattered electrons from surrounding spots, than from edge



Chapter 3 Design and Methodology

41

(C)

Electron

(B) ! 4 Suppressor

Zro/w

........... G"”""J=_—I 1st anode
i ":i:"— 2nd anode
I_I i I_I Acceleration
: Electrode
7\

|

i i [res Ground Anode
o | e )

Aperture laal ! f Adipt
Ill Blanking Plate

|

AV Demagnification Lens
(Zooming Work)

Objective
Lens

Substrate

Dynamic Focus
Correction Lens

Aligner
Dynamic Stigmator
Scanning DEF

Stigmator
Position DEF

COMPUTER < ~ [
CONTROL SYSTEM GUNCONT. =
Ll
- BLKAMP, | GUN
DATA = i i_\
TRANSFER - (91
* >| EOSCONT. l _ l | B
> | SCAN GENE. SCANNING | [ 1 [ ] LENSES
DATA DEF. AMP. :
PARTITION 1 i Ds :
= o - SCANNING
) A . POSITION ‘ - K — DEF !
i DEF. AMP. —I\ I | I
) POSITIONDEF
CORRECTION — = —
DATA OPERATION —| HEIGHTMEAS > HEIGHTMEAS.
1 SYSTEM K2
a ; = [ — 5
CORRECTION LASERMEAS. = .- i
DATA TABLES SYSTEM et — — ~— |
i = ;
STGDRIVER Zrrzzz :
) motor _Q—Q_. E
Wafer Waler Cassette :
— | — - — = — =% pump P“mPQ :
COAT & WAFER ALIGNER & § i
DEVELOPMENT CASSETTE TRANSFER i |
SYSTEM SYSTEM ! f
)

FIGURE 3.12: Electron-beam lithography schematic

spots which are exposed to fewer scattered electrons). The beam can pattern a 500um x

500um field area, before the beam is blanked, and the sample automatically, physically

repositioned by the stage, before another 500pum x 500um field area can be written. In

this manner, an entire 150mm diameter wafer can be written as a series of 500pum x

500pm fields.
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Two positive resists were used, high-resolution ZEP520A, and medium-resolution poly-
methyl methacrylate (PMMA). Before exposure, ZEP520A is spun onto the sample at
3370rpm (revolutions per minute) and subsequently baked on a hotplate at 180°C for 3
minutes. This achieves a resist thickness of 400nm. In the case of PMMA9504A resist,
the sample is first exposed to hexamethyldisilazane (HMDS) vapour for 3 minutes to
increase surface adhesion. PMMA9504A it is spun onto the sample at 1500rpm, baked
at 180°C for 3 minutes to achieve a resist thickness of 350nm. The recipe for developing
ZEP post-electron-beam lithography exposure is as follows: the sample is submerged
(and agitated physically) in n-Amyl Acetate (ZED N50) for 2 minutes, 15 seconds, fol-
lowed by agitated submersion in IPA for 30 seconds, followed by deionized (DI) rinse
and Ny drying. At this point the substrate of the exposed regions of the design will
be exposed for any subsequent dry or wet etching. The recipe for developing PMMA
post-electron-beam lithography exposure is as follows: the sample is submerged in a 1:1
solution of Methyl isobutyl ketone (MIBK):IPA for 1 minute 30 seconds, followed by
submersion in IPA for 30 seconds, followed by DI rinse and Ny drying. The sample then

undergoes a post-development bake at 110C for 2 minutes.

3.3.2 Inductictively Coupled Plasma Etching

Inductively coupled plasma (ICP) etching is a common fabrication technique used to
isotropically or anisotropically etch a developed pattern into the substrate. The substrate
is placed into an loadlock chamber which is pumped down to low pressure (X) before the
sample is transferred to the process chamber. Once the sample is in the process chamber,
the etch recipe is initiated. This recipe usually consists of 5 steps: 1) pre-process gas
purge, 2) plasma strike step, 3) plasma etch step, 4) cooling step, 5) post-process gas
purge. During the plasma strike and plasma etch step, a high-power radio frequency (RF)
through a coil generates a magnetic field, which induces a current in the gas, causing
the gas to ionize and form a plasma. A separate RF bias is applied to the sample which
creates a directional electric field above the substrate, which causes the ions to be drawn

to the substrate, increasing the anisotropic nature of the etch.

TABLE 3.2: ICP Si and SiO5 etch recipes

Ar CHF3 SF¢ cp Platen Si SiOq ZEP
Target etch flow flow flow bias etch etch etch
material rate rate rate p(i\);v/er power rate rate rate
(sccm)  (sccm)  (scem) (W) (W) | (nm/s) (nm/s) (nm/s)
Silicon 0 45 25 800 50 5 1 1
Silicon dioxide 38 12 0 1000 40 3 1 1

Substrate etching is achieved by a combination of chemical etching, and physical etching

(sputtering) caused by the accelerated high-mass ions colliding with the substrate. The
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target material (e.g. Si) etch speed, the ratio between the target material and mask
or stopping layer material (e.g. ZEP or SiO2) (selectivity), the anisotropy and the
uniformity are all dependent on the chemical composition of the plasma and chemical
flow rates, the ICP RF and RF power, the platen generator RF and RF power to apply
the directional DC bias, the chamber pressure and the substrate temperature. For Si
etching, a plasma consisting of SFg and CHF3 was used, and for SiO etching, a plasma
consisting of Ar and CHF3 was used. During Si etching, fluorine (which is broken off from
the SFg in the plasma) is responsible for the chemical etching of Si, whilst the CHF'3 coats
the vertical sidewalls as they are etched, creating vertical etch walls/trenches. During
SiOq etching, CHF3 provides chemical etching, and Ar, being chemically inert, provides
physical etching. The recipes optimized in this work for vertical Si and SiO4 etching are
shown in Table 3.3.2.

3.3.3 Plasma Enhanced Chemical Vapour Deposition

Plasma enhanced chemical vapour deposition (PECVD) is a process in which a RF elec-
tromagnetic energy source is used to ionize a gas, forming a plasma (similar to how ICP
plasma is formed), which then bombards and deposits material onto the substrate. The
use of RF energy source allows for the formation of a plasma which would otherwise only
form at very high temperatures. This allows materials such as Si, SiO9, silicon nitride
(SisNy4) to be deposited at low temperatures (the substrate only has to be heated to
300C). a-Si can be deposited using a combination of SiH4, Hy and Ar plasma, with SiHy
obviously being the active agent, and Hs and Ar included to optimize the characteris-
tics of the deposited layer. SiOs can be deposited using a combination of SiHy, No and
N5O. The standard recipes used in this work for Si and SiOs deposition are shown in
Table 3.3.3.

TABLE 3.3: PECVD recipes for Si and SiOs deposition

SiH4 H2 Ar N2 NQO e
Deposition flow flow flow flow flow RE — Chamber | Deposition
material rate rate rate rate rate power  pressuie rate
(sccm)  (scem)  (scem)  (scem)  (scem) (W) (mT) (nm/s)
Silicon 100 100 300 0 0 10 400 0.3
Silicon dioxide 4 0 0 80 350 20 1000 1

3.3.4 Chemical Mechanical Polishing

Chemical mechanical polishing is a fabrication technique that uses a combination of

chemical and mechanical milling to smoothen the surface of a substrate. A chemically
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F1cUre 3.13: Top-down and cro-secctional view schematic of CMP tool. Top-view
shows the orange polishing pad which rotates clockwise, the polishing head which holds
the wafer underneath itself, the conditioning head which holds a conditioning head
underneath and the flexible slurry/DI water dispenser. During operation the polishing
head and the conditioning head can both be oscillated side to side whilst rotating.
Slurry /DI water is dispensed near the centre of the polishing pad, and spreads towards
the edge as a result of centrifugal force. The cross-sectional view shows how both heads
can be moved up and down, bringing the wafer and conditioning pad out of or into
contact with the polishing pad. A thin rubber membrane (green) is used to hold the
back of the wafer (red) whilst dynamic force is applied to the wafer.

corrosive slurry (a mixture of microscopic particles (e.g. spherical SiOy particles) sus-

pended in liquid) is applied to the surface of the rotating wafer as the rotating wafer is
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simultaneously pressed against a rotating polishing platen. A schematic of a CMP tool,
highlighting the key operational components, is presented in Figure 3.13 and an image
of the CMP tool used in this work (POLY 500 CMP SYSTEM from G&P Technology)

is shown in Figure 3.14.

FIGURE 3.14: CMP tool showing the polishing table/platen with the white polishing
pad, the conditioning head on the left, the polishing head/wafer holder on the right,
and the central tubes for dispensing slurry and DI water to the rotating pad.

The wafer is held in place under the polishing head by placing the wafer in contact with
a thin plastic membrane, and applying a vacuum to the other side of the membrane. In
addition to the type of slurry used, there are several variable parameters that effect the
polishing rate of different materials on the substrate and the polishing uniformity, in-
cluding wafer pressure, rotational speed of the platen/polishing head /conditioning head,
slurry wetting time and pre-polishing conditioning, flow rate of the slurry and DI water
and the polishing time. If a device has a complicated 2D structure, the relative polishing
rates of different materials at different heights can be hard to establish, and can change

significantly as polishing continues. For this reason a single CMP step is often broken
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into several smaller steps, with the polishing status/progress being measured using an
ellipsometer and a stylus-profiler (which measures structure height along a cross-section).
The following is a sequence of typical steps for conducting a chemical mechanical pol-
ishing: (1) the polishing pad is "wetted" using DI water, (2) the pad is conditioned
with slurry, the oscillating, rotating conditioning head is in contact with the rotating
polishing pad, (3) the polishing pad is lowered such that the wafer is in contact with
the polishing pad, under slight applied pressure. The polishing head is rotated, (4) The
polishing head is raised from the polishing pad, the wafer is cleaned with DI water and

can be measured/further processed.

3.3.5 Si0,/SiO, Bonding

Direct SiO2/SiO2 bonding is described in 2.3.1. This subsection will therefore simply
introduce the wafer bonding equipment used, the "EVG520 HE Semi-Automatic Wafer
Bonding System" from EVG. The 150mm diameter wafers to be bonded are preprocessed
before being manually brought into surface-surface contact. Depending on the surface
material, the top wafer may slide over the bottom wafer. If alignment between the top and
bottom wafer is required, this much be done visually and manually, before introducing
the weakly bonded wafer pair into the bonding machine. During operation, a 150mm
diameter top plate applies force uniformly to the backside of the top wafer. The top and
bottom contact plates that hold the wafer during bonding can be heated independently
up to 500C. The recipe can be set programmatically, the plates are ramped to the desired
temperature, top-down force is applied for a preset duration of time, and then the plates
are ramped back to room temperature. Once the recipe is complete, the bonded wafers

can be annealed at high-temperature in a high-temperature furnace is necessary.

3.3.6 Local Oxidation of Silicon

Local oxidation of silicon (LOCOS) is a process whereby a thicker SiOg layer is grown
in a particular exposed area of Si than in nearby protected areas, when the substrate
undergoes thermal oxidation. The protective layer used is usually a combination of
SiOy and/or SigN4. When utilized on a horizontal Si layer, this method can be used
to selectively lower the Si/SiOy interface to define rib-waveguides, or insulate CMOS
transistors in the case of IC fabrication. When utilized on a vertical Si layer or sidewall,
with thick (~20nm) protective SiO9 layer on the top horizontal layer, this method can
be used to grow ~5nm SiOs (consuming ~2nm Si), whilst only ~1nm SiOj is grown on
the protected top horizontal layer (consuming ~0.5nm Si). Because the oxidation rate of
Si is very dependent on the surface SiOs thickness 0, particularly at low SiO thickness,
and on rough Si sidewalls oxidation can occur from slightly different directions (e.g. a
small triangular Si protrusion is etched from two sides simultaneously), this causes the

exposed jagged, rough Si surface to quickly smoothen after only a few nm SiOy growth.
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Bonded Double-SOI and
Horizontal-Slot Strip-Waveguide

This chapter will present the SiOs/SiO2 bonding process that was developed to realise
the SiOg horizontal-slot layer, and the characterisation of MOScap devices using the
SiO9 horizontal slot as the gate oxide to demonstrate the bonding quality. The initial
trial fabrication of a horizontal-slot strip-waveguide utilizing this bonding technique will

also be presented.

4.1 Bonded MOScap

4.1.1 Fabrication

MOScap devices were fabricated on directly bonded bulk <100> Si wafers with a 10nm
bonding SiOs to establish bonding quality. Application of medium power Oy plasma
using RIE prior to SiO5/SiOg bonding has been shown in some circumstances to reduce
interfacial void density”?. However, any processing steps prior to bonding have the
potential to introduce particle contaminations to the surface which increase void density.
To establish whether RIE O9 plasma should be applied prior to SOI/SOI bonding for the
fabrication of optical devices, several different pre-bonding recipes were tested. Three
pairs of wafers were bonded. Two of the pairs underwent pre-bonding RIE Os plasma and

one did not. The wafer details and pre-bonding recipe details are presented in Table 4.1.

The three pairs of wafers were bonded and MOScap chips were fabricated using the

following process (which is presented schematically in Figure 4.1):

1. Both top and bottom wafers were thermally oxidized in a high-temperature dry-Oq
environment furnace at 950C for 5 minutes. Reference wafers measured indicated
SiOs5 thickness between 7.7-9.1nm.

47
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TABLE 4.1: Summary of SiO5/SiOy pre-bonding recipe parameters
Top Wafer Bottom Wafer
Target SiOo Doping RIE Forward Target SiO» Doping RIE Forward
Thickness (nm)  Type Power (W) | Thickness (nm)  Type Power (W)
W1 5 p- 300 5 p- 300
W2 5 p- 250 5 p- 250
W3 5 p- n/a 5 n+ n/a

2. W1 and W2 underwent Oy plasma RIE surface conditioning at forward power 300W
and 250W respectively. DC bias = 0V, RF power = 0W.

3. All wafers were individually immersed in dilute (1:200 HF:DI water) HF for time=50-
80s to thin the surface SiOy to the target 5nm, and to increase the surface hy-
drophobicity (saturating the surface with dangling ~OH bonds) immediately prior
to bonding.

4. Walfers surfaces were placed in direct contact and aligned manually, aligning wafer-
flat to wafer-flat visually. Once suitable alignment was achieved (estimated <1mm
horizontal misalignment, <0.1lmm vertical misalignment, <2° rotational misalign-
ment), very slight pressure was allied on the backside of the top wafer with a
tweezer, and the two SiOs layers bonded, with an audible *click* caused by the
bonding "wave" spreading from the "nucleation point". At this point the wafers
were weakly bonded.

5. Walfers were annealed at 450C for 7 hours under uniformly distributed top-down ap-
plied force of 5kN (68.5 x 103 Pa) in a EVG520HE Semi-Automatic Wafer Bonding
System.

6. Wafers were annealed at 100C for 3 hours in an Ny atmospheric-pressure environ-
ment.

7. Walers were immersed in 1:20 HF for 15 minutes to remove the SiO9 from the back
of the wafer and ensure good Al contact.

8. 100nm Al was sputtered onto both sides of the wafer.

9. The wafers were spin coated and baked on both sides with protective S1813 pho-
toresist.

10. Wafers were cleaved using a diamond pen inscriber into chips with surface area
100-300mm?.

11. Wafers were cleaned using N-methyl-2-pyrrolidone (NMP) for 5 minutes, rinsed in
DI water and dried using Ny to fully remove the photoresist.

12. MOScap chips were them removed for measurement.
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FIGURE 4.1: Process flow for SiO2/SiO5 bonding (a) Top and bottom wafers labelled
"A" and "B". (b) 7.5nm SiOy layer grown by thermal oxidation at 950C (5 minutes).
(¢) W1 and W2 undergo RIE 0; plasma treatment for 30 seconds at RIE power 300W
and 250W respectively. W3 did not undergo pre-bonding RIE treatment. (d) Wafers
immersed in dilute HF (1:200 HF:DI water) to increase surface hydrophobicity and thin
top SiOg layer to 5nm. (e) Wafers placed in direct contact manually, aligning wafer-
flat to wafer-flat visually. Estimated rotational misalignment <2°. (f) High-pressure
was applied at medium-temperature for 7 hours. (g) High-temperature was applied at
atmospheric-pressure for 3 hours. (h) Wafers were immersed in HF (1:7) for 15 minutes
to remove back SiOq layer. (i) Immediately following SiOs2 removal, 100nm Al was
deposited on both sides of the wafer using sputtering. A protective photoresist layer
(S1813) was spun and baked onto the top and bottom of the wafer, which was then
cleaved with a diamond pen into chips of various sizes ranging from 100-300mm?. (j)
The chips were cleaned using NMP for 5 minutes, rinsed with DI water, dried with Ny
and measured.

The bonded ¢-Si/SiO3/c-Si interface from W1 (RIE 300W) was imaged using scanning
electron microscope (SEM) (Figure 4.2), and a the thin SiOy layer can be clearly seen.
Figure 4.2 (a) shows the SiOy most clearly, where it appears to be ~50nm. However,
this appears to be an artefact of the SEM (SiOy charges during SEM operation, and
therefore appears very bright, overshadowing adjacent Si areas at this magnification and
SEM operational energy). Figure 4.2 (a) does show the ¢-Si/SiOy/c-Si interface to be
slightly bent, indicating that the wafer might be slightly bowed. This bowing is caused by
non-uniform distribution of tension between the two wafers, but this is expected to relax
upon removal of the handle layer of one of the wafers, and is therefore not expected to
effect the quality of devices fabricated on double-SOI substrates that have been bonded
using this technique. Figure 4.2 (b) and (c) at higher magnification show the SiO9 layer
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thickness to be ~20nm, which is closer to the expected value of 10nm (which is based

on accurately grown and thinned thermal oxide).
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FIGURE 4.2: SEM images at the ¢-Si/SiO2(10nm)/c-Si interface. (a) x18,000 magnifi-
cation, (b) x40,000 magnification, (¢) x75,000 magnification.

4.1.2 Interface Quality Characterisation

8 x W1 (p-/i/p-) chips, 4 x W2 (p-/i/p-) chips and 11 x W3 (n+/i/p-) chips were
characterized using high-frequency capacitance/voltage measurements, to establish the
electrical quality of the thin SiOy bonding layer and the ¢-Si/SiO2/c-Si interface. A high

quality SiO2 bonding layer will have low leakage current, and uniform ¢, throughout its

volume. A high quality oxide layer will therefore demonstrate equivalent oxide thickness

(EOT) close to the physical oxide thickness ~ 12nm, and high uniformity across different

devices. The measurements were taken with 30mV AC at 10kHz operating frequency. In

the case of devices from W1 and W2, gate bias was swept from -2V to +2V. In the case
of devices from W3, gate bias was swept from -2V to 42V to -2V. The area (A) of each

device was also measured. Using C' and A it was possible to estimate the EOT of the
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SiO9 layer using the following equation:

Aepe,

EOT =
© C

(4.1)

Where:

C = capacitance (F)

a = area of parallel plates comprising capacitor (i.e. chip area (m))

eo = electric permittivity of free space (F/m)

€, = relative electric permittivity of dielectric. This value is a function of material,
material thickness and measurement frequency, as well growth/deposition parameters
etc. Accurate determination of €, is necessary for applications involving ultra-thin films
(toz ~ 1nm), but at t,;, £ 10nm, for high temperature grown thermal oxide, we can
assume that esio, — 3.9, If, using this assumption, EOT is significantly larger than
the physical value, the electrical quality of the oxide is poor.

EOT = separation between parallel plates (m)
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FIGURE 4.3: CV measurements for bonded p-/SiO3/p- devices with various surface
area. EOT for each device indicated in legend. Bias V swept from -2V to +2V

Figure 4.3 shows the experimental CV measurements for the p-/SiOy/p- devices from
wafers W1 and W2. These wafers went through a pre-bonding fabrication recipe that
involved O9 plasma RIE surface treatment with RIE power of 300W and 250W respec-
tively. The peak capacitance (at direct current (DC) bias = 0V) was extracted and
used to calculate EOT for each device. This is shown in the figure legend next to the
respective device. W1 EOT = 18.1-29.3nm (EOT,y, = 23.0nm). W2 EOT = 40.5-
54.0nm (EOT,ye = 46.7nm). Figure 4.4 shows the experimental CV measurements for
the n+/SiOy/p- devices from wafer W3. This wafer did not go through a pre-bonding
fabrication recipe that involved Os. Each device was measured twice, initially bias was
applied in the n-i-p direction, and subsequently bias was applied in the p-i-n direction.
All devices demonstrated CV curves characteristic of accumulation /inversion/depletion

operation with bias applied in n-i-p direction, and depletion/inversion/accumulation in
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FIGURE 4.4: (a-k) CVmeasurements for bonded p-/SiO2 /n- devices with various surface

area. Bias V swept from -2V to +2V to -1V (except for device (g) due to a tool error).

Each device was measured once with bias initially applied in n-i-p direction and then

flipped, and then measured again with bias applied in the p-i-n direction. (L) shows

the EOT as a function of device area for chips (a-k), showing that EOT is independent
of device area

the case of bias applied in the p-i-n direction, except for Figure 4.4 (c¢) which exhibited
a breakdown voltage ~0.75V when operated in p-i-n direction. Several devices exhibited
significant asymmetry when measured the opposite directions, which is a consequence of
the imperfect Al contact, but no device exhibited hysteresis. Device (i) resembles most
closely the ideal case, with symmetrical CV curves when measured in each direction,
and an EOT = 14.0nm. Device (c) operated in n-i-p direction is also an ideal case, with
maximum capacitance indicated EOT = 12.8nm. Across the measured devices EOT =
12.8-18.2nm (EOT,ys = 14.8nm).

Figure 4.5 shows the measured EOT as a function of device area for each wafer. The de-
vices from W3 (no RIE surface activation pre-bonding) consistently demonstrate a EOT
closest to the actual SiO9 thickness (which was carefully controlled prior to bonding).
Figure 4.5 also shows that EOT is independent of device area, which implies that there
are no device edge effects such as leakage current that effect the performance of these
devices. The increase in EOT from the expected value can be explained by the presence
of minor nm size inter-facial voids, which increases the effective separation of the two

Si “plates”. The presence of such voids may lead to increased optical transmission loss
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FIGURE 4.5: Measured EOT as a function of device area from bonded wafer utilizing
different pre-bonding recipes.

in waveguides fabricated on bonded double-EOT, as well as decreasing actual C' from
designed C in the active horizontal-slot fin-waveguide accumulation modulator (result-
ing in higher V L or lower modulation speeds) fabricated on such a platform. However,
despite minor voids, there was no evidence of major voids and working MOScap de-
vices could be successfully fabricated. Based on these results it was decided to forego
RIE in future SiO2/SiO2 bonding, as it was deemed to introduce unnecessary surface

particles/contaminations.

4.2 Horizontal-Slot Strip-Waveguide

4.2.1 Fabrication

Having established SiO2/SiO2 bonding and ¢-Si/SiO2/SiO4 interface sufficient to realise
active active MOScap devices with EOT,y = 14.8nm, double-SOI substrates were fab-
ricated using the same pre-bonding recipe. The process flow of the fabrication up until
the realisation of the double-SOI is shown in Figure 4.6, and the major processing steps

are listed below:

1. Two pairs of 220nm SOI wafers with (110) crystallographic orientation in the di-

rection of the surface normal were thinned by a process of dry O9 furnace oxidation
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FIGURE 4.6: Process flow showing double-SOI substrate fabrication. (a) Two (110)
orientation SOI wafers thinned to 103nm. (b) Thermal annealing, grew 8.8nm SiOs.
(c) 1:200 HF pre-bonding surface conditioning and thinning to target thickness = 5nm
per wafer. (d) Wafers placed in direct contact. (e) Double-wafers annealed at pressure
= 67kPa, temperature = 450C, time = 7 hours. (f) Double-wafer annealed at pressure
= OkPa, temperature = 1000C, time = 3 hours. (g) S1813 was deposited on the top
wafer. SisNy was deposited using PECVD on the bottom wafer. Then S1813 was
removed. (h) Exposed 2um SiOs layer on the bottom of the top wafer was removed
using 1:7 HF. (i) ~675um Si handle layer removed using potassium hydroxide (KOH).
(k) S1813 was spun and baked. The wafer was diced into 4cm x 3cm chips. S1813 was
then removed. (1) The exposed 2um SiO2 BOx layer was removed using 1:7 HF. (m)
Double-SOI substrate realised.

and HF oxide removal to an SOI thickness = 102.6nm, 104.3nm (pair #1), and
SOI thickness =105.0nnm, 104.9nm (pair #2).

2. 8.8nm SiO5 was grown on the surface of the wafers.
3. 1:200 HF was used to thin the top SiOq layers of all wafers to Snm.

4. The wafer pairs were immediately placed in direct surface/surface contact and

slight pressure was applied to the back of the top wafer using a tweezer.
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5. The bonded wafers were annealed at temperature 1000C for 3 hours.
6. Photoresist S1813 was spun onto the top of each bonded wafer pair and baked.
7. SigN4 was deposited onto the bottom of each wafer pair using PECVD.

8. S1813 was removed from the top of each wafer pair using NMP, ACE, IPA and DI

water.

9. The exposed 2um SiOs layer on the bottom of the top wafer of each wafer pair was

removed using 1:7 HF.

10. The exposed ~675um Si handle layer of the top wafer of each wafer pair was re-
moved using an elevated temperature potassium hydroxide (KOH) etch over several
days. Total etch time for pair #1 = 906 minutes (equivalent to ~34% over-etch)
and pair #2 = 825 minutes (equivalent to ~22% over-etch).

Potassium hydroxide (KOH) is a strong base chemical that is a strong anisotropic etchant
of crystalline Si. Due to the rounded edges of the wafers, the KOH etched the wafer edges
and underneath the top wafer at the wafer edge (Figure 4.7).This caused the wafer edges
to become incredible fragile and breakable; this was potentially a major source of con-
taminations. KOH also selectively etches different Si planes at different etch rates. This,
along with the fact that the backside of an SOI wafer has high nanoscale roughness and
can have +-25um variation in thickness across the wafer, leads to certain areas being
etched faster than others. In Figure 4.8 (A) “nucleation” sites (maybe initially scratches
or small areas where particularly high roughness causes a major indentation in the sub-
strate), where KOH etches along the <111> crystal plane, can be seen. These appear as
distinctive squares, sometimes in patters along a line which could come from scratches

acquired when the wafer was placed in the PECVD machine for SisNy deposition.
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FIGURE 4.7: Schematic showing KOH wafer edge etching

In Figure 4.8 (B) the areas which etched faster can be seen to have etched down to the
2pum BOx before the rest of the surface. In Figure 4.8 (C) some of these nucleation sites
have etched all the way through the BOx to bottom SOI. At other points patterns can
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FIGURE 4.8: Images of the wafer pair #1 (A, B, C), and wafer pair #2 (D), having
undergone KOH thinning. Wafer pair #1 after 690 minutes (A), 840 minutes (B), and
906 minutes KOH etching (completely etched) (C). Turquoise/green surface is BOx
oxide. Grey blemishes in (C) are KOH over-etched regions of bottom wafer handle
layer Si. Wafer pair #2 after 825 minutes KOH etching (completely etched).

still be observed where the square nucleation sites were, suggesting that at these points
the BOx has been etched significantly further than the general area. Full-wafer scan
ellipsometry measurements were taken of wafer pair #1 (906 minute etch) (Figure 4.9)
and wafer pair #2 (840 minute etch) (Figure 4.10). Wafer pair #1 data mostly fit a
stack model of Si substrate/SiOy layer, suggesting that KOH had over-etched through
the top BOx, both SOI layers and the SiO9 bonding layer. Wafer pair #2 data mostly
fit a stack model of Si substrate/2um SiO2/100nm Si/12nm SiO2/100nm SiOz/ 1000nm
SiO9, suggesting that in this case, KOH etching reached half-way through the 2um top
BOx stopping layer as intended. Despite the fact that most measured data points fit a
physical stack model with sufficiently low mean squared error (MSE), there were many
measured points on both wafer pairs with a very poor experimental data/stack model
fit. Measured data at these "broken" points was either very noisy or in some other way
could not be fit to a physical substrate stack model, potentially due to high local non-
uniformity. Broken points are identified as points with MSE Z 200. 9 "broken" points
were identified for wafer pair #1 and 18 "broken" points were identified for wafer pair
#2. This can be interpreted as 83% wafer yield and 67% wafer yield respectively. These
meaningless data points have been removed in Figure 4.9 (A) and (B), and Figure 4.10
(C), (D), (E) and (F). Removed points have been blanked out with black rectangles so
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as not to give the misleading impression that the etching uniformity is greater than it

actually is.

Full 54 point wafer sweep
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FIGURE 4.9: Ellipsometry data map of KOH etched bonded wafer (906 minute etch

time). (A) shows the fitted value for SiO thickness across the wafer, with corresponding

MSE at each point in (B). (C) shows the fitted value for SiO5 thickness across the wafer

with high MSE "broken" points removed, with corresponding and MSE at each point

in (D). KOH etch rate was fastest near the flat (bottom) of the wafer, etching through

to the bottom Si substrate at some points, as well as at one anomalous point near the
centre of the wafer.

Figure 4.9 (C) shows that KOH etch rate was slowest at the top of the wafer, and
fastest near the flat (indicated on the figure by the small arrow at the bottom of the
black circle representing the circumference of the wafer). At several points (near the
flat and at the anomalous red point top-right of the centre) the bottom SiOy layer is
completely removed (SiO2 = Onm). Average remaining SiOs9 thickness = 1181.6nm, range
= 1562.5nm, standard deviation = 479.8nm.

Figure 4.10 (C) shows that wafer pair #2 KOH etching was more uniform than wafer pair
#1 KOH etching. Average remaining top SiO thickness = 888.9nm, range = 155.3nm,
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Full 54 point wafer sweep
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FIGURE 4.10: Ellipsometry data map of KOH etched bonded wafer (840 minute etch
time). (A) shows the fitted value for top SiOq thickness across the wafer, with corre-
sponding MSE at each point in (B). The high MSE "broken" points are removed and
wafer maps for the top SiOs, top SOI and bonding SiO5 layer thicknesses are shown in

(C), (E) and (F) respectively.
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standard deviation = 31.0nm (Figure 4.10 (C)). Average top SOI thickness = 97.6nm,
range = 8.3nm, standard deviation = 1.9nm (Figure 4.10 (E)). Average bonding SiOs
thickness = 11.6nm, range = 3.2nm, standard deviation = 0.7nm (Figure 4.10 (F)).

Average bottom SOI thickness = 99.7nm, range = 5.9nm, standard deviation = 1.2nm.

After KOH etching, the wafer pair #2 was diced and the top SOI BOx was removed using
HF to produce a true double-SOI substrate on which horizontal-slot strip-waveguides and

fin-waveguides could be fabricated. The fabrication process is detailed below:

1. Alignment marks were patterned using e-beam lithography and etched using ICP.
2. 12nm thermal oxide was grown in the furnace to protect the top surface.

3. The tapers, waveguides, multi mode interferometers (MMI) and MZI devices were
patterned using e-beam lithography and etched using ICP. The bottom BOx was
used as a stopping layer during this step.

4. The resist was then cleaned and the chips were thermally oxidised for 15s at 850C

to grow ~1-2nm thermal oxide on the sidewalls of the etched regions.

5. The chips were immersed in 1:200 HF for 1 min to remove 1-2nm sidewall oxide in

an attempt to reduce sidewall roughness acquired during ICP etching.

6. The chips were then immediately placed in TMAH for 30 minutes to smoothen the
sidewalls further as well as under and over-etch the dry etched top and bottom fins
respectively to realise the unique 3D fin structure. After this step SEM images of
the TMAH devices were taken. Figure 4.11 (a) shows the fin-waveguide structure.
If the TMAH etching had worked as intended, the right top fins would have been
etched away and this would have been apparent in the image. Figure 4.11 (b)
shows an MMI from the same chip. The TMAH should have etched the curved
waveguide exiting the MMI.

7. ZEP520A was then spun on the chips and baked at 180C for 3 minutes. This was

followed by covering the chips with a thin-film conductive polymer (Espacer).
8. Grating couplers (GC) were patterned using e-beam lithography

9. The GCs were etched using ICP (using the 10nm bonding SiO4 layer as a stopping
layer).

10. The chips were stripped of resist and cleaned.

Before discussing the transmission loss results of these fin and strip waveguide devices,
it is worth understanding the fabrication problems that led to less than optimal device
performance. The first problem, already discussed, is that of TMAH wet etching not

working. This meant the novel 3D fin design was not fully realised as designed, but it also
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FIGURE 4.11: SEM images of (a) fin waveguide and (b) MMI on bonded double-SOI

meant that the sidewall roughness of the strip-waveguides was not completely removed
to achieve atomically flat <111> crystalline plane sidewalls as designed. This remaining
surface roughness (thermal oxidation and HF removal of SiO9 does not completely remove
surface roughness) will be a source of optical loss. A second cause of loss is the presence
of nm scale voids in the bonding SiOs. The Oy or Hy voids will have similar refractive
index, n, to that of SiO9 but they will deform the shape of the oxide layer and thus the
n(x,y) across the cross-section of the waveguide will change as a function of z. This will
cause mode mismatch induced loss. The final and most significant contributing factor
to increased optical loss is the imperfections in the double-SOI is caused by non-uniform
KOH etching.

Bottom BOx

Potential KOH
induced
pinholes

50 ym

F1GURE 4.12: Surface of bonded double-SOI with large KOH blemish on the left,
bordered by the bottom BOx. The small KOH “pin-holes” are present across the entire
surface.
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Figure 4.12 shows an optical image of the bonded double-SOI taken after top BOx re-
moval. Obviously, any large blemishes where KOH has etched through to the bottom
handle layer break any device passing through these regions, these devices can be dis-
counted. However, small dot blemishes in Figure 4.12 labelled “Potential KOH induced
pinholes” are present consistently across the entire surface, meaning there will be hun-
dreds present on each device. If these pinholes are indeed etched through to the lower
bottom SOI, they will cause parasitic optical loss in any waveguide devices fabricated
through them, which explains the unexpectedly high transmission loss of strip-waveguides
and multi mode interferometers (MMI) fabricated on this wafer, as will be shown in the

next section.

FIGURE 4.13: Optical images of grating couplers (GC) fabricated on bonded double
SOL. (a) ideal GC, (b) and (c) “Peeling” grating couplers (GC).

Figure 4.13 shows optical images of three separate grating couplers (GC) in a range of
conditions from ideal to completely broken, taken immediately before the final FOx16
(flowable oxide from Dow Corning) spinning on step. Figure 4.13 (a) is an ideally

fabricated GC (the >1um lateral misalignment is irrelevant, the design accounts for
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this). ~ 30% of measurable grating couplers (GC) appeared to be “peeling” (Figure 4.13
(b)). This could be caused by weak bonding adhesion (or voids) causing the thin GC fins
to peel off the top oxide. This induces massive coupling losses for these devices. Many
devices were completely unmeasurable (0% transmission) because the grating couplers
(GC) had “peeled” off so much they could not couple any light from the fibre into the

tapered waveguide. Figure 4.13 (c¢) shows this phenomenon.

4.2.2 Optical Characterisation

The transmission spectrum’s of horizontal-slot strip-waveguides fabricated on the KOH
thinned double-SOI substrate were measured using a TE polarized CW light source, to
establish fabrication quality. A tunable (1530-1620) non-polarized laser source (output
power 10mW (10dBm)) was TE polarized using a fibre polarization controller. Input and
output partially-etched grating couplers were used to couple light from the flat-cleaved
SMF into and out of the waveguide. Output power was measured using a photodetector
connected to the output SMF. The design parameters and calculated 1st order Bragg
condition A (target peak coupling efficiency \) are presented in Figure 4.2. The raw
transmission spectrum’s, as well as the minimum loss for each device and the extrapolated

loss (dB/mm) and total coupling loss (dB), are presented in Figure 4.14.

TABLE 4.2: GC designs and target peak coupling efficiency A

Calculated ls't .Order Measured Peak
Bragg Condition A Coupling A
GC Design # | Fill-Factor A (nm) | 14.5° 16.0° 17.5°
1 0.5 690 1554 1536 1519 | 1541.7
2 0.5 740 1666 1648 1629 | 1612.4
3 0.5 790 1779 1759 1739 | 1619.2
4 0.7 660 1568 1552 1535 | 1536.0

The transmission losses of horizontal-slot strip-waveguides of lengths 250pm, 500um,
1000pm and 2000pum were measured. Transmission loss per mm (dB/mm) and total
coupling loss was extracted using minimum loss measured for each device. Transmission
loss of 3.36dB/mm was extracted for GC4 devices, with a total coupling loss of 16.8dB
(8.4dB per grating coupler). The minimum loss graphs show a weak correlation between
measured loss and the linear fit, demonstrating that the quality varies considerably be-
tween waveguides which were fabricated on the same chip. These inconsistencies can
be explained by the presence of ~1um scale KOH induced pinholes scattered across the
substrate. Any waveguides that are aligned directly over a pin-hole exhibit very large
scattering at that point, whereas waveguides that avoid pinholes do not. If, for example,
the anomalously high loss 2mm GC1 waveguide is excluded from the loss/mm fit, the
extracted loss/mm becomes 3.1dB/mm (from 6.5dB/mm), and if both 2mm waveguides
are excluded, the extracted loss becomes 0.7dB/mm. It is unproductive however to spec-

ulate on the validity of loss/mm results from these measured waveguide, as it is difficult
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FIGURE 4.14: Horizontal-slot strip-waveguide fabricated on KOH thinned double-SOI

transmission spectrum. Raw transmission spectrum for each measured device on the

left and corresponding extracted minimum loss on the right. The overlaid black line

on the minimum loss plots is the linear best fit for all points. The overlaid equation

corresponds to the linear best fit. GC3 coupling efficiency was too low in this spectrum,
therefore no linear fit for GC3 measured devices.

to establish whether the primary loss mechanism for particular waveguide is the intrinsic
loss/mm, or the anomalous pin-hole induced loss point/points. This fabrication can be
considered a provisional success, and reveals a key area where fabrication optimization

must be employed to remove KOH induced pin-holes.

4.3 Conclusion

Direct SiO2/SiO2 bonding has been established and MOScap devices have been fab-

ricated which exhibit expected CV characteristics and a gate oxide thickness between
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13-14nm. This 30-40% increase in effective gate oxide thickness can be explained by the
presence of nm scale gas voids in the oxide. However, measured thickness of the bonded
double-SOI wafer (using ellipsometry post handle layer removal) shows an oxide thick-
ness of 12nm, only a 20% increase in expected thickness. In conjunction with the good
C-V characteristics, this 30-40% increase in effective gate oxide thickness is acceptable,

and proves the bonding quality is sufficient to pursue active devices.

A double-SOI was fabricated using bonding and KOH wet etching handle layer thin-
ning down, on which horizontal-slot strip-waveguides were fabricated. A range of strip-
waveguides were measured with variable transmission loss, which can be attributed to
KOH induced pinholes and potentially voids or points of low adhesion which caused
grating couplers (GC) to “peel”. The lowest, most reliable optical transmission loss for
the horizontal-slot strip-waveguide was 3.3dB/mm. As discussed previously, there are
several contributing factors to this high transmission loss result. Addressing these factors
to reduce horizontal-slot strip-waveguide loss and realise the up/down 3D fin-waveguide

will be the focus of the next chapter.
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Fin Waveguides and Passive

Mach-Zehnder Interferometer

After the relative success of the initial bonding tests, gate oxide quality/thickness charac-
terisation, and horizontal-slot strip-waveguide fabrication and characterisation on bonded
double-SOI, the next step was to optimize that process and realise the fully 3D horizontal-
slot fin-waveguide using wet etching. In 4.1.2 it was established that a pre-bonding recipe
involving wet etching only (i.e no RIE etching due to increased surface contamination
risk), and a bonding step involving applied pressure under moderate temperature fol-
lowed by high temperature annealing, provided the best electrical quality bonding SiO»
layer (Figure 4.4 and Figure 4.5 showing expected CV operation for devices having un-
dergone these bonding processes). It was also established that although KOH etching is
an effective method for removing the top Si handle layer from a SOI/SOI bonded wafer
pair, this introduces unacceptable optical-loss inducing "pin-hole" defects across the sub-
strate (shown in surface image in Figure 4.12). It is for this reason that ICP dry etching
was chosen as the method for removing the top Si handle layer in the fabrication laid
out in this chapter. This chapter will detail the unique fabrication process developed
to realise the horizontal-slot fin-waveguide, and then present the optical transmission

characterisation results of these devices.

5.1 Fabrication

The process flow to realise the double-SOI on which the waveguides were fabricated
was similar to the one outlined in 4.2.1 and Figure 4.6. However, there were some key

important differences which are highlighted in the process flow below:

1. Two undoped (110) SOI (330n SOI, 2um BOx) wafers were thinned down using
thermal oxidation and HF wet etching to SOI = 114.6nm, 98.6nm (the top SOI

65
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layer would be thinned down through several thermal oxidation steps to ~100nm

during horizontal-slot fin/strip-waveguide fabrication).

. The wafers were bonded using a similar process to that used for the MOScap

devices outlined in 4.1, with a targeted bonding oxide thickness of 10nm.

. The bonded wafer was annealed at low temperature (450°C) under an applied

pressure of 67kPa in vacuum for 2 hours in an EVG520 wafer-bonding machine,
followed by a high temperature anneal (1000°C) in atmospheric conditions for 3

hours.

. The back 2um oxide was removed in 7:1 HF.

. The 675um handle layer was thinned down using ICP (as opposed to pin-hole

inducing KOH). ICP recipe: SFg = 200; Ar = 35sccm; ICP forward power =
2500W; RF Forward power = 10W; DC bias = 40V.

. The top handle layer was thinned down to 115um over 120 minutes etch time

( 4.6pm/min Si etch rate). At this point, the sample had to be cleaved into 3cm x
4cm chips for the sake of the ICP tool.

. The wafer was diced (protective resist was applied, wafer diced, resist was stripped)

and a further 25 minutes of ICP etching was applied until the entire Si handle layer

was removed.

. The chips were cleaned using ACE and [PA and the top BOx was removed using HF

7:1, revealing the double-SOI structure with stack handle Si/BOx/Si (100nm) /SiOq
(11nm)/Si (110nm).
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FIGURE 5.1: Top-view and cross-sectional view of process flow showing fabrication of
horizontal-slot fin-waveguide from bonded double-SOI. (a) Double-SOI. (b) Grow ther-
mal oxide. (c) Conventionally dry-etch strip and fin-waveguides (SEM of ICP etched
fin-waveguide shown). (d) Thermally oxidizer growing 5nm SiOs on the <111> crys-
tal orientation sidewalls. (e) Sidewall SiOs removed using HF. (f) shows the protected
(111) sidewalls (marked x) and the unprotected sidewalls. (g) TMAH applied. (h) Un-
protected sidewalls etched whilst protected fins remain intact. (i) Tilted SEM overview

image of fin-waveguide.
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From this double-SOI, horizontal-slot fin-waveguides were fabricated using the process

detailed below, and presented schematically in Figure 5.1:

1. E-beam lithography and ICP etching was used to conventionally pattern and ICP

dry-etch horizontal-slot strip and fin-waveguides, MZI passive devices.

2. After waveguide sidewalls were dry etched, the samples were thermally oxidised
(5nm SiO2 on the (110) surface, expected 7.5nm on (111) sidewall).

3. PMMA resist was applied and etch windows were opened around the horizontal-
slot fin-waveguides. The samples were immersed in HF to remove the oxide; this
was immediately followed by immersion in room temperature TMAH (25% concen-
tration) for 20 minutes, to etch fins. This serves the dual purpose of smoothening
the waveguide sidewalls (LOCOS, outlined in 3.3.6) and over/under-etching non-
<111> crystal plane protected fin sidewalls (outlined in 3.1.3 with TMAH etching
outlined in 2.3.2).

4. SEM images were taken of the fin-waveguide structure after 20min TMAH etch
time (Figure 5.2 (a) and (b)). TMAH etching is clearly visible, but further etching
was required to fully etch the fins.

5. The HF and TMAH steps were repeated. HF etching targeting 3nm oxide re-
moval was applied, followed by 85minutes room temperature TMAH (25% con-
centration) etching (100nm just etch in of <100> crystal plane + 500% over-etch.
30nm <111> crystal plane etching is expected, thinning fins and the waveguide
slightly)). This TMAH step was fully successful, as SEM images show (Figure 5.2).
The <111> crystal plane etch rate~0.3nm/min. The <100> crystal plane etch
rate~5.5nm /min. The etch rate is assumed to be uniform, as it is a wet etch, and
the total etched sample area is small (all devices within 20mm x 30mm rectangular

area).

6. HF was applied to remove free standing SiO2 (seen in Figure 5.2 (c-f)). The results

of this are shown in Figure 5.3.

7. Grating couplers were patterned using electron-beam lithography and partially

etched using the horizontal-slot SiO9 as a hard stopping layer) (Figure 5.4.

8. The final step was to coat the device in a protective dielectric cladding. PMMA
was chosen (n = 1.48), which had a baked thickness ~1.8um.

5.2 Optical Characterisation

Three different types of devices were measured; horizontal-slot strip-waveguides, horizontal-

slot fin-waveguides, and passive Mach-Zehnder interferometers (MZI) with fin “phase
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FIGURE 5.2: (a) and (b) SEM images of double-SOI fin-waveguide after 20min total
TMAH etching. Defined (111) surface has been highlighted in (a). TMAH etching has
occurred but 20 minutes was not enough time to fully etch fins. (c-f) SEM images
of double-SOI fin-waveguide after 105min total TMAH etching. (c) and (d) show fin
design #1 (Wy;,=100nm). It is apparent from (d) that sections of the fins that were
meant to be un-etched (defined by (111) sidewalls) have etched away completely, and
only either the 10nm bonding oxide or the top oxide (light grey) remains. (e) and (f)
show fin design #4. These fins were under and over-etched correctly, and a ~20nm
oxide remains free-standing either side of the fins.
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F1GURE 5.3: SEM images of fin-waveguides after full TMAH etch and subsequent oxide

removed fin-waveguide. (b) and (c) close up of left fins (under-etched) and right fins

(over-etched) respectively. (d) and (e) were taken using "line average stabilization".

This gives the misleading impression that the waveguide and fins are curved, however,

it does provide higher resolution and confirms more clearly how the top fins have indeed
been fully under-etched.
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FIGURE 5.4: (a) and (b) SEM of dry etched GC (etch depth=100nm, stopping on
bonding oxide layer). No “peeling” or significant defects observed in any grating couplers
(GC). (c) broken narrow width fins (taken at ~54°tilt) and (d) point where the tapered
input strip-waveguide ends and the fin-waveguide begins. The abrupt introduction of
fins as well as the PMMA window misalignment leads to several problems. For example,
because the PMMA window extends ~700nm along the input strip-waveguide taper,
there is an abrupt defect/discontinuity which will be a source of scattering induced loss.
However, these problems can be easily solved in the next design.

shifter” sections. For characterization of device transmission loss, CW TE polarized
light was coupled through the grating couplers (GC) from SMFs into the device. The
wavelength of the CW light source was swept from 1525nm-1625nm and transmission

power was measured using a photodetector connected to the output SMF.

Strip-Waveguides and Fin-Waveguides

Three devices of each waveguide length (250pm, 500um, 1000pm and 2000um) were
measured. The lowest transmission loss value for each measured device was plotted as a
function of waveguide length. Figure 5.5, Figure 5.6 and Figure 5.7 show the transmission
loss results for strip-waveguide devices and fin-waveguide devices, using GC#1, GC#2
and GC#4 respectively. The measurement results are shown before (left) and after (right)
fibre input angle optimization to maximize coupling efficiency. The black line indicates
the best linear fit, and the loss (dB/mm) and coupling loss (dB) values overlaid on the

graph are refer to the gradient and intercept values of this line respectively. Because
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FIGURE 5.5: Optical transmission loss of strip and fin-waveguide devices with GC#1

GC#3 was designed for peak efficiency at A>1739nm, coupling loss was very high in the

measurement range available, and these results have therefore been omitted.

The minimum transmission loss of three GC#4 devices with Oum waveguide (i.e. entire
device consists of a 500um taper in and a 500um out) are shown as a function of fibre
input angle in Figure 5.8 (c¢). The black line represents the best polynomial fit to the
data. The minimum coupling loss of 7.85dB occurs for input angle=19°, which equates

to a coupling loss of 3.9dB/GC. The raw transmission loss spectrum for this device, as
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FIGURE 5.6: Optical transmission loss of strip and fin-waveguide devices with GC#2

well as the same device at input angle 15°, 17° and 21° is shown in Figure 5.8 (a), with
a close-up showing the coupling loss between 7.85dB-10dB for A=1535nm-1570nm (b).

MZI Devices Transmission Loss

Two designs of MZI devices were fabricated and characterised. One with a phase-shifter
arm length difference (ALgypm,)=200um, the other with ALy, = 400um. A schematic of
both devices is shown in Figure 5.9. The design for the 1x2 MMI coupler is presented in
Figure 5.10 The fin design#2 was used for the 500um phase-shifter fin-waveguide section.
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FIGURE 5.7: Optical transmission loss of strip and fin-waveguide devices with GC#4

Transmission loss measurements were taken for the MZI devices, using the same set up
as that used for the strip and fin-waveguides. As can be seen in Figure 5.11, the free
spectral range (Apggr) between transmission loss “peaks” (caused by 7 shift destructive
interference when EM waves from both arms recombine in the output MMI) is signif-
icantly lower in the ALgy,,=400pm device, although the extinction coefficient is the
same, implying perfect destructive interference. The devices with GC#4 show similar
results to those with GC#1, except overall transmission decreases at A>1570nm. This
is due to the design of GC#4 being optimized for operation between A=1530-1570nm,

and exhibiting low coupling efficiency above this .

Simulation results predict a photonic bandgap to be present with fin waveguide, design
#4 (Wi, = 200nm, Agsy, = 400nm), with the stop band starting at A ~1579nm. This
is clearly observed for the 250um long fin-waveguide devices using GC#4, as can be
seen for all 3 devices in Figure 5.12. Thephotonic bandgap (PBG) has shifted for GC#1
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FIGURE 5.9: Design of (a) ALymy,=200um and (b) ALg,=400um passive Mach-

Zehnder interferometers (MZI) fabricated on bonded double-SOI with TMAH wet

etched phase shifter fin region. Fin design #2 (fin width = 150nm, period = 300nm)
used in shifter region.
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FIGURE 5.10: Design of MMI used in MZI devices. (a), (b) and (c), overall MMI,
output and input respectively

devices and GC#2 to A ~1602nm and A ~1584-1586nm respectively. This is explained
by fabrication errors and fabrication non-uniformity across the chip.

5.3 Conclusion

Strip-waveguides and fin-waveguides (with and without pseudo-PhC fins and associated
PBG), as well as passive MZI devices have been fabricated on bonded double-SOI. The
fins were successfully under and over-etched simultaneously using a unique combination
of mirrored (111) Si crystallographic plane alignment of the top and bottom SOI layers,
and selective TMAH etching. SEM images confirming this have been presented. This
is the first demonstration of under-etching a lower SOI layer independently of the top
SOI layer, to achieve a horizontal-slot fully-c-Si waveguide with independent up/down
contact arms. The lowest extracted transmission loss for each of the fin-waveguides is
presented in Figure 5.2. The lowest measured coupling loss (per GC) is presented in

Figure 5.2.

A shown in Figure 5.11, passive MZI devices also exhibit low enough loss to pursue
active devices, with the minimum passive loss ~20-22dB. The introduction by ion im-

plantation of low concentration (1x10'®cm™3) charge carriers phase-shifter section of the
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FIGURE 5.11: Passive MZI transmission spectrum. Four devices shown, GC#1 and

GC#4 with ALy, =200um, and GC#1 and GC#4 with AL, =400um (top to bot-

tom). To the right of each transmission spectrum is the corresponding free-spectral-

range wavelength Apgp as a function of A (blue line) with the black line representing
to best linear fit.

TABLE 5.1: Summary of coupling efficiency for different waveguide designs
Max coupling efficiency

Grating coupler

Coupling loss

design (dB/GC) \lambda (nm)
#1 (fill-factor = 0.5, A = 690nm) 4.39 1564
#2 (fill-factor = 0.5, A = 740nm) 7.22 1624
#4 (fill-factor = 0.7, A = 660nm) 3.93 1555

device is expected to increase the loss by only ~1dB/mm, acceptable considering the

Lgpifter is only 500um long. The demonstrated loss is satisfactory, however, there are

several major sources of loss which could be addressed in future. For example, a sharp

discontinuity caused by TMAH etching is observed at the interface between the tapered

strip-waveguide and the fin-waveguide (Figure 5.3 (d)).

This could be overcome by

changing the design slightly without changing the established fabrication process. One

area of fabrication optimization which could be pursued is the optimization of TMAH
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FIGURE 5.12: Transmission spectrum results for fin-waveguide (design #4, GC#4)

fabricated on bonded double-SOI, clearly showing a PBG at the correct wavelengths

predicted by simulation (A ~1579nm-1620). The inserts show a close-up of the upper
end of the stop band of their respective device.
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TABLE 5.2: Summary of transmission loss for strip and fin-waveguides

Waveguide Coupling loss | Passive loss expected in 500um
design (dB/mm) long phase-shifter arms (dB)

Strip-waveguide 0.83
Fin-waveguide#£1

(fin width = 100nm, A = 300nm) 0.63 332
Fin-waveguide#2

(fin width = 125nm, A = 250nm) 743 372
Fin-waveguide#3

(fin width = 150nm, A = 300nm) 714 3:57
Fin-waveguide#4 7 94 3,62

(fin width = 200nm, A = 400nm)

etch-time. In this case ~500% over-etch was applied. This was done to guarantee full fin

suspension and over-under etching, however, it does cause the strip-waveguide section

of the fin-waveguide to shrink, causing periodic bumps where the fins are positioned.

Iterative design/fabrication improvements can certainly be made in this area.






Chapter 6

Vertical-slot Waveguide and

Accumulation Modulator

This chapter will present the fabrication of the passive vertical-slot rib-waveguide. This
will include the various fabrication problems which needed to be solved, the most signifi-
cant of which was how to adequately deposit and recrystallize a-Si which was necessary to
realise the vertical-slot needed to fabricate the rib-waveguide. The chapter will then go on
to the present the characterisation results of the passive vertical-slot rib-waveguide in the
form of transmission loss results. Finally the characterisation of the active vertical-slot
rib-waveguide accumulation modulator will be presented, in the form of the transmis-
sion spectrum change under applied DC bias (steady state), the phase modulation and
modulation efficiency, and the high-speed analysis, where the device was modulated up

to 25Gbit/s exhibiting a 3.5dB extinction ratio and a modulation efficiency of 1.53Vem.

6.1 Vertical-Slot Rib-Waveguide Characterisation

Before pursuing an active accumulation modulator based on a new vertical-slot rib-
waveguide design, it was first necessary to characterise the waveguide design passively,
to establish its suitability. If the passive vertical-slot rib-waveguide was unrealisable
due to fabrication problems or demonstrated unreasonably high transmission loss, the
design /fabrication would have to be reconsidered before it could be included in the active
modulator. This section will be split into a discussion of the vertical-slot and vertical-slot
rib-waveguide fabrication challenges (6.1.1), and a discussion of the transmission results
6.1.2.

81
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6.1.1 Fabrication

The fabrication process for the vertical-slot rib-waveguide is broadly outlined in section
3.2.3 (particularly Figure 3.11 and Figure 3.10). What will be discussed here is a detailed
description of the a-Si deposition and recrystallization required for the fabrication of the
vertical slot, followed by a detailed description of the total fabrication process. As shown
clearly in Figure 3.11, a wide trench must be etched into the SOI layer into which a-Si
can be deposited. A variable parameter of interest was the trench width (Wyrenen). Two
values for Wy,.enen were chosen for investigation, Wiy enen=500nm and Wiepen=2pm. The
positioning of this trench as well as the design of the entire passive device used for passive

characterization devices is shown in Figure 6.1.

— ]

1] — \ el |

FIGURE 6.1: Passive vertical-slot rib-waveguide device schematic showing trench po-
sition for a-Si deposition. Showing two devices with (A) Wirenen= 2um and (B)
Wirenenh=500nm.

The trench was etched using ICP, a-Si was deposited using PECVD, and the wafer
was annealed for 10 hours at 100C in an Na environment. Following this (before CMP
planarisation), cross-section and top-down SEM images were taken of the trench region.
The top-down images were taken after the removal of the top SiO5 layer also, which was
unintentionally grown during the 10 hour 1000C N3 environment anneal due presumably
to the very slight presence of O3 in the annealing chamber. Figure 6.2 (a) and (c) show a
2pm wide trench cross-section and top-down view respectively, whereas (b) and (d) show
a 500nm wide trench cross-section and top-down view respectively. Poly-Si grains are
clearly visible within the 2pum trench from the top-down image, and can also be observed
(albeit slightly less clearly) from the cross-sectional image. Poly-Si grains are not present
in the 500nm wide trench from the top-down image, and the cross-sectional image shows
a much smoother profile. These images confirm that the a-Si could be fully recrystallised

for a Wirenen,=500nm.
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FIGURE 6.2: SEM images of recrystallized PECVD Si covering vertical-slot feature, and
partially-etched vertical-slot rib-waveguide. (a) and (¢) Wirenen=24m cross-section and
top-down view respectively, (b) and (d) Wiener=2u1m cross-section and top-down view
respectively. Top-down view of fabricated vertical-slot rib-waveguide is shown before
(a) and after (b) 10 minute HF etch to accentuate the position of the exposed SiOs.

During annealing, the a-Si can recrystallize from two distinct and designed seed "win-
dows" where the a-Si/c-Si contact. A model for how this occurs is presented schemat-
ically in Figure 6.3. If the trench width is too long, recrystallization occurs from both
directions and meets in the middle of the trench or near to the vertical-slot. A wider
trench also increases the likelihood of poly-Si grains growing from nucleation sites along
the BOx/a-Si interface. With the current parameters for deposition and annealing con-
ditions, as well as the trench design, a Wyenen of 500nm appeared to be the optimum
width for avoiding in-trench poly-Si grains (as can be seen in the disparity between the

fully-c-Si trench in Figure 6.2 (b) and (d) vs. the poly-Si grains apparent in Figure 6.2

(a) and (c)).

However, despite the fact that poly-Si grains are unlikely to form in the 500nm wide
trench, it is important to consider how the Wi, enen effects the deposition rate and depo-
sition characteristics, as well as the eventual recrystallization quality. The a-Si deposition
rate for the narrower trench is slower and less consistent than the a-Si deposition rate
for the wider trench, and there is a chance of creating voids at the crucial SiO2/BOx/a-
Si corner region (indicated by a red circle in Figure 6.3 (B)). Also, although poly-Si

grains appear with Wi.encn=2um, these appear over 200nm from the vertical-SiOs slot.
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(A) (B)

c-Si c-Si

(C)

(E) (F)

(G) (H)

c-Si c-Si c-Si | i c-Si

FIGURE 6.3: Schematic showing model of recrystallization from two recrystallization
"seed" windows for vertical-SiOg slot. (A) Trench etched, oxidized and "seed" windows
selectively opened using HF. (B) ~350nm thick a-Si applied using PECVD. (C) Recrys-
tallization "seed" windows designated by dotted red lines at a-Si/c-Si boundary, with
red dotted arrows indicating recrystallization directions. (D) to (F) show recrystalliza-
tion propagation direction from both "seed" windows. (F) shows the point at which
the trench is not fully recrystallized, but all of the Si that will make up the eventual
rib-waveguide has recrystallized. (G) shows an ideal case where recrystallization from
both "seed" windows has met at a point far removed from the vertical-slot where the
waveguide will be patterned. The crooked red line in (G) indicates the recrystallization
meeting point where a ¢-Si/c-Si boundary is expected to materialize. Ideally both sides
will be fully recrystallized but this boundary will appear as a poly-Si boundary.

They will therefore not be present in the waveguide section of the device (which will be
fully-crystalline), and not negatively effect the optical performance of the device. These
poly-Si grains will be present in the 100nm thick connecting electronic connecting layer,
but this will not negatively effect the electrical performance. For these reasons it was

decided to use a 2pum wide trench for the modulator device.

Figure 6.2 (e) and (f) show top-down SEM images of the partially-etched vertical-slot
(using 2pm trench) rib-waveguide before and after 10 minutes HF etch. It is clear from
Figure 6.2 (e) (pre-HF etch) that the waveguide and region closest to the waveguide is
all uniform, indicating that it is fully-crystalline. Figure 6.2 (f) (post-HF) exposes the
10nm SiO, slot from above, which appears to be bent. However, this appearance can be
attributed to non-uniform HF etching of this very narrow exposed SiOs. HF etches such

narrow high aspect-ratio features non-uniformly.

The following is a detailed description of the entire fabrication process: The 340nm (100)
SOI (2um BOx) substrate is initially annealed at 950C in a dry (i.e. no Hp0) Og en-

vironment to grow 20nm protective thermal oxide. Positive electron-beam lithography
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resist ZEP520A is then spun onto the substrate and a 5um rectangular trench is pat-
terned and etched using vertical-sidewall ICP dry etching. Dry etching causes significant
sidewall roughness, which increase propagation loss. To combat this, TMAH is applied
for several minutes to reduce the sidewall roughness. The resist is then removed using
a combination of dry and wet processes and the substrate is again annealed in a 950C
O9 environment to grow 10nm SiOs on the sidewalls of the trench. This also causes the
top SiOq protective layer to grow by ~3nm-5nm. Negative electron-beam resist UVN-30
is then applied, and areas either side of the trench sidewall that are to constitute the
central slot-oxide are patterned and removed(Figure 3.11 and Figure 3.10 (G)). The top
and sidewall oxide is removed using dilute buffered HF. The resist is removed and the
wafer is cleaned. Then a 350nm thick layer of a-Si is deposited using PECVD. This a-Si
layer covers the entire surface, and is therefore in direct contact with the un-etched fully-
¢-Si on the SOI layer. For this reason it is possible to employ the technique of epitaxial
recrystallization using the points of a-Si/c-Si contact as "seed" regrowth regions. The
epitaxial recrystallization occurs when the sample is placed in a 1000C Ny environment

for ten hours.

Following this crystallization, the surface will be incredibly non-uniform. To re-establish
a smooth top-surface, planar substrate , CMP must be used. The substrate is pol-
ished until the top SOI thickness is 320nm, the target waveguide thickness. Before the
waveguide itself and corresponding MZI architecture and grating couplers (GC) etc. is
patterned and etched, boron (p-type) and phosphorus (n-type) dopants are implanted us-
ing ion beam implantation. The design ensures that each dopant is applied no closer than
100nm from the central slot-oxide, to avoid cross-contamination. The dopants are then
thermally defused such that they reach the vertical-slot oxide diffusion stopping layer,
and have a target dopant concentration of 1x10'® cm™3. The waveguide/MZI/grating
couplers (GC) structures is then patterned and dry etched using positive electron-beam
resist (ZEP520A) and ICP etching. The asymmetrical MZI Lgpigter is 500um per arm,
with an ALgpmy, of 200um. Highly doped (doping concentration = 1x102°cm™3) p++ and
n+- regions are implanted 900nm away from the central slot for use as ohmic contacts.
A 1pum PECVD SiOg layer is applied which served as a dielectric protective layer. Vias
are patterned, etched, and metal contacts consisting of a Ti/TiN/Al/TiN/Ti stack are
sputtered.

6.1.2 Transmission Characterisation

The transmission characteristics were measured using the same optical set-up described
in Figure 4.2.2. Vertical-slot rib-waveguides of lengths 200um, 500pm, 1mm, 2mm, and
5mm were measured, as well as no-slot rib-waveguides of lengths 500pm, 1mm, 2mm,
5mm and 10mm as reference. The normalized transmission loss for these devices is shown

in Figure 6.4, which shows the linear transmission loss of the vertical-slot rib-waveguide
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to be 1.38dB/mm, and the linear transmission loss of the no-slot rib-waveguide fabricated

on the same wafer to be 0.85dB/mm.

Propagation loss of rib and recrystallized vertical-slot rib-wabeguide

15~
> Rib-waveguide
B Linear fit of rib-waveguide
20 # Vertical-slot rib-waveguide
Linear fit of vertical-slot rib-waveguide
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FIGURE 6.4: Absolute transmission loss (x markers) and linear fit (solid line) for no-slot
rib-waveguide (blue) and vertical-slot rib-waveguide (red)

The vertical-slot rib-waveguide demonstrates almost double the propagation loss (1.38dB/mm)
of that demonstrated by the horizontal-slot strip-waveguide (0.74dB/mm) fabricated by
bonding, thinning down and dry etching (discussed in 4.2). This increased loss is at-
tributed to the top-surface roughness which cannot be completely removed using CMP
(the rms roughness of the wafer post-CMP was 8nm, compared to Inm for pristine SOI
wafers. The roughness of the top of the vertical-slot waveguide was not measured, but it
can be assumed to be closer to that of pristine SOI wafers because it was defined by the
BOx which was removed), and the non-uniform deposition of a-Si on the trench-etched
side of the waveguide. However, the horizontal-slot fin-waveguides have significantly
higher loss (5.8dB/mm) than the vertical-slot rib-waveguides (1.38dB/mm) which can
be used for an electrically active device. Therefore, despite the horizontal-slot strip-
waveguide having a lower loss (and the lowest demonstrated loss for any ultra-narrow
slot waveguide), because of the complicated alternating fin design required to utilize
this horizontal-slot waveguide, until the fabrication issues can be overcome such that
the introduction of fins does not significantly increase loss, it is preferable to choose the
vertical-slot rib-waveguide structure for the active modulator device. The fin-waveguide
structure does still have some advantages over the vertical-slot which have been discussed,
but for the purposes of this project, it makes sense at this time to continue forward with

the vertical-slot rib-waveguide.
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6.2 Vertical-Slot Accumulation Modulator Characterisation

The vertical-slot rib-waveguide accumulation modulator was fabricated as described in
6.1.1, and its characterisation is described here. Due to fabrication concerns, cross-
chip performance variability was very high and therefore a systematic study of multiple
devices with varying design parameters could not be done. Here is presented the results
from a single device (unless otherwise stated), which can be considered as an example
of a "worst case" device, which can be significantly improved upon by optimizing the

fabrication design.

The vertical-slot accumulation modulator was characterised using the following method:
A tunable CW laser source was used to send light through a polarization rotator to
convert the input light to TE mode, which was then coupled into the device using grating-
couplers. A positive DC bias of 0V, 6V and 10V was applied to the p-terminal of the
device whilst the tunable input laser was swept from A = 1555nm-1565nm, and the
transmission loss was recorded. The MZI Lgpifrer=500pum and the ALgp,,=200um. The
transmission loss as a function of A at these applied biases is shown in Figure 6.5 and
Figure 6.7 (a) (normalized to the transmission loss of a non-slot rib-waveguide to remove

intrinsic system loss).
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FIGURE 6.5: Transmission loss results for active modulator device at A=1555nm-
1565nm at applied DC bias of 0V, 6V and 10V. MZI Lgipe,=500um and the
ALgrm=200pm

The extinction ratio (ER) for this device in the bandwidth of interest (A=1555nm-
1565nm) is between 17dB-29dB, and the average free-spectral-range (FSR) is 2.5nm.
The insertion loss at peak intensity varies because of device non-uniformity and because
of the intrinsic Gaussian distribution of the coupling efficiency but at this spectrum of

interest the insertion loss is 26dB (at A = 1558.2nm). It is useful to analyze the level to
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which each section of the device contributes to this insertion loss. From reference waveg-
uides on the chip it was found that the doped waveguides exhibited transmission loss of
5.1dB/mm, whereas the undoped waveguide exhibited transmission loss of 1.7dB/mm.
Transmission loss of 5.1dB/mm in the 500um long doped phase-shifter arms of the MZI
device indicate that the loss through this active region of the device was only 2.5dB,
and the majority (90%) of the transmission loss is accounted for in the passive regions
of the device. Reference passive waveguides were included on the chip to measure the
transmission loss which occurred at the no-slot rib-waveguide /vertical-slot rib-waveguide
transition. This loss was found to be ~ 5.5dB /transition, which is higher than expected
from simulation. This increased transition loss can be accounted for by acknowledging
that the fabrication process was not optimized and not perfect. No-slot/vertical-slot
transition is an area that requires additional design/process optimization and research,
but lowering transmission loss of the passive components was not the focus of the project,
and despite the increased transition loss the device still operated well enough to test it

actively, which was the focus of the project.

As can be seen clearly in Figure 6.5, as a positive DC bias was applied to the positive
terminal of the device, the MZI transmission spectrum was blue-shifted by ~0.2nm (0V
to 6V) or ~0.35nm (0V to 10V). This is caused by the increased free carries which
accumulate either side of the vertical-slot oxide barrier in accumulation operation, which
very slightly decreases the the effective index of the mode propagating through that
500um long phase-change arm of the MZI device. n is a function of applied voltage, and

Arspr is a function of n according to the following equation :

A2
AFSR = m (6.1)
Where:
Arsr— A free spectral range (peak-to-peak or minima-to-minima (easier to determine))
ny = refractive index of propagating mode within the "cavity" under applied DC bias
\Y
L = 2 x "cavity" length. In the case of an MZI device L = 2 x ALgrm.

Alternatively, the minima-to-minima FSR can be extracted from the transmission data
and this can be used to calculate the refractive index change induced by the change in
free carriers. The FSR varies from 2.05nm to 2.915nm over the spectrum presented but
the average FSR is 2.5nm. This equates to an ngy = 2.417. This value for ngy can be
used to roughly model the transmission spectrum for a MZI device, and this model can
be used to estimate the refractive index change which occurs at bias 6V and 10V. The

transmission intensity (I;) is a function of the § between the two MZI arms:
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It _ (1 - Rloss)2 (62)

)
(1 - Rloss)2 + 4Rloss Sln2 5

Loss =1 — 14 (6.3)

Where:

I; = transmission intensity (a.u)

Ijoss = transmission loss (a.u)

d = phase change between the two arms (a.u)

Ryss = loss coefficient (a.u)

d is a function of the phase change along the reference arm (6reference), the phase change
along the active arm (Jgetive) and the phase change along the additional length of waveg-

uide which makes up the asymmetric section of the device (dar).

0= ‘5ref - (5active + 5ALarm)| (6'4)
Where:
4 Lre
Seot = FTOY Lref (6.5)
A
4 Lac ive
6active = M (66)
A
4 L
OAL = (6.7)
Where:

ngy = refractive index in the vertical-slot rib-waveguide under applied DC bias of 0V
ny = refractive index in the vertical-slot rib-waveguide under applied DC bias

Lot = length of reference waveguide arm (500um)

Lactive = length of active waveguide arm (500um)

Lar,,,. = length of waveguide which makes up the asymmetric section of the device

Figure 6.6 (a) shows the normalized experimental transmission results for applied bias
of OV, 6V, 10V as well as the calculated model of the transmission using Figure 6.3.
The calculated transmission loss ([,ss) was multiplied by an arbitrary coefficient and
added to an arbitrary background loss coefficient (otherwise Ij,ss in this formulation
is normalized between 0-1). loss coefficient (Rj,ss) was chosen such that the shape of

the curve roughly matches that of the experimental results. This does not change the
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minimum point of the curve and therefore does not change subsequent calculation of An,
but the more accurate curve helps the figure to provide a more intuitive understanding
of how the MZI system works.

The ngy value closest to 2.417 that places the calculated minima at the correct point
for OV applied bias is ngy = 2.41679. The n values which placed the calculated minima
with the experimental minima for applied DC bias of 6V and 10V were 2.41656 and
2.41630 respectively. These equates to a n reduction of 2.3 x 10™* and 4.9 x 107
respectively. These refractive index changes are in keeping with expected values, and
over a 500um long phase-shifter are sufficient to adequately shift the MZI transmission

spectrum minima such that a significant change in I; (or in this case Ij,ss) is observable.)
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FIGURE 6.6: (a) Transmission spectrum of vertical-slot rib-waveguide modulator at

applied DC bias 0V, 6V, 10V, with overlaid calculated spectrum at varied n. The

minima point is a function of ny and by aligning the calculated spectrum to the exper-

imental spectrum, the Any can be accurately established (even if the ny is incorrect).

(b) Transmission spectrum at 0V and high-speed operational bias 6V, showing clearly

the quadrature point on the OV spectra and the Al = 5.6dB at operational A =
1558.8nm.
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The blue-shift observed in the transmission spectrum can be converted to the phase
modulation (phase change) which occurs along the 500um long phase-shifter arm of
the device, and this in turn can be used to calculate the modulation efficiency (V,L).
Increased V L equates to lower device energy consumption and/or a smaller device

footprint. VL is the voltage-length product required to realise a 7 radian phase change:

Vv

(%)

VL, = % x (6.8)

Where:

0 = phase change induced by applied DC bias
V = applied DC bias

L = phase-shifter arm length (m)

The phase modulation and corresponding modulation efficiency is plotted in Figure 6.7
(b). As applied DC voltage is increased, the modulation efficiency decreases. This is
in accordance with simulation and theory, as charge carriers do not accumulate linearly
with applied glsbdc bias, and therefore phase-shifter arm waveguide refractive index does
not decrease linearly. glsbdc bias of 6V will be used to conduct the high-speed analysis
of the device. Experimentally, for applied glsbdc bias 6V, the measured § = 0.61599 (for
500p4m) and modulation efficiency 1.53Vem. According to Lumerical Solutions CHARGE
simulations discussed in 3.2.2, the results of which are shown in Figure 3.9, § of 0.61599

implies a vertical-slot gate oxide thickness of ~ 14nm.

During high-operation-speed analysis of the device, a PRBS was used to provide an input
signal for a drive amplifier which boosted the signal to the required 6V. The signal was
applied to the device using a high-speed ground-signal-ground (GSG) probe. The GSG
probe contacted the metal pad which connected the electrical signal through the via and
metal layer to the metal/p++ doped SOI contact at the input side of the phase-shifter
waveguide. The p+-+ doped region was connected to the p- doped side of the waveguide
which made up the active phase-shifter waveguide arm of the MZI device. The output
side of the phase-shifter waveguide was connected in reverse order to a metal output pad,
to which a second GSG probe was connected. The second GSG probe was connected to

a 5082 termination point to act as DC block.

The operating wavelength chosen to carry out the high-speed analysis was 1558.8nm.
This corresponds to the quadrature point for this device. For OV bias, transmission is
5.4dB lower than at the nearest peak transmission, which is 27% of the local ER of
20.1dB. For 6V bias, transmission is 9.9dB lower than at the nearest peak transmission,
which is 49% of the local ER of 19.5dB. The difference in transmission intensity at
1558.8nm between 0V and 6V under steady-state conditions is 5.6dB. This is shown in
Figure 6.6 (b). In high-speed operation the device will obviously experience a smaller

ER in the eye-diagram.
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FIGURE 6.7: Characterisation results for active vertical-slot rib-waveguide accumula-

tion modulator. (a) Transmission spectrum for A=1557-1561nm for 500um phase-shifter

length MZI as a function of applied voltage. (B) Phase change and extracted modula-

tion efficiency as a function of applied voltage. (C) Eye diagrams for device measured

at 6V driving voltage (3V DC bias) showing clear "eye opening" when modulating a
PRBS at 20Gb/s (left) and 25Gb/s (right)

In high-speed operation, the output light is coupled into a fibre and from there into an
EDFA and then an optical filter. This amplifies the optical signal and then removes some
of the noise that this amplification generates. The optical signal was then passed to the
digital communication analyzer (DCA), with which the characteristic "eye-diagram" was
observed. The eye-diagrams for operation at 20 Gbit/s and 25 Gbit/s are shown clearly
in Figure 6.7 (c) left and right respectively. These eye-diagrams demonstrate ERs of
3.7dB and 3.6dB respectively, which, whilst lower than the steady state ER of 5.6dB, is
still sufficient for the purpose of high-speed EO modulation.

The operating speed of 25Gbit /s is lower than the operating speed predicted from sim-
ulation, which was 42GHz. One of the primary causes contributing to this reduction
in operating speed is the contact resistance of 112, which was not accounted for in the
simulation (ohmic contacts were assumed). Another primary cause contributing top to
this reduction is the connecting rib doping concentration, which was designed to be uni-
formly 1 x 10'¥cm™3, but when measured using a PN diode test structure from the same
wafer it was found to be 6 x 107cm™3. This reduction in doping concentration will mean

an increased contact rib resistance, which also was not accounted for in the simulation.
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6.3 Conclusion

Fully-crystalline vertical-slot rib-waveguides were developed using a unique fabrication
process involving the full recrystallization of deposited a-Si using exposed "seed" windows
of Si and CMP planarisation to realize a vertical-slot SiOo layer seamlessly integrated
into the planar SOI layer. This vertical-slot SiOs layer was used as the vertical gate
oxide at the centre of the vertical-slot rib-waveguide which would become the active
MOScap component of the accumulation modulator. The propagation loss of the passive
vertical-slot rib waveguide fabricated in this was was shown to be 1.38dB/mm, which,
although higher than the minimum propagation loss exhibited by the horizontal-slot
strip-waveguide (0.85dB/mm), it was significantly lower than the lowest propagation
loss exhibited by the horizontal-slot fin-waveguide (6.6dB).

Having confirmed that the passive transmission loss was acceptable, the active accu-
mulation modulator was fabricated and characterised. The transmission spectrum at
0V DC applied bias showed total device insertion loss = 26dB, ER = 17-29dB, FSR
= 2.5bnm (average). The propagation loss through the active region of the device was
measured to be 2.5dB. This low propagation loss was enabled by the recrystallization
process. When comparing the experimental spectrum with the calculated spectrum it
was found that the Any = 2.3 x 107* and 4.9 x 10~* for applied DC bias of 6V and
10V respectively. At the quadrature point the steady-state ER between 0-6V was 5.6dB.
The phase change observed over the 500um phase-shifter arm waveguide between 0-6V
was 0.62, which suggests a modulation efficiency of 1.53Vem and a gate oxide thickness
of ~14nm. During high-speed analysis conducted at A=1558.8nm, a PRBS produced a
characteristic "eye-diagram" on the DCA for operating speeds up to 25Gbit/s, where the
"eye-diagram" demonstrated ER=3.6dB.

The modulation speed of 25Gbit/s and modulation efficiency of 1.53Vem can be con-
sidered high-speed and high-efficiency when acknowledging the fact that this is a based
on a new vertical-slot in-plane design architecture and a new fabrication process. The
simulations suggest that the current design can be competitive with horizontal-slot accu-
mulation modulator designs® and the design /fabrication process can still be optimized in
several ways (e.g. fabricated doping profile aligning with designed doping profile, reduc-
ing 11€ contact resistance, improving fabrication for no-slot rib-waveguide to vertical-
slot rib-waveguide transition, lowering passive transmission loss caused by CMP induced
top-surface roughness etc.). Also, whilst the horizontal-slot fin-waveguide devices can be
designed as pseudo-1D PhCs (and may in some configurations be able to be used as a
TE-TM converted), the vertical-slot rib-waveguide design can more easily accommodate
the inclusion of a standard 2D photonic crystal structure. This can easily be achieved
by changing the pattern used to define and etch the rib-waveguide, which is a trivial
step which occurs after the realization of the in-plane vertical-slot, and does not effect

the vertical-slot. The vertical-slot rib-waveguide can also be included in a ring resonator
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whereas the horizontal-slot fin-waveguide cannot. The vertical-slot rib-waveguide ac-
cumulation modulator demonstrated here can therefore be more easily integrated into

already established silicon photonics platforms.



Chapter 7

Conclusions

7.1 Thesis Summary

OE modulators are a key enabling technology when it comes to medium and short range
interconnects, as well as an enabling technology for further electronic and optical in-
tegration. There are many potential platforms and designs on which OE modulators
can be based. The purpose of this PhD was to develop a fully-crystalline narrow-slot
high-speed /high-efficiency accumulation modulator that could be easily integrated into
existing silicon photonics technologies (both in terms of design and compatibility with
existing fabrication processes), and would be competitive with current industry standard
Si accumulation modulators. To this end, two competing designs were proposed: (1) a
bi-layer horizontal-slot fin-waveguide fabricated by mirrored orientation (111) orientation
SOI bonding, thinning and subsequent self-aligned TMAH wet etching to simultaneously
realise under-etching of the top fins and over-etching of the bottom fins, and (2) an in-
planar vertical-slot rib-waveguide fabricated by a-Si deposition and recrystallization and
CMP.

Simulations for both designs have been presented and the advantages/disadvantages of
each design have been discussed at length. The horizontal-slot fin-waveguide has several
advantages over the vertical-slot rib-waveguide. These include the ability more accu-
rately control the SiOs2 slot thickness, as well as grow a thinner SiOs slot if required.
Both horizontal-slot ¢-Si/SiO9 interfaces will also be perfect as they were both grown us-
ing thermal oxidation of c-Si, whereas one of the vertical-slot ¢-Si/SiOs interfaces will be
of lower quality because it will rely on the extent/quality of a-Si coverage on that side of
the slot, and then the quality of the recrystallization. The horizontal-slot fin-waveguide
top surface will also be smoother than the vertical-slot fin-waveguide top surface be-
cause it will be defined by the perfect ¢-Si/BOx interface instead of CMP. For these two

reasons, the horizontal-slot strip-waveguide has lower transmission loss (0.85dB/mm)
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than that exhibited by the vertical-slot rib-waveguide (1.38dB/mm) (and lower trans-
mission loss than any comparable fully-crystalline slot waveguide). The horizontal-slot
fin-waveguide is the first demonstration of a simultaneously over-etched /under-etched bi-
layer silicon photonics device, and this technique could be used to realise new previously
impossible bi-layer architectures. All relevant passive devices have been fabricated using
the horizontal-slot fin/strip-waveguide platform, including grating couplers (GC), Mach-
Zehnder interferometers (MZI) and multi mode interferometers (MMI), and pseudo-1D
PhCs exhibiting a PBG. The characterisation and analysis of these devices has been
presented at length in this thesis in 4 and 5.

However, despite these advantages, once the proof-of-concept passive horizontal-slot
fin-waveguides were successfully demonstrated, it became apparent that the complex-
ity of the 3D fin structure would make the fabrication of a satisfactory horizontal-
slot fin-waveguide based accumulator incredibly challenging. The transmission loss of
the horizontal-slot fin-waveguide was also x5 higher than that of the vertical-slot rib-
waveguide. For these reasons, it was decided that for the active modulator the vertical-

slot rib-waveguide design was to be pursued.

The vertical-slot rib-waveguide was fabricated by growing a thin (14nm) SiOy layer on
the vertical Si sidewall, depositing a-Si via PECVD and then recrystallizing the a-Si.
This was then planarized using CMP to realise the in-plane vertical-slot which would act
as the gate oxide in the MOScap component of the device. SEM images demonstrate that
recrystallization was complete in the region that would make up the waveguide (200nm
either side of the vertical-slot). The rib-waveguide was then patterned and etched, ion

implantation was used to lightly dope the waveguide and connecting ribs (1 x 108

was
targeted, but 6 x 107 was measured using PN junction test devices), and heavily dope
contact regions (1 x 102°). A SiO, cladding layer was applied by PECVD, vias were

etched and metal contacts deposited.

The transmission loss of the doped and undoped vertical-slot rib-waveguides was found
to be 1.38dB/mm and 5.1dB/mm respectively. The insertion loss of the active modulator
was 26dB, with only 2.5dB being attributed to loss in the 500pm long active phase-shifter
section of the device. The no-slot/vertical-slot rib-waveguide transition exhibited a tran-
sition loss of 5.5dB /transition. The MZI exhibited an average FSR of 2.5nm and an ER
of 17-29dB. Under the influence of an applied DC bias in steady-state operation, the
transmission spectrum was found to blue-shift by 0.2nm (6V) and 0.35nm (10V), which
equates to Angy = 2.3 x 107% and Anqgy = 4.9 x 107* respectively. The ER from 0V
to 6V at the quatrature point was found to be 5.6dB in steady state operation. The ex-
perimentally observed blue-shift was converted into phase change to find the modulation
efficiency, VL = 1.53V-cm. Under high-speed operation, an "eye-diagram" with an ER
of 3.6dB was observed for a modulation speed of 25Gbit/s. These characterisation details

demonstrate that the vertical-slot rib-waveguide operates as expected, and although the
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experimentally observed modulation speed was not as high as that predicted by simu-
lation (42GHz), they demonstrate the potential of this platform to be competitive with

appropriate design/fabrication optimization.

7.2 Future Work

There are many opportunities for improvement /optimization of the designs and fabrica-
tion processes mentioned in this thesis. There are also several new research areas and
directions which became apparent during the work but which could not be pursued due
to time and resource constraints. In this section the possible future design/fabrication

optimizations will be discussed, as well as new research areas.

7.2.1 Horizontal-Slot Fin-Waveguide Accumulation Modulator

The horizontal-slot strip-waveguides demonstrated promising transmission loss values,
and it is expected that these can be reduced significantly simply by applying short TMAH
etch ( 10 minutes). However, the more pressing issue that should be addressed is the issue
of reducing the horizontal-slot fin-waveguide loss. This could be done by a systematic
study of many different fin designs and various sidewall thermal oxide thickness’s (for
LOCOS) and various TMAH etching times. Because of the limited number of chips
available, such a systematic study of TMAH etch times could not be carried out in this
case. There are also several design optimizations that could be explored. For example,
one of the benefits of using a fully-crystalline silicon photonics platform with a centrally
placed SiO2 horizontal-slot is that the horizontal-slot acts as an inbuilt hard stopping
layer when applying dry or wet Si etching. Stopping Si etching in the middle of the SiOq
horizontal-slot layer (which exhibits high selectivity against Si when etching for many
etching types) is beneficial as it avoids creating a rough Si top-surface where the etching
stops. This SiO2 horizontal-slot stopping layer could be used to improve the quality
of apodized partially etched grating couplers. Another example of a potential design
improvement would be the removal of the sharp discontinuity between the horizontal-
slot strip-waveguide and the fin-waveguide, perhaps introducing the fins in a tapered
fashion instead of beginning fins and TMAH etch window abruptly. Obviously once the
fabrication has been sufficiently optimized such that the horizontal-slot fin-waveguide
transmission loss is comparable with the vertical-slot rib-waveguide transmission loss, it
will be very exciting to fabricate the active accumulation modulator, as the design is still

promising.

Another research direction that would be interesting to pursue would be the exploration
of novel applications of the up/down offset pseudo-1D PhC structure created by the

periodic fins. FDTD simulations suggest for example that by introducing a mismatch in
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alignment between left and right fins, a PBG appears for the TE mode only, whilst the
TM mode is unaffected. This PBG could be used to couple TE mode to TM mode. Also,
the inherent left-right asymmetry and ability to under-etch the bottom-layer distinctly
from the top-layer could be used to design new PhC waveguide architectures generally,
which have until now been restricted to one layer in-plane with the waveguide. The
horizontal-slot fin-waveguide is the first demonstration of a bi-layer PhC waveguide. A

design for the horizontal-slot fin-waveguide is presented schematically in 7.1.

]

=
S
S

/

FIGURE 7.1: Top-down schematic of horizontal-slot fin-waveguide with (b) and without
(a) period alignment mismatch

7.2.2 Vertical-Slot Rib-Waveguide Accumulation Modulator

The future work to be pursued in regards to the vertical-slot rib-waveguide accumulation
modulator follows two trajectories. Firstly, design and fabrication optimization must be
carried out to demonstrate that the current design can operate at the simulated speed of
32GHz with efficiency of 1V-cm (with gate oxide thickness=10nm instead of the realised
14nm), or 42GHz with lower efficiency. Secondly, the current design could be easily
amended to include a standard PhC-waveguide instead of a rib-waveguide, or a ring-

resonator modulator structure instead of an MZI modulator structure.

In terms of increasing the performance metrics of the current vertical-slot rib-waveguide
accumulation modulator design, several areas of improvement have already been men-

tioned. The most critical being the optimization of the doping concentration profile and
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the accurate realisation of this optimized profile, the reduction of top-surface roughness
induced by CMP (potentially using LOCOS), and the reduction of the contact resistance.
Two other areas that would benefit from optimization are the control of the vertical-slot
SiO9 thickness (10nm was targeted but the experimental thickness was estimated to be
14nm) and an improvement of the design and/or the fabrication of the no-slot/vertical-
slot rib-waveguide transition, which exhibited a x5 expected loss from simulation per
transition. With these improvements the device will be able to perform more in line

with simulation results.

In terms of amending the design and integrating it on-chip with other established sil-
icon photonics devices/components, the two most obvious next steps for integration
are demonstrating a vertical-slot PhC-waveguide and a vertical-slot rib-waveguide ring-
resonator modulator. Depending on how the PhC was designed and tunes, the vertical-
slot PhC-waveguide accumulation modulator could be operated in the slow-light regime

at the edge of the PBG, or it could be part of an electronically controllable optical filter.

It is clear that having now successfully demonstrated two new unique approaches to the
problem of how to fabricate fully-crystalline MOScap waveguides, these two approaches

can be developed to exploit their respective advantages.
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