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Problem Description

The purpose of this project is to optimize the fabrication of silicon photonic
components. To achieve low loss and high resolution, minimizing rough-
ness and achieving high anisotropy will be prioritized. To keep down costs,
a low number of processing steps is preferred, and as much of the process
as possible will be performed in-house, altough outsourcing opportunities
will be discussed based on the results.

The target material for processing is plasma enhanced chemical vapor
deposition (PECVD) grown amorphous silicon on PECVD grown silicon
oxide. However, processes will also be tested on monocrystalline silicon
since commercially bought SOI is a highly relevant platform. Structuring
will be performed using electron beam lithography (EBL) and inductively
coupled plasma reactive ion etching (ICP-RIE). The structure quality will
be evaluated visually using scanning electron microscopy (SEM).

The ultimate goal of this project is to manufacture a working silicon
photonic waveguide and couple light through it. The waveguide should
have a thickness of 220nm and a width of 550 nm, as determined by
Vigen|[69]. This work will aid in later NTNU work with designing and
fabricating a silicon photonic biosensor. All fabrication work will be per-
formed at NTNU NanoLab, and coupling will be performed at the De-
partment of Electronics and Telecommunications. The characterization
setup will be constructed or adapted from existing setups, and will itself
be characterized and tested.






Abstract

Photonics is the science of manipulating photons, and silicon photonics is
the application of silicon as the optical medium. It leverages the vast body
of knowledge about semiconductor manufacturing and the established use
of infrared wavelengths in telecommunications to simplify design, manu-
facture and testing. It also promises a relatively smooth integration of
electronics and photonics.

This work lays the foundation for further work with silicon photonics
at NTNU. Starting with the bare silicon wafer, it explores the processing
from scratch of the necessary materials and the nanostructuring of them
to create devices. The entire process flow from the empty wafer to a device
in the characterization lab is documented. Silicon-on-insulator wafers are
grown using PECVD, and the film quality is evaluated. The wafers are
patterned using EBL and etched with ICP-RIE.

The bulk of the work is the development of etching recipes that min-
imize sidewall roughness. Simultaneously, the lithographic parameters of
dose and spatial dimensions are optimized. Two candidate etch recipes
are identified and their weaknesses and strengths relative to each other
are discussed.

Several mm long waveguides without discontinuities are fabricated,
with features such as S-curves and racetrack resonators. These are charac-
terized in an optical setup based on butt coupling with micrometer control
of in- and out-coupling fibers, infrared imaging and a photodetector for
quantitative measurement. The setup has been characterized and verified
to work, however no coupling has been achieved. Suggestions for further
work are outlined for the benefit of later researchers.






Sammendrag

Fotonikk er vitenskapen om & manipulere fotoner, og silisiumfotonikk er
anvendelsen av silisium som optisk medium. Det utnytter den enorme
mengden kunnskap om produksjon av halvledere og den veletablerte bruken
av infrargde bglgelengder i telekommunikasjon for a forenkle design, pro-
duksjon og testing. Det lover ogsa en relativt enkel integrering av elek-
tronikk og fotonikk.

Dette arbeidet legger grunnlaget for videre arbeid med silisiumfotonikk
ved NTNU. Med utgangspunkt i en bar silisiumwafer utforsker den fra
grunnen prosessering av ngdvendige materialer og mikromaskinering av
dem for & lage komponenter. Hele prosessen fra standard ravarer en enhet
i karakteriseringsoppsettet er dokumentert. Silicon-on-isolator-wafere er
grodd ved hjelp av PECVD, og filmens kvalitet blir vurdert. Wafere er
strukturert med EBL og etset med ICP-RIE.

Utvikling av etseoppskrifter som minimerer sideveggsruhet utgjgr mesteparten
av arbeidet. Samtidig blir de litografiske parametrene dose og dimen-
sjonering optimalisert. To spesielt interessante etseoppskrifter er identi-
fisert og deres svakheter og styrker i forhold til hverandre blir diskutert.

Flere mm lange bglgeledere uten diskontinuiteter er fabrikert, med
funksjoner som S-svinger og racetrackresonatorer. Disse er karakterisert
ved et optisk oppsett basert pa butt-kopling med mikrometerkontroll pa
inn- og ut-koblingsfiber, infrargd mikroskopi og en fotodetektor for kvan-
titative malinger av signal. Oppsettet har blitt karakterisert og det er
bekreftet at det fungerer, men ingen kobling er oppnéadd. Elementer av
videre arbeid er foreslatt for senere forskeres nytte.
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Chapter 1

Introduction

1.1 Background

Photonics is the science of optics brought into the modern age. Whereas
classical optics concerns itself with the wave nature of light, photonics
started its life with Einstein’s seminal 1905 paper on the photoelectric
effect[22] wherein the quantization of light was predicted. With further
developments of quantum mechanics and novel material phenomena such
as semiconductivity, the way was paved for revolutionary devices such as
the laser, LED, photodetector, optical fiber and LCD.

While electronics primarily works by moving around electrons which
are massive particles by disturbing them with electric fields, photonics
takes the opposite approach, maneuvering the electromagnetic field it-
self through an environment of electrons and nuclei. Sometimes it fuses
with electronics by exciting semiconductors to higher energy levels or by
exploiting quantum mechanical phenomena such as in the laser. The capa-
bilities enabled by such technologies have increased the standard of living
worldwide and has led the UN to declare 2015 the International Year of
Light and Light Technologies[66].

Like with electronics, work is ongoing to push photonics further, and
in particular there are being put in efforts to bring the two fields closer
together. This takes place both spatially, bringing photonic and electronic
components together on the same chip, and conceptually, having photonics
perform the tasks currently in the realm of electronics|[11].

In squeezing different technologies together on the same piece of sili-
con, the strategy of using the same fabrication process for both has been
promising. This leverages the mature CMOS processes by allowing ex-
isting assembly lines to be used, reducing cost and complexity relative
to purchasing new equipment and developing new processes. As modern
electronics are fabricated in silicon, the silicon on insulator (SOI) platform
has been developed.

SOI technology uses a regular silicon wafer as a structural bottom
layer, coated with SiO, as an insulator and then with a thin silicon layer
which is used as an optical medium. Silicon being a semiconductor with

19
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Si0,
Si0, PECVD - Si PECVD
—_—> B —
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Silicon

Resist spin EBL patterning
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coating

B —— .

Si dry etch - Resist removal

Figure 1.1: Sketch of the major steps in fabricating a waveguide on PECVD
grown SOI. Dimensions not to scale.

a bandgap of 1.1V, it is necessary to use light with a wavelength longer
than 1.13nm in order to get any transmission. While this is a quite long
wavelength which requires space, the high refractive index of silicon en-
sures a short effective wavelength and a high degree of confinement, which
makes it possible to reduce the footprint of the devices. Conveniently, the
1550 nm wavelength is widely used in telecommunications applications,
making existing equipment such as lasers and single-mode fibers plentiful
and cheap.

Although a benefit of sharing the processing line with electronics is
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that the two may be combined, silicon photonics has applications outside
of computation and communication. This work supports an ongoing effort
at NTNU to make a silicon photonic biosensor. Such devices promise rapid
and sensitive detection of biomolecules in a very small disposable sensor
that requires minute volumes of analyte[21, 71].

In this work, the devices will be fabricated using electron beam lithog-
raphy and reactive ion etching. An overview of the fabrication process is
given in Figure 1.1.

1.2 Previous Work

This work builds on several other master’s theses written at NTNU’s De-
partment of Electronics and Telecommunications, supervised by Profes-
sor Astrid Aksnes. Importantly, Vigen’s 2014 thesis Silisium Racetrack
Resonator[69] has had a major impact on this thesis. Specifically, the
specifications for the waveguide and resonator geometries are drawn from
his work and theoretical considerations. Attempts will be made to repli-
cate and improve on his work.

The master’s theses of Bolstad|6], Lorvik[41] and Hgvik[27] also built
up to this project. However, they focus on photonic crystal structures,
which is outside the scope of this work. Their work on fabrication has
influenced this project and justified some of the choices made here.

In addition, the author draws on his experiences from his preliminary
thesis[44], on the fabrication and characterization of plasmonic particles.
The aforementioned work was to a great extent focused on EBL techniques,
and the extensive experience gained from it caused large amounts of time
to be saved on this project, as the lithography is by far the part of the
cleanroom work that requires the most skill.

1.3 Thesis Overview

This thesis uses a variation on the AIBC (Abstract, Introduction, Body,
Conclusion) method described by Burgess and Cargill[9].

This chapter gives a brief overview of the motivations for performing
the work. This thesis contributes to an ongoing research effort at the
Department of Electronics and Telecommunications, and research from
this project and the previous work is presented.

Chapter 2 presents the theoretical basis for the work. It describes the
optical waveguide devices that are to be built, without going into detail
about the fabrication process. It also gives an introduction to the SOI
platform.

Chapter 3 presents the experimental equipment that was used. This
chapter was kept separate from the theory due to its focus on applica-
tions and methods. At the same time, it was kept separate from methods
because of its scope and generality, and because no specific experimental
procedures are presented.
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Chapter 4 contains the bulk of the work. The experimental trials are
described one by one, and the results are presented immediately after
with short comments. This was deemed to be an appropriate way to
format the thesis due to the nature of the task. This thesis is primarily an
engineering effort performed incrementally. Each experiment is based on
the previous, therefore it makes sense to present them sequentially, so that
the motivation remains clear to the reader without having to cross-check
back and forth between chapters

Chapter 5 sums up the results and compares them. The results are
examined to look for cross-experimental trends and draw conclusions that
are difficult to notice when analyzing each experiment individually. The
effectiveness of the experimental approach will be evaluated. Furthermore,
recommendations will be made to future researchers about methods that
may produce better results.

Chapter 6 presents the most significant findings and makes recommen-
dations for further work.

Appendix A contains the results from the laser characterization, in
particular the tunability, spectral width and power.



Chapter 2

Theory

This chapter presents an overview of the underlying theory necessary to
understand this work. It covers the physical basis of optical waveguides
and explains some of the tools used in fabricating the samples. This is
necessary in order to make the reasoning behind the choices made more
apparent.

2.1 Waveguides

Electromagnetic Optics

Maxwell’s equations[45] serve as the foundation of classical electromag-
netics, and thus also for electromagnetic optics. This set of coupled differ-
ential equations states the relation between electric and magnetic fields in
arbitrary media. These equations are very powerful and entirely classical,
allowing for description of complex nanophotonic and plasmonic effects
without resorting to quantum mechanics[43|. In the “macroscopic” form
of the equations, they are stated as follows:

V-D=p (2.1)
V-B=0
OB
VxE=-> (2.3)
oD

This formulation depends on the auxiliary fields D and H, defined as

D=ecE=¢E+P (2.5)

= iB -M (2.6)
Ho
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Here D, E, P and J are the electric displacement, electric field, polar-
ization and current density, and €y and p the vacuum permittivity and
charge density. Similarly, H, B and M are the magnetic induction, mag-
netic field and magnetization, and pg the vacuum permeability. In the
general case, € and p are tensors, of the form

(2.7)
€z  €zy €zz

The symmetry properties as described by Singh[60] will not be repeated
here, except to mention that they will be the same as for the medium.
This needs to be taken into consideration when working with uniaxial
and biaxial materials as well as certain nanostructures[43]. However, as
neither silicon, silicon oxide or amorphous materials in general fall into
this category, the dielectric function will from here on be assumed to be
scalar.

Magnetization and current will be neglected as we will not consider
metallic materials, and Equations (2.3) and (2.4) can be rewritten. Using
Equations (2.5) and (2.6) and setting u = o and € = egn?, we arrive at
the simpler form

OH
E= pyor 2.
V x Ko, (2.8)
VxH= 6()7127(‘38?. (29)

These equations can be decomposed into two sets of coupled equations
for linear polarized fields:

0E, OE,

ot = —jwuoH,
ox y J@Ho
OH
® + jkH, = jweon?E, (2.10)
Ay
oH, . .
~on + jkH, = jweon2Ey
0H, O0H, 5
_ - E,
o oy Jjweon
oFE, . .
+ jkEy = —jwuoH, (2.11)
dy
OF,

o = ikE, = —jwnH,

Now consider a plane wave of the form
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E = E(xz,y)e’ @) (2.12)
H = H(z,y)e! @+, (2.13)

This wave, propagating through a waveguide as shown in Figure 2.1,
can be viewed as a superposition of fields adhering to Equations (2.10)
and (2.11). These have no electric or magnetic field respectively in the
direction of propagation, and are termed transverse electric (TE) or trans-
verse magnetic (TM) waves.

Planar-Mirror Waveguides

We will begin our discussion of waveguides by considering the simplest
configuration, the planar-mirror waveguide. The reader with a background
in quantum mechanics will note the similarities between the particle in box
model and the planar-mirror waveguide, as opposed to the finite potential
well and planar dielectric waveguide. In both quantum mechanics and
photonics, the first scenario has a sinusoidal field distribution and complete
confinement, while the other has less confinement and exponential decay
outside the boundaries.

[V]ISH

o

|
N[
T

Figure 2.1: Schematic of a planar-mirror waveguide

The planar-mirror waveguide consists of two parallel, infinite planar
mirrors enclosing a dielectric slab. A monochromatic plane wave, TE or
TM, propagates along the slab at an angle 0, reflecting off of the mirrors
as shown in Figure 2.1. It has wavelength A = A\g/n, wavenumber k = nkq
and phase velocity ¢ = ¢g/n. With each reflection, the wave undergoes a
phase shift 7, ensuring that the net field at the dielectric-mirror interface
exactly cancels itself.

Now consider waves that will reflect such that they retain their phase
after exactly two reflections. Such waves will maintain the same transverse
field distribution along the entire waveguide axis, and are called modes.
It can be easily shown that for any given wavelength, this is only possible
for a discrete set of bounce angles, given by

Oy = sin~! ("21—2) ,m € Nxg (2.14)
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Requiring the argument of sin~! to be less than 1, we find the number
of modes M to be restricted:

A

The value enclosed by the || brackets is rounded down to the nearest
integer. This leads to a cutoff wavelength of A\, = 2d for the planar-mirror
waveguide, intuitively obvious by considering a wave in a cavity smaller
than its wavelength.

As the bounce angle is never exactly zero, it is useful to vectorize
the wave number. From simple trigonometric considerations and Equa-
tion (2.14), we obtain

M= fdJ (2.15)

Feum = ksin(6,,) = m% (2.16)

kum = kcos(0p,). (2.17)

From Equation (2.16) it can be inferred that the modes propagate along
the waveguide at different velocities. A convenient way to handle this is
to introduce the propagation constant 3,, = k, = kcos#,,. Furthermore,
we introduce the effective index n.:

p
=2 2.18
ne =i (218)
Using Equation (2.14), we obtain the useful expression
B2 = k?(0.5 — sin?4,,)
2,2
o omeTm
=k -0 (2.19)
W2 m2n2
IR

This is also the dispersion relation for the system, as it links the fre-
quency to the propagation constant.

The field distributions of the modes is obviously of great interest as
well. Consider an upward-travelling wave Eyp = Aexp(—jkymT — jBm?2)
and a downward-travelling wave E,| = Ae’ =7 oxp(+jkem® — §Bmz)
interfering. The total field then becomes

Ey(z,2) = aum(x) exp(—jfmz) (2.20)
where

2 cos(mm%), m odd
U (z) = V¢ (mm3) (2.21)

\/%sin(mwg), m even.

The field distributions of the lowest four modes is shown in Figure 2.2.
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m=1 m=2 m=3 m—4

Figure 2.2: Field distributions of the lowest 4 modes of a planar-mirror wave-
guide.

Planar Dielectric Waveguides

The planar dielectric waveguide is a step away from the planar-mirror
waveguide in terms of simplification. Introduced is a dielectric cladding
layer in place of the top mirror, and a substrate material which may or
may not be the same as the cladding[49]. The substrate and cladding must
have refractive indices lower than that of the core, such that total internal
reflection will occur. As will be seen, this change has consequences for the
whole system. Here, ng is the refractive index of the substrate, and ng
and ny of the core and cladding, as in Figure 2.3.

n
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Figure 2.3: Schematic of a planar dielectric waveguide

Importantly, as can be derived using Fresnel’s equations[57], the re-
flection coefficients become complex. This effects a phase change ¢ that
unlike in the planar-mirror case is not necessarily 7, and which is different
for TE and TM modes.

drE sin’ 0,
tan —— = -1 ,TE 2.22
2 sin? 6§ ( )
~1 in? 0,
pan P20 L s O ,TM (2.23)
2 cos2f. \ sin“f

Here, 0, is the critical angle above which total internal reflection will
occur, and 6, is its complementary angle,
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0. = arcsin m (2.24)
o
0. = 90° — 0, = arccos m (2.25)
no

By convention 6. is defined such that it is equal to 0 when perpen-
dicular to the waveguide. By another convention €, the bounce angle
experienced by the light, is defined such that it is equal to O when parallel
with the waveguide. For this reason, 8, is used in this work, in accordance
with textbooks such as Fundamentals of Photonics[57].

The consequence of this phase difference is that the field at the bound-
ary is no longer exactly 0. In order to fulfill Maxwell’s equations, an
evanescent (exponentially decaying) field appears in the cladding and sub-
strate. The time averaged field distribution can then be described as[49]:

Acos (kd/2 — ¢) e 7@=%2)  cladding
E, = Acos (kz — ¢) ,core (2.26)
Acos (kd/2 + ¢) e ¢=+%2)  substrate

Tt is important to note that ¢ in Equation (2.26) is not the same as in
Equations (2.22) and (2.23), but rather a parameter that must be found
independently. x,0 and & are the wavenumbers along x inside the core,
cladding and substrate.

k= y/k?n? — 32 (2.27)
o=1/B%—k*n? (2.28)

¢ = /B — kn2 (2.29)

Note that the above derivation only holds as long as the core has the
highest refractive index. If this is not the case, the field distribution will
be harmonic in the materials with lower refractive index, and the mode is
radiative, not guided.

It is interesting to know how much of the total power is contained
within the core relative to the cladding and substrate. This is called the
power containment factor I',,, and is defined as

Lo tn (y)dy

S0 v (y)dy

Importantly, the confinement factor increases for high-An systems and
for lower-order modes[57].

The altered phase shift relative to planar-mirror waveguides implies
that the bounce angles must change as well, in order to preserve self-
consistency. In the relatively simple case of ng = ng, this can be demon-

d

strated by requiring % = w5 sin(f) —m7. This leads to the transcendent

L (2.30)
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Equations (2.31) and (2.32), and a graphical or numerical solution is nec-
essary in order to find the allowed bounce angles. In the generalized case
of ns # ng, the derivation is more complex[49] and will not be covered
here.

d in” 6,
tan (w)\ sin(6,,) — m;r) = :11;12 i 1 ,TE (2.31)
—1 in2d
tan (ﬂ'd sin(6,,) — m7r> =— s.1n2 b _ 1 ,TM (2.32)
A 2 cos2 0, \ sin®6,,

While the number of TM modes is more complicated to calculate, the
number of TE modes can easily be determined by assuming the highest-
order mode to have a bounce angle 6,,, ~ 6., taking the inverse tangent
and solving for m.

M= Fm icmﬂ (2.33)

The [] notation, similar to that of Equation (2.15), means that the
number of modes must be rounded up to the nearest integer. Conse-
quently, there will always be at least one legal mode in a planar dielectric
waveguide.

Two-Dimensional Waveguides

In practice, most waveguides are designed to confine light in both the x
and y directions, which is not possible for the planar geometries discussed
above. This can be achieved using a number of different waveguide ge-
ometries, some of which are shown in Figure 2.4. While only strip, buried
strip and ridge are relevant to the techniques used in this work, the optical
fiber is included for completeness.

The strip and buried strip can be analyzed using Marcatili and Kumar’s
methods[49], which extend the methods used for planar mirror waveguides.
However, these methods break down even for ridge waveguides, and it is
necessary to use numerical methods to model these structures. This can be
done using the finite element and finite difference methods, prominently
featured in the COMSOL Multiphysics! software suite. The COMSOL
software was used for designing the devices in this work[27].

Losses in Waveguides

The most widely discussed sources of loss in textbooks are those that
plague optical fibers. These include Rayleigh scattering, which is on
the order of 0.1dB/km at 1550 nm in glass, and infrared absorption, on

1www.comsol.com
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Strip Buried strip Rectangular

Ridge Optical Fiber

Figure 2.4: Five common 2-D waveguide geometries: Strip, buried strip, ridge,
rectangular and fiber.

the same order, and in well-made silica glass fibers the losses add up to
0.15dB/km|[57].

However, scattering losses from impurities can be a serious issue. In the
case of focused ion beam (FIB) milled waveguides, where a gallium beam
selectively sputters away features, losses from implanted gallium atoms
have been reported as high as thousands of dB/cm|17], far above what can
be accepted for practical purposes. FIB typically uses acceleration voltages
of up to 30keV, however, and etching processes using lower voltage such
as ICP-RIE routinely show significantly lower losses[56, 70]. Due to the
lower energy of ICP-RIE, ion implantation is kept to a minimum.

Of greater concern are often scattering losses from the roughness of the
waveguide itself. While sub-nm RMS roughness[53] can often be achieved
on wafer surfaces following chemical-mechanical planarization, untreated
PECVD grown films can be far rougher. Roughness of CVD grown films
has been measured to 4nm for 150 nm thick SiOs, increasing for thicker
films[65].

In addition to top and bottom interface roughness, the sidewall rough-
ness of the device must not be neglected. Sidewall roughness usually arises
in etching, and a great deal of effort has been put into managing it[39].
Roughness is especially problematic for thin and narrow waveguides due to
low confinement leading to a stronger interaction with the rough surfaces




2.1. WAVEGUIDES 31

and sidewalls[34]. Below a width of 4 pm, transmission losses increase dra-
matically, reaching more than 30 dB/cm for an RMS sidewall roughness of
10 nm. However, a post-treatment of the waveguides has been shown to
reduce the surface roughness to 2 nm, leading to losses of 0.8 dB/cm|[35].
This procedure is based on growing an oxide layer using HoO and O at
1000 °C for 43 minutes, then stripping the oxide in HF.
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2.2 Coupled Mode Theory

This section describes how an electromagnetic field can, by virtue of simi-
larity with an allowed mode, feed power into the mode, potentially trans-
ferring itself completely to it. The central idea consists of expanding the
source field s(y) as a superposition of modes u,,(y) and finding the am-
plitude of each mode[57]. Mathematically, this takes the form

s(Y) =D amtim(y) (2.34)

A = /OO s(y)um (y)dy. (2.35)

— 00

Input Coupling

The incident field can take many forms, such as a laser aimed at a wave-
guide facet, or a source waveguide positioned close enough to the receiving
waveguide that the evanescent field overlaps the waveguide. The first case
is known as butt coupling[57], and is a conceptually simple and common
way to couple light into a waveguide.

Unfortunately, while the experimental setup needed for butt coupling
can be very simple, achieving a high coupling coefficient can be difficult.
This is mostly due to the typically very small dimensions of the waveguide
core. There are in this scenario two options: Either, a tightly focused beam
may be used, coupling a large amount of light into the waveguide if it hits
at all. This requires great stability and precision[57], and is preferred in
mass-produced setups such as fiber-to-fiber-couplers and integrated pho-
tonic devices. Figure 2.5 shows an example of a small spot not perfectly
aligned with the waveguide.

The other option consists of using a larger spot, and accepting that
only a fraction will excite a waveguide mode. However, when coupling into
very small waveguides, the amount of accepted light may be miniscule,
and it is often necessary to strike a balance between the two strategies.
Furthermore, if the waveguide facet is not perfectly flat or is tilted relative
to the beam, large amounts of light can be scattered. Facet quality can
be ensured by polishing[28] or milling with routers|2|.

Other methods for guiding light into a small device include prism cou-
pling and grating coupling[57]. These are side coupling techniques, based
on introducing the light at an angle. In prism coupling, the light under-
goes total internal reflection at the bottom of the prism, which is separated
by a short distance from the waveguide. The evanescent tail then couples
into the waveguide. The grating coupling is based on diffracting the beam
such that one diffracted component will couple into a mode.

The problem of coupling into a very small waveguide can be addressed
by using a tapered waveguide[63]. The incident light now enters a large
target, which then progressively narrows down to the smaller waveguide.
While the wide end of the taper is massively multi-mode, the slow taper
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Figure 2.5: Power distributions of the exciting and excited modes in a wave-
guide, demonstrating the difficulties of aligning the light source.

forces the light to couple into lower-order modes. Some loss is always
inherent in this process, but with properly designed tapers, even short
tapers can achieve almost 100% transmission|23].

Coupled Waveguides

Another useful application of coupled modes is transferring power between
adjacent waveguides. This can be used for splitting beams, feeding light
into resonators or making switches by combination with electro-optical
media between the waveguides[57]. A stringent analysis would be based
on finding the allowed modes for the two-waveguide system as a whole.
However, even in the planar case with a completely straight coupling re-
gion, considering fields in five distinct regions is a complicated process
beyond the scope of this thesis. For weakly coupled waveguides, a pertur-
bation theory based approach as in Equation (2.35) is sufficient[57], and
for more complex cases software simulations will be necessary.

In a system as shown in Figure 2.6, the waveguides are identical. This
is important because it means that the upper and lower modes have the
same wavenumber, and are then said to be phase matched. This mini-
mizes destructive interference, and allows the incoming mode to couple
completely into the other after the coupling distance Lo[57]. If the wave-
guides remain adjacent, the intensity distribution will continue to switch
between the two modes periodically.

This may be justified by considering two odd and even hybrid modes,

o = (ty — r)/2 (2.36)
Ue = (Uy +up)/2. (2.37)

It obviously follows that
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Figure 2.6: Power distributions of the exciting and excited modes in coupled
parallel planar single-mode waveguides, as well as the intermediate
field distribution.

Uy = (U — Ue)/2 (2.38)
wr = (g + )2 (239)

so that the initial state w; is a superposition of the odd and even
mode. Further, it can be shown that the propagation constants 5, and
Be are not identical[26]. Thus, as the odd and even mode undergo phase
shift, u, becomes more dominant, until it is the sole existing mode after
a distance Lo = ==

If the waveguiadese are placed further apart, the coupling coefficients
from Equation (2.35) will be smaller, and Ly increases. This becomes
relevant in more complex devices where the waveguides may curve apart
after the coupling region. While a first approximation may assume that
the coupling coefficients are zero outside of the coupling region, this is a
dangerous approach as coupling may take place in the curve itself[69].
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2.3 Microring Resonators

While being able to guide light is in itself interesting, more complex de-
vices than waveguides are needed in order to manipulate light. One such
device is the microring resonator. The resonator is a conceptually sim-
ple device, consisting of two adjacent waveguides, one shaped like a small
loop and another, the bus waveguide, passing along it in a straight line.
The light passing through the bus waveguide is able to couple into the
loop in accordance with the theory outlined in Section 2.2, allowing light
continually fed in to interfere with itself[5]. This causes resonances when
the total phase shift in a round-trip in the ring is a multiple of 27. This
means that the requirement for resonance is

Ares = NeL/q,q € N5o. (2.40)

The field stored in the loop will couple back into the bus waveguide.
At a resonance, the field coupled out of the loop will exactly cancel out
the field in the waveguide, leading to complete extinction.

Functionalizing the resonator allows the refractive index of the sur-
rounding medium to be chemically sensitive. This in turn alters the effec-
tive index n. and changes the resonance conditions. Thus the resonance
frequency can be tuned by depositing chemicals, which makes the micror-
ing resonator a viable candidate for chemical sensing[74]. Importantly,
this can be used for detecting specific proteins in order to make novel,
miniaturized diagnostic equipment|12].

While the term microring or ring resonator is in common use, the
resonator geometry is not restricted to circles[5]. Ring resonators come
in different forms. Of particular interest in this paper are racetrack res-
onators, which have an elongated coupling region. This is advantageous
because it allows the bus waveguide and the ring to be spaced further
apart as outlined in Section 2.2, which allows for easier manufacturing.
Ring resonators can also be realized in photonic crystals, for example in
square or hexagonal shapes as determined by the crystal structure[52].

In the simplest case, a ring resonator is placed adjacent to a single
waveguide. Under ideal conditions of no loss in the resonator, this is
termed an all-pass filter, as it has unity transmission over the whole spec-
trum and only introduces a phase shift[5]. However, balancing the losses
in the waveguide and coupling into and out of it tells a different story.

Consider the system shown in Figure 2.7. Here a; and b; are the incom-
ing and outgoing fields in the bus waveguide, and as and by the incoming
and outgoing fields in the racetrack. The coupling between waveguide
and resonator is given by k, and the self-coupling by ¢. The transmission
through the ring is given by «, such that as = ae’®by, ¢ being the phase
shift introduced by the resonator. This system can be described by the
scattering matrix method, as follows[75].

bl o t k aq
o)=L L
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.

Figure 2.7: Schematic of a racetrack resonator in an all-pass filter configuration.

Considering the ratio between the incoming and outgoing power yields
the following equation.

bi| o+ It]> — 2a|t| cos ¢

= 3 (2.42)
14+ a?|t]” — 2at| cos &

ay

An interesting feature of this is that when the self-coupling coefficient
t is equal to the transmission coefficient «, the transmission drops to
zero when ¢ = m2n. This condition is called critical coupling[75]. It
follows that in order to construct a high-quality resonator, balancing the
coupling and loss is of great importance. It has been suggested that if
the transmission coefficient can be controlled rapidly, this resonator setup
may be used as a small and low-imprint optical switch[75].

In the more general case of non-critical coupling, the output at reso-
nance becomes
(o — [t])?

= U=l (2.43)

by
ay
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2.4 Silicon on Insulator

Silicon on Insulator (SOI) wafers consist of three layers. The bottom layer
is a thick slab of silicon, the middle layer is SiO5 and the top layer is silicon.
Interest in the technology has been increasing over the past 20 years, and
SOI wafers have been used by CPU and GPU manufacturer in the past
and present|[19]. In photonics, SOI is especially interesting because the
oxide layer confines light in the silicon through total internal reflection.

One of the major advantages of SOI technology is that silicon micro-
machining techniques have become very sophisticated over the almost 60
years that silicon has been the preferred material for semiconductors. High
quality CMOS fabrication equipment is widely available, and these exist-
ing production lines can be used without the complications of developing
and purchasing new equipment especially for photonic components.

Furthermore, sharing processing equipment means that the prospects
are good for integrating micro- and nanoelectronics with silicon photonic
components. This could lead both to photonic components being used in
computing, and to electronic components directly working with photonic
ones, miniaturizing communications equipment|[11].

There are three main ways of fabricating SOI: SIMOX, Smart Cut and
PECVD.

In the SIMOX process, high dose ion implantation is used to bury an
oxygen layer deep below the wafer surface[24]. A subsequent annealing
step converts the oxygen doped layer to SiOs, while a silicon layer on top
remains untouched. In Smart Cut[8], a silicon wafer with an oxide capping
layer has hydrogen implanted deep under the surface. Then, the oxide is
bonded to another wafer, and the whole system is heated. During heating,
the hydrogen creates bubbles and the wafer cracks, leaving a rough SOI
wafer that must be polished. The Smart Cut method produces higher
quality wafers than SIMOX, but is more expensive due to the far more
complex fabrication process.

PECVD growth is an alternative to the prohibitively expensive wafers
produced by the aforementioned processes. In PECVD growth, precursor
gases are allowed to react and settle on the wafer surface to build films,
which will be covered in more detail in Section 3.4. There are two main
advantages to PECVD grown SOI: Having total control over the growth
process allows samples to be made exactly according to the needs of the
researchers. With commercially bought SOI, the selection is limited to
that which is in stock with a vendor, prices can be very high especially
if not bought in bulk and the quality may be lacking depending on the
manufacturer. Furthermore, many research cleanrooms have a flat rate
funding scheme where users can spend a day manufacturing their sam-
ples without paying any additional fees. In these cleanrooms, the cost
of equipment and material use is covered by the host institution, which
makes PECVD grown wafers free from the researchers’ point of view.






Chapter 3

Equipment and Setup

3.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is not a central part of this work,
being used only for inspection of the structures. It is, however, included
here for completeness and because it is based on the same equipment as
the far more important technique of Electron Beam Lithography. SEM is
one of the preferred techniques for visualizing micro- and nanostructures.
This powerful technique allows for resolution far below the diffraction
limit, and introduces new contrast mechanisms[54]. However, it has its
own set of disadvantages. This section will explain the fundamentals of
SEM. Figure 3.1 shows the Hitachi S-5500 S(T)EM used in this thesis. The
T in its name indicates that it is capable of scanning tunneling electron
microscopy, which is not used in this thesis.

Construction of the Microscope and Sources of Aberration

The SEM is, as the name suggests, a microscope based on the scanning of
a highly focused high energy electron beam over the surface of the sample.
A simple sketch of a SEM is shown in Figure 3.2. The source, or electron
gun, emits a controllable stream of electrons. In older systems, this is
performed using a thermionic emitter, composed of a tungsten filament
or LaBg crystal heated to around 2800K. Newer systems use a cold field
emitter, consisting of a wolfram (310) monocrystal tapered to a fine point.
This device emits electrons even at room temperature in the presence of
a strong electric field. This yields a significantly lower energy spread,
reduced from around 2 in the thermionic emitter to 0.5 in the cold field
emitter. The downsides are a lower overall current, higher relative current
noise and drift relative to the thermionic emitter. It is also necessary to
remove contaminants by strongly increasing the temperature every 6 to 8
hours[73, p. 90].

After being accelerated by an electrode in the electron source, the
electron beam is narrowed down by a limiting aperture. Unfortunately,
electron lenses are far from perfect, and significant spherical aberration

39
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would otherwise be introduced by the subsequent lenses. A smaller aper-
ture yields less spherical aberration, but reduces the overall current. The
aperture needs to be shifted slightly while calibrating the SEM, but is
typically not replaced by users. Spherical aberration can also be reduced
by increasing the acceleration voltage.

The electrons then pass through a condenser lens, which serves to
concentrate the beam. The beam is then narrowed down by yet another
aperture, which is typically succeeded by another condenser lens. The
beam then passes through the scanning coils, which deflect the beam to
target it at a specific point on the sample surface, and an objective lens
which focuses it to a point[54].

The condenser lens also contains stigmator lenses, which circularize the
beam to cancel out asymmetries in the preceding lenses. If the beam is
not properly circularized, it will have an elliptical shape, which introduces
astigmatism in the image. This is one of the main user-correctable sources
of unsharpness. Astigmatism will show as points being blurred to lines,
and corners may have one sharp edge and one blurred. Going from over-
focus to under-focus will reveal whether the system is astigmatic, as the
blurring changes direction.

Sample Interaction

When the electron beam strikes the substrate, a number of inelastic and
elastic collisions take place. Most importantly, secondary electrons are
knocked loose as the incident electrons (primary electrons) strike atoms.
These electrons are created throughout the interaction volume, but only
the ones created closest to the surface are able to escape, as the secondary
electron energy typically is lower than 50 eV[54, p. 166].

Furthermore, elastic electron-electron interactions will cause the pri-
mary electrons to be bent off, either widening the beam in forward scatter-
ing, or launching the electrons back toward the surface in backscattering.
Backscattered electrons are generated throughout the whole interaction
volume, shown in Figure 3.3, but not all are able to escape to the surface.
However, they are able to return from further down into the sample than
secondary electrons. This means that they can carry information about
what lies underneath the surface, such as impurities or holes. Of particular
importance is the fact that the distance they propagate is very dependent
on the atomic number, as larger atoms have a higher probability of collid-
ing with the electron. This causes higher atomic number atoms to appear
brighter than low atomic number atoms, in what is called Z-contrast. SE
electrons have Z contrast as well, but not as markedly.

Another useful technique is Energy-Dispersive X-ray Spectroscopy
(EDS). This method relies on characteristic X-rays emitted from atoms
struck by electrons, and gives information about which atoms are present.
X-rays are generated far deeper into the interaction volume than electrons
can escape from, and thus resolution is poor.
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In general, it is easier to visualize conductive materials than isolators.
This is because the electron beam charges the sample. In conductors the
charge dissipates to ground through the sample holder, while in isolators it
remains on the surface. This causes an unwanted electric field which turns
away incident electrons, blurring the image and turning it white from the
additional electrons that strike the detectors|[16].

Secondary electrons that escape to the surface are detected using the
SE detector. This detector is usually placed at the side of the specimen
chamber. Because the secondary electrons have low energy and are ejected
at a wide variety of angles, the SE detector is positively biased in order
to suck the electrons in. The backscattered electrons are detected by the
BSE detector, which typically is a small disk placed directly above the
sample.
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Figure 3.1: The Hitachi S-5500 S(T)EM installed at NTNU NanoLab.
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Figure 3.2: Simplified schematic of a SEM.
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Figure 3.3: Simplified sketch of the interaction volume, labeled with the type
of electrons that are able to escape from the particular part of the
volume. SE electrons generated in the pink region will be able to
escape, and so on. The green region is part of the interaction volume,
but only generates characteristic X-rays useful for characterizing the
chemical composition. Figure courtesy of Vegar Ottesen.
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3.2 Electron Beam Lithography

The EBL technique is based on the same principles as SEM. As a matter
of fact, most low cost EBL systems are constructed from SEMs with a
retrofitted stage. The stage, retrofitted or native to the system, moves
the sample in order to bring an area to be exposed under the beam. In
addition to manual manipulation by the operator, it is central to the
writing process, as the written area is often larger than that covered by
the scanning beam. In this case it has to be broken down into smaller
write fields, exposed one at a time and aligned next to each other, with a
tolerance defined by operator efforts.

More expensive EBLs differ from budget models in that the stage is
integrated with the machine by the manufacturer, and that the EBL can
support a higher acceleration voltage than is necessary for a SEM. This
allows for higher resolution and straighter sidewalls due to a smaller inter-
action volume in the resist layer[72, p. 128][30]. A Monte Carlo simulation
demonstrating this is shown in Figures 3.4a and 3.4b. In this simulation
performed using the CASINO! software, 200 electrons in a 5 nm wide beam
strike a 270 nm thick PMMA layer on an SOI substrate. The beams have
acceleration voltages of 15kV and 30kV. It is evident that the amount
of scattering in the PMMA layer is far smaller at higher voltages. As
the exposed area overlaps more closely with the interaction volume, the
sidewalls are visibly straighter. In Figure 3.4c, the resist has been made
thinner, reducing the scattering even more.

In EBL, a resist layer is deposited by spin coating on a clean wafer
surface. The electron beam scans across the sample surface while it is re-
peatedly blanked and unblanked, exposing the resist layer to the electrons.
Blanking means that a deflection coil redirects the beam into a plate such
that it never reaches the sample.

The resist may either be positive or negative. In positive resists, the re-
sist becomes soluble to a developer chemical when it is exposed. This hap-
pens either due to the breaking of bonds in the polymer resist, called chain
scission, or due to the degeneration of compounds inhibiting dissolution[53,
p, 353]. In contrast, negative resists become hardened where exposed,
typically through crosslinking promoted by photoactive compounds. Pho-
toactive compounds are named as such for historical reasons, due to the
well-established technique of photolithography.

The same polymer may form the basis of both positive and negative
resists, the photoactive compound being what determies the tone (posi-
tive or negative) and sensitivity. In the case of pure PMMA, there is no
photoactive compound, and chain scission is the mechanism of exposure.

Contributions To Write Time

For any given beam current, the time needed to write a pattern scales
proportionally with the dose that needs to be delivered. This in turn

Ihttp://www.gel.usherbrooke.ca/casino/
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is dependent on the resist sensitivity and the size of the pattern. For
PMMA, the sensitivity is 50 — 500 pC/cm?[51], with 100 — 300 pnC/cm?
being commonly used parameters on NTNU NanoLab’s system, depending
on the resist thickness.

When an area is exposed, the EBL’s software rasterizes it, that is,
breaks it down into pixels to be exposed individually. In this case, rather
than attempting to expose the area continuously, the beam freezes over
a specific point and exposes it for a predetermined amount of time. The
time it takes to expose a single pixel, is termed the dwell time. The
rasterization process may introduce errors when working with very small
features. An example of this is shown in Figure 3.6, where a 500 nm pore
as in a photonic crystal has been rasterized with a step size of 20 nm.

When the beam has just moved from one continuous area to the next,
there might be instabilities caused by transient effects in the electromag-
netic lenses. To account for this, a settling time may be introduced, being
an interval where the beam rests upon one spot before it is unblanked.

In the case where many small areas are exposed one at a time, this can
be a major contribution to the writing time, and it is important to optimize
in order to achieve acceptable write times. However, a too short settling
time will result in exposure while the beam is unstable, yielding distorted
features[4]. The beam speed is defined by the distance between features
and the sum of exposure time and settling time. Raith recommends that
this speed be kept below 10 mm/s, and preferably below 1 mm/s for
optimal performance[4].

Proximity effects

When a feature is exposed, the resist directly adjacent to it receives a
non-zero dose as well. This undesired exposure occurs mostly due to elec-
tron forward scattering in the resist, very evident from Figure 3.4 which
shows that forward scattering causes most of the complete exposure widen-
ing. However, backscattering from the resist can also be problematic,
to a smaller degree but over a larger area than the forward scattering.
Due to the effects explained in Section 3.1, the degree to which backscat-
tering matters depends a great deal on the choice of substrate and ac-
celeration voltage: A higher voltage or a higher Z substrate, such as a
gold film instead of bare silicon, will create more backscattered electrons.
Increasing the exposure dose will, of course, increase proximity effects
proportionally[20].

When using negative resists the backscattering can be especially prob-
lematic, as undesired crosslinking can leave a thin, hardened resist layer on
the surface, necessitating further removal steps. More economically and
dependably, reworking the exposure recipe can be a better option. With
positive resists, very thin exposed layers will typically not be developed
unless they are strongly exposed, and the problem is not as significant.
However, when two features are placed sufficiently close to one another,
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two individually underexposed regions may overlap and cause widening of
the features. In the worst case scenario the features can melt together.



48

CHAPTER 3. EQUIPMENT AND SETUP

~
7

§490.00 nm ™.,

Si02 VA

270 nm PMMA, 15 kV.

i

R

IMA ) 0.0mm
P
-
s
/
//
7 /|

200.0 |

PMMAR70.00 nm
Si 7

N

600.0 i

RN 'y
IR orgle

(b)

270 nm PMMA, 30 kV.

nm

PMMA
B\A‘M 100,00
si

|si320.00 nm

SO

AR ‘
/i SR
! i RN \ /657.8nm

(c) 100 nm PMMA, 30
boundary.

V. Note the different height of the first

Figure 3.4: Monte Carlo simulations of electron beams striking PMMA on SOI.
The width of the beam in the PMMA /Si interface is reduced when
the resist gets thinner or the acceleration voltage increases.
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Figure 3.5: A simplified sketch of the resulting resist profile if backscattered
electrons from the substrate hardens the bottom of a negative resist
layer. Enough electrons have escaped from the substrate and back
into the resist to make an unwanted solid layer around the feature.

Figure 3.6: Example of a 500 nm circle rasterized with a step size of 20 nm.
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3.3 Inductively Coupled Plasma Reactive Ion
Etching

The Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE) tech-
nique is a simple and popular etching technique[29, 31]. Among its advan-
tages are a simple design and flexibility with regard to balancing chemical
and physical (sputtering) etch mechanisms.

The ICP-RIE consists of a plasma chamber under vacuum. An ex-
ample of the whole machine is shown in Figure 3.7. Process gases are
introduced into the chamber through a coil separated from the plasma
by a dielectric. An RF magnetic field is applied, disassociating the gas
molecules and igniting the plasma. The frequency 13.56 MHz is common,
as it is reserved as an industrial, scientific and medical (ISM) radio band
by the International Telecommunications Union[67]. This is what leads to
the term "inductively coupled plasma".

At the same time, an RF electric field is applied between the wafer
chuck and a grounded electrode, accelerating the electrons and ionized
atoms in opposite directions. Electrons move further due to their lower
mass and ionize the wafer chuck[53]. Thus a strong DC self-bias develops,
and the ions are accelerated into the wafer.

Commonly, a whole wafer is placed in the machine to undergo etching.
However, many wafer holders are designed for 4in wafers, and anything
smaller would not be possible to mount. For this reason, smaller samples
such as the ones used in this work must rest upon a carrier wafer. At
NTNU NanoLab, this carrier wafer is usually made from sapphire, which
has the chemical composition Al;O3. Silicon wafers are also used, but they
have the disadvantage of being less inert than the sapphire. This causes
them to be consumed by the etching over time, and needing frequent re-
placement. Unfortunately this is not widely discussed in the literature, as
mass production efforts always use whole wafers that don’t need carriers.

Gas flow in ICP-RIE and PECVD is typically measured in the unit
sccm. This acronym stands for standard cubic centimeters per minute,
and refers to the amount of gas that would fill 1cm? at 1bar and 25 °C.

Etching Action

The self-bias mechanism ensures an ion path relatively perpendicular to
the wafer, making the sputter component of the etch highly directional.
However, the high plasma density caused by the ICP mechanism means
that many of the incident atoms will still be ionized as they hit the wafer
surface. These ions are more reactive than their neutral counterparts, and
will contribute with a chemical component to the etch.

This makes it possible to select etch gases appropriate to the desired
substrate for improved selectivity and higher etch rate. For example,
fluorine based etch chemistries such as SFg are well suited for etching
oxides.
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Figure 3.7: The Oxford Instruments Plasmalab System 100 ICP-RIE 180 in-
stalled at NTNU NanoLab.

If a more physical etch is desired, the ICP power may be reduced
for a larger proportion of non-ionized atoms striking the surface. If the
ICP power is switched off entirely, the system works as a regular RIE.
As the RF power has an effect on the plasma density as well, tuning it
will also have an effect on the chemical to physical etching ratio, although
sufficiently low RF power may fail to ignite the plasma or charge the wafer
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chuck.

Etching Parameters
Etch Profile

The shape of an etched hole is known as the etch profile. Etch profiles
are subdivided into two types: Isotropic and anisotropic. Isotropic etches
etch equally fast in all directions, while anisotropic ones etch faster in one
direction. Typically, wet chemical etches are more isotropic in nature,
while dry physical etches are anisotropic. For this reason, dry etching is
used for submicron dimension devices[53]. Typical etch profiles are shown
in Figure 3.8.

ICP-RIE, being a combination of a chemical and physical etch, can
exhibit traits of both anisotropic and isotropic etching. However, direc-
tionality is strongly preferred for higher resolution, so most etch recipes
are optimized for anisotropic etching. While it is possible to quantify
anisotropy, as in [37], this has not been done in this work.

Resist
Film
Substrate
Anisotropic Anisotropic, tapered Isotropic
Figure 3.8: Three examples of etch profiles.
Etch Rate

The etch rate is, as implied by the name, the rate with which the surface
material disappears as it undergoes etching action. In this work, it will
typically be given in the unit nm/s. Due to etch selectivity, it is necessary
to state the etch rate for each material to be etched.

The etch rate is dependent on among other things ICP and RF power,
choice of process gases, chamber pressure, temperature and other chemi-
cals present in the chamber.

Uniformity

Uniformity is the ability to etch with the same characteristics across the
entire wafer surface[53]. This is naturally an important parameter, as
features everywhere on the wafer should be processed identically. Etch
uniformity may be compromised by geometry, for example wafer clamps
or other features of the chamber that rest on the edge of the wafer or close
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to it. These may interfere with the diffusion of reactive species, changing
the chemical component from point to point on the wafer.

Furthermore, uniformity may not be preserved over very small features
due to changes in aspect ratio. High aspect ratio trenches may wind up
being clogged, meaning that reactive species will not easily diffuse into
them and etched material may not get out.

Selectivity

Etch selectivity is an issue with both chemical and physical etches, but
moreso with chemicals[53]. In the case of chemical etching, some reactive
species will not react with certain materials at all, and certain crystallo-
graphic directions will etch more easily than others[38]. With wet etches
such as KOH, this may be exploited to achieve well-defined features in
monocrystalline materials, but with dry etches such as RIE and ICP-RIE
this is not an option.

Physical etching is selective mostly due to the difference in sputter
yield. Sputter yield is defined as the number of surface atoms blasted
away by the incoming ions, and is dependent on the binding energy and
chemistry of the etched atoms. However, selectivity to sputter etching is
far lower than to chemical etching[29].

Polymer Formation

By selecting organic molecules as part of the etch chemistry, it is possi-
ble to deposit polymers, which may improve the anisotropy of the etch.
Examples of such chemicals include CHF3 and CF4.

The mechanism for improving the etch is that the sidewalls are pro-
tected against low-energy chemical etching, while the polymer that de-
posits on the bottom will be sputtered away. Thus, it is possible to achieve
higher aspect ratio etching or to avoid undercut. A sketch demonstrating
this is shown in Figure 3.9.
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Figure 3.9: Polymer sidewall passivation. Adapted from Quirk and Serda[53].
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3.4 Plasma Enhanced Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a technique for depositing material
on a surface. It consists of introducing gases into a reactor chamber,
allowing them to undergo chemical reactions and deposit precursors on
the substrate[53]. Many modern systems are of the Plasma Enhanced
CVD (PECVD) variety. NTNU NanoLab’s CVD system is of this kind,
shown in Figure 3.10.

In this method, the gases are disassociated by either an alternating
electric field at 13.56 MHz or by a DC discharge between two electrodes.
Low frequency RF fields are also commonly used, in the range of 100 kHz.
The low frequency requires hundreds of volts to maintain high plasma den-
sity, and causes ion bombardment of the substrate. Conversely, RF ignites
the plasma more easily, but relies on diffusion to bring the precursors to
the substrate. Many systems use a combination of high and low frequency
RF[68].

While older CVD systems typically used atmospheric pressure and
high temperatures to drive the reactions, PECVD is able to run at lower
pressure and at lower temperatures due to the high plasma density. This
leads to lower substrate damage and higher quality films, but requires
more expensive systems due to the added complexity[53].

Chemical Processes

The chemical pathways involved in PECVD can be extremely
complicated[32], involving classical chemical reactions, photolysis and col-
lisions between free electrons and any of the species present in the chamber.
Therefore, the processes mentioned here are somewhat simplified.

It is to be noted that both processes presented here include carrier gases
that do not take part in the reaction. These inert gases serve to produce
a high enough chamber pressure to maintain the plasma. Lower pressures
will not have a high enough plasma density, as the ionizing collisions of
accelerated ions and neutral molecules do not take place as often. However,
increasing the concentration of process gases may increase the growth rate
dramatically, leading to uncontrolled growth and low-quality films.

Silicon

While it is possible to grow monocrystalline silicon using vapor-phase epi-
taxy, a technique similar in principle to CVD, this can not be achieved with
most PECVD equipment due to the high temperatures and low pressures
necessary. Furthermore, it is necessary to deposit on a clean, monocrys-
talline substrate of similar crystal structure and lattice constant as silicon.
This will not be the case in this work, as the silicon will be deposited on
silicon dioxide. The net chemical reaction for growing the silicon layer
with PECVD is given in Reaction 3.1.
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SiHy(g) + Ar(g) — Si(s) + Ha(g) + Ar(g) {3.1}

Therefore, the deposited silicon will be amorphous, or devoid of crystal
structure. An interesting feature of this material is that due to the im-
perfect crystal packing, not all silicon atoms will have all chemical bonds
filled. This leads to dangling bonds, which are localized charges. These can
act as strong scatterers, leading to bulk losses.[61]. This problem solves
itself in the presence of hydrogen, as the atoms fill the dangling bonds eas-
ily. The resulting material is known as hydrogenated amorphous silicon
(a-Si:H), and can have as low losses as 0.2dB/cm. For practical reasons,
a-Si:H will only be known as Si in this work.

While hydrogenation solves the issue of bulk losses, it introduces re-
strictions on the processing steps the material can undergo: Annealing
the waveguides leads to out-diffusion of the hydrogen and re-introduces
the dangling bonds, with losses as high as 70 dB/cm|[76]. Further anneal-
ing can reduce the losses somewhat, as the silicon enters a polycrystalline
phase.

Silicon Dioxide

Like silicon, SiO5 grown by PECVD is amorphous. While the existence of
crystalline SiO5 on Si has been reported[13], such reports are well within
the realm of basic physics and have received little attention. The net
chemical reaction is given in Reaction 3.2

SiHy(g) +2N20 (g) + Na(g) — SiOz(s) + 3Nz (g) + 2Ha(g) {3.2}

Film Quality

While the topic of thin film quality is complex, only a few aspects will be
discussed here. Of greatest importance is film thickness uniformity. For
a device dependent on film thickness, it is a major issue if the thickness
is not the same over the entire wafer. Unfortunately, this is a question of
chamber gas flow and is outside the operator’s control.

Film roughness is also a potentially serious issue. Tanenbaum|[65] dis-
cusses surface roughness further, noting that it increases with increasing
film thickness. As mentioned in Section 2.1, roughness can be reduced by
polishing treatments, but this is not available at NTNU NanoLab.
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Figure 3.10: The Oxford Instruments Plasmalab System 100 PECVD installed
at NTNU NanoLab.
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3.5 Reflectometry

The reflectometer is an optical device used for measuring the thickness
of films. A wide-spectered beam of light is directed on a surface, and the
reflected beam is analyzed. Working from assumptions about which layers
are present in the film, the reflectometer is able to calculate their thickness
based on the intensity spectrum of the reflected light.

NTNU NanoLab’s reflectometer is shown in Figure 3.11. It is rated
for films between 15nm and 70 pm thick, and measures using light in the
380nm to 1050 nm wavelength range. However, the maximum thickness
is also restricted by the opacity of the film. If light cannot penetrate it,
there will not be any back-reflection, and the thickness can’t be deduced.
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Figure 3.11: The Filmetrics F20 reflectometer installed at NTNU NanoLab.
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3.6 Optical Test Setup

The setup is to a large degree inherited from @rnulf Nordseth’s PhD
work[48], with only some modifications. A diagram of the optical charac-
terization setup is shown in Figure 3.12, and a list of the equipment used
is given in Table 3.1. Figure 3.13 shows a photograph the setup.

IR light at a wavelength of 1550 nm is transmitted through a single-
mode fiber and butt coupled into the sample. The fiber tip is tapered in
order to function as a lens, focusing the beam to a spot between 5 and
50 pm from the tip. Another tapered fibre is positioned at the other end
of the sample, butt coupling out of the waveguides. The light passes into
a photodetector and the signal is amplified and shown on an oscilloscope.

The sample and the tapered fibers are mounted on separate movable
stages. The fibers can be shifted in all directions with micrometer screws,
as well as with a coarse adjustment screw in order to move them far away
from the sample to enable safe sample handling. The sample can be moved
vertically and horizontally. The sample also has a screw for controlling
tilt.

The microscope is connected to the camera by a C mount, and mounted
on a movable stage made by the department’s mechanical workshop. The
stage allows for coarse adjustment in the horizontal plane, and features a
focus screw with a range of 15 mm. 5x and 20x objectives are attached
to the microscope, and an ocular is available for adjusting the microscope
without relying on the camera. This is necessary because the camera
appears to be relatively insensitive to visible light. A high-powered 7000 Im
LED flashlight was used for illuminating the samples during alignment,
although this level of flux is more than is needed.

Temperature Controller

The temperature controller manages the heating and cooling capabilities
of the laser diode. The temperature of the laser chassis is measured us-
ing an NTC thermistor, which is a semiconducting device with strongly
temperature-dependent conductivity. The resistivity of a thermistor is
given by[59]

R= Roe_B(%o_%) = rooeB/T7where (3.1

Foo = Roe /70, (3.2)

The B parameter is given by the manufacturer and determines the elec-
trical characteristics of the thermistor. T} is typically 25 °C. It is notable
that the the resistivity goes up when the temperature goes down. This is
the basis for the acronym NTC, which stands for Negative Temperature
Coefficient. A theoretical explanation can be found in most textbooks on
semiconductors, such as Solid State Electronic Devices by Streetman and
Banerjee[62].
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Table 3.1: Equipment used in the optical setup.

Component

Model

Continuous DFB laser
Laser driver

Laser temp. controller

Anritsu GB-5A-016
Newport Model 505
Newport Model 325
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Hewlett Packard 33120 A
Chiral Photonics IFP-155D-SM

Nanonics Imaging

Signal generator
Fiber polarizer

Single-mode tapered fibers

XYZ stage Elliot Scientific Ltd. MDE881
Microscope Leitz Wetzlar
Objective JEA 20/0.4

IR camera Hamamatsu C2400

Hamamatsu C2400
InGaAs PIN diode
Tektronix TDS2004B

Camera driver
IR photodetector

Digital oscilloscope

While it is possible to both cool and heat the laser, cooling is a slower
process than heating due to the fundamental rules of thermodynamics.
Therefore, a sound strategy is to set the target temperature higher than
the expected operating temperature without any cooling. In this way,
heat dissipation into the atmosphere will be the only cooling effect, and
the temperature controller will keep heating the laser in a steady state.
In practice, this works by setting a target resistivity for the thermistor.
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Figure 3.12: Schematic of the optical setup used in the experiments.

Figure 3.13: Photographic image of the optical setup.
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3.7 Scriber-breaker

Breaking silicon wafers into smaller samples in the lab is often done by
hand using a scriber tool. This is a stylus with a sharp diamond tip that
scrapes away a line in the silicon, creating a weak spot. When torque
is applied to the weak spot it breaks, quickly propagating a crack in the
{100} plane.

The scriber-breaker automates this process using computerized numer-
ical control (CNC) technology. NTNU NanoLab’s Dynatex DX-III scriber
shown in Figure 3.14 is able to scribe samples with a precision of around
10 pm. The breaking process also handled by the machine may introduce
more errors, as the crack will sometimes deviate from the {100} plane by
a few degrees. The scriber can be run either in automatic mode, useful for
dicing wafers into smaller samples, or in interactive mode, for cutting an
already made sample into a size suitable for the Hitachi S-5500 S(T)EM.
It is also able to scribe only for a set distance into a sample, protecting
features on the edge from being struck by the scriber facet. This is a very
valuable feature when scribing waveguides and samples for cross-section
analysis.

Figure 3.14: The Dynatex DX-III installed at NTNU NanoLab.






Chapter 4

Experiments and Results

4.1 Process Development

Materials and Standard Parameters

This section describes the materials and process parameters common to
most of the performed experiments. They are included here in order to
reduce unnecessary repetitiveness in the main text. This includes spin
curves of custom blended resist, EBL parameters and growth and charac-
terization of the wafers used for samples.

Spin Coating and Exposure Parameters

Table 4.1: Parameters for spin coating with 950K PMMA resists. Acceleration
time does not count towards spin time.

Parameter Value

Spin acceleration 1000 RPM/s

Spin speed Variable, refer to text
Spin time 45 s+ acceleration time
Soft bake temperature 180 °C

Soft bake time 60 s

Resist Spin Curves

For simplifying further work in this project, it was necessary to mix custom
blended EBL resist with the desired viscosity. This is important in order to
precisely control the thickness of the resist layer. For this purpose, a blend
was made of equal parts anisole and 950K PMMA A9[51], making A4.5.
Later, it was determined that the A4.5 resist was too thick, and a thinner

65
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Table 4.2: Parameters for EBL exposure.

Parameter Value

EBL resist 950K PMMA
Acceleration voltage 30 kV

Beam current 100 pA

Settling time 5 ms

Area dose Variable, refer to text
Write field size 100 pm?

Developer 1:9 DI water:IPA
Develop time 30 s

one was produced, by mixing one part 950K PMMA A9 resist with two
parts anisole. This should ideally make 950K PMMA A3, however the A9
bottle was very old and may have evaporated significantly. Furthermore, it
has recently come to the author’s attention that the anisole is unfiltered.
Even accounting for possible deviations from the specificed deviations,
neither the A4.5 or A3 blends are documented by the manufacturer[51].

For the A4.5 resist, 12 mm by 16 mm samples of polished, monocrys-
talline silicon were spin coated at speeds of 1000 to 7000 RPM at
1000 RPM intervals. For the A3 resist, 12 mm by 12 mm samples were spin
coated at 1000 to 5000 RPM, at 1000 RPM intervals and at 2500 RPM.
Acceleration was 1000 RPM /s and the spin time at the final speed was
45 s. The samples were soft baked at 180 °C for 60 s and the thickness
was measured by reflectometer using a Cauchy model for the dielectric
function.

In addition, point measurements were made of A2, A3.5 and A4 blends
at 2000, 1500 and 4000 RPM, respectively.

Results

950K PMMA A4.5 The results of the test are summarized in Ta-
ble 4.3 and Figure 4.1. After spinning at 1000 RPM, the film showed a
distinctive repeated rainbow pattern after spinning had finished, indicat-
ing a gradient in the film thickness on the order of several pm. However,
it appeared to have relaxed to a uniform film on its own after edge bead
inspection had been performed. Edge bead is an unwanted phenomenon
that occurs during spin coating, where the resist forms a ridge at the outer
edges of the wafer[53].

As the edge bead volume may be significant in this case, especially
for smaller samples with a high edge length to area ratio, the speed is
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deemed non-viable. However, the measurement has been included here for
completeness. Refer to the PMMA datasheet[51] for further information.

Table 4.3: Thickness as a function of spin speed for 950K PMMA A4.5

Spin speed [RPM]  Thickness [nm]

1000 490
2000 345
3000 285
4000 251
5000 230
6000 219
7000 212

500\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\L

450

400

350

Thickness [nm]

300

250

200 Coa b b b b b b el
1 2 3 4 5) 6 7

Spin speed [kRPM]

@)

Figure 4.1: Spin curve for 950K PMMA A4.5

950K PMMA A3 The results of the test are summarized in Ta-
ble 4.4 and Figure 4.2. Regrettably, plotting the thicknesses of A3 and
A4.5 in the same graph would make the A3 plot difficult to read. The
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entire range of thicknesses available with A3 is 53 nm, while the range for
A4.5 is 278 nm.

For 1000 RPM, the film was obviously not in a stable state, as shown
by a rainbow pattern even more distinct than that of the A4.5 resist, even
floating around visibly, presumably due to the thinner resist. This phe-
nomenon is likely to be dependent on sample size, and the measurement
is therefore discarded, and the speed deemed not viable. This is because
the edge bead can take up a significant volume, and when floating back
into the center of a very small sample, it may represent a large fraction of
the total amount of resist.

By comparing with the data given in the PMMA datasheet[51], it is
evident that the blended resist behaves more like 950K PMMA A2 than
A3. This could indicate a poorly mixed resist, however this seems unlikely
as the half-full bottle was shaken more than a hundred times.

Table 4.4: Thickness as a function of spin speed for 950K PMMA A3

Spin speed [RPM]  Thickness [nm]

2000 168
2500 152
3000 138
4000 123
5000 115

Table 4.5: Thicknesses of A2, A3.5 and A4 at 2000, 1500 and 4000 RPM, re-

spectively.
Resist Spin speed [RPM]  Thickness [nm)]
950K PMMA A2 2000 85
950K PMMA A3.5 1500 260
950K PMMA A4 4000 250

950K PMMA A2 and A4 The measured thicknesses are given in
Table 4.5.

The A2 thickness is comparable to what can be read out of the graph
in the datasheel[51], but the A4 resist was significantly thicker. There
could be several reasons for this, as it was mixed by another cleanroom
user. This illustrates the fact that bottles of chemicals made by other
cleanroom users should not be trusted blindly to conform to specifications.
No tabulated values exist for A3.5.
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Figure 4.2: Spin curve for 950K PMMA A3

Fabricated Wafers

A stated goal of the project was to manufacture the structures on self-
grown SOI. This was performed by loading silicon wafers into the Oxford
Instruments PECVD and depositing SiOs and a-Si films of the desired
thickness.

First, a chamber preconditioning step is performed on the carrier wafer
in order to stabilize the growth rate. This is done by running the desired
film growth recipe for 30 minutes. Then, a small sample has the desired
film deposited to an expected thickness of around 200 nm. This sample
is measured in a reflectometer and the growth rate is calculated. It is
important that the sample material is compatible with the film, and must
support film growth, not island growth or Volmer-Weber[7], and there
must be a precise reflectometer recipe available. The simpler the sample
is, the better, as more layers lead to more degrees of freedom in the reflec-
tometer, and more room for error. For Si growth, both crystalline Si and
a SiO5 on Si sample were used. It is critical that the SiO5 on Si sample is
measured before deposition, to verify that the reported SiOs thickness is
correct in the rate test measurement.

For SiOs, the thickness is not as critical as for Si, and the chamber
conditioning and rate test do not necessarily need to be performed. In-
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Table 4.6: PECVD parameters for a-Si growth.

Parameter Value

SiHy4 25 sccm

Ar 475 scem
Pressure 1000 mTorr

RF power T™W
Temperature 250 °C

Table 4.7: PECVD parameters for a-Si growth.

Parameter Value

SiHy 8.5 sccm
N,O 710 sccm
Ny 161.5 sccm
Pressure 1000 mTorr

RF power 20W
Temperature 300 °C

stead, the tabulated rates listed in the process library can be used directly,
aiming for a suitable thickness. Alternatively, the film grown in the pre-
conditioning step can be measured and used to calculate the rate.

After the growth rate has been determined the desired film can be
deposited on a wafer. It is important that the wafer surface is clean and
dry. To ensure this, the wafer was plasma cleaned in Os, washed with
acetone, IPA and DI water and dehydration baked at at least 150 °C for
5 minutes.

The recipes used have the parameters given in Tables 4.6 and 4.7.

Wafer 1: 1000 nm SiO,, 270 nm Si, 152 nm PMMA From the
SiO2 preconditioning step, a growth rate of 1.2 nm/s was measured. From
this, a growth time of 13 min and 53s was decided on in order to grow
1 pm of SiOs. A 4" wafer underwent this depositioning process.
Afterward, a Si preconditioning step was performed for 30 minutes
with a sample in the chamber. To save time after the SiO5 deposition,
the machine was not allowed time to cool, and the temperature used was
300°C. The thickness was measured to be 657 nm both in reflectometer
and in cross-section SEM, yielding a rate of 0.365 nm/s. As this rate
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might be unstable, a second deposition was performed only as a rate test,
for 10 min and 3 s. The resulting thickness was measured in both reflec-
tometer and cross-section SEM to 265 nm, yielding a rate of 0.439 nm/s,
significantly higher than the previous one.

A Si layer was then deposited on Wafer 1 for 8 min and 20 s, aiming at
220 nm. The final layer was reflectometrically measured to 270 nm. This
indicates a rate of 0.540 nm/s, significantly higher than that measured
in the previous runs. The reason for this instability may be the higher
temperature. Nevertheless, the wafer was kept for further use.

After cleaning, the wafer was spin coated with 950K PMMA A3 at
2500 RPM, following a 5 second spreading step at 300 RPM, which can be
useful for large wafers. This should yield a 152 nm thick layer of resist, as
per Table 4.4. The final wafer was scribed into 14 mm by 14 mm squares
in the scriber-breaker.

Wafer 2: 1060 nm SiO,, 205 nm Si, 50 nm SiO; Hardmask As
the chamber had been used for SiOy by the last user, no preconditioning
was performed. A 5 min deposition yielded 390 nm, or 1.3 nm/s, so 13
minutes was decided on as the deposition time. This yielded a 1060 nm
thick layer in the center, up to 1160 nm in the edges.

For Si, a rate of 0.431 nm/s was found. Aiming at 220 nm, the wafer
underwent deposition for 8 minutes and 30 s. According to reflectometric
measurements, however, only 205 nm were deposited.

Following this, the hard mask layer was deposited using the same SiO9
recipe as before. Due to the Si layer deposited in between, a new precon-
ditioning and rate test had to be performed. The rate was measured to
be 1.27 nm/s, and 42 s was selected as the depositioning time, aiming at
50 nm. Reflectometric measurements were not performed, as there is no
built-in recipe for this combination of layers in the FILMeasure software.

Wafer 3: 1100 nm SiO;, 200 nm Si This wafer was manufactured by
Jens Hgvik. Unfortunately, growth rates are not known as a large number
of wafers were fabricated at the same time, this being only one of many.
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Figure 4.3: Rough surface of Wafer 1.
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Initial silicon patterning and sidewall exposure
Method

A sample consisting of bare, monocrystalline silicon was prepared using
the existing 950K PMMA A3.5 resist, at a thickness of 260 nm. A mask
was designed featuring lines of width from 400 to 600 nm, with alignment
marks in order to make identification of the individual lines easier. The
mask was exposed twice, with exposure doses of 120 and 192 nC/cm? in
order to compare the vastly different optimal doses of Vigen[69], who used
120 nC/cm? and Bolstad|6], who used 1921C/cm?. The reason for the
significant difference is not known, but was observed even within Vigen’s
trials.

After exposure and development, the sample was etched during the
ICP-RIE training course, according to the parameters given in Table 4.8.
The machine used was the ICP-RIE cryo, a machine very similar to the one
used in the rest of this thesis work, except with the capability to cool the
sample to cryogenic temperatures. This machine was not used, however,
because of other users’ concerns about non-repeatability and stability. A
final ellipsometric measurement was made to check for residues resist post-
etching.

Table 4.8: Etching parameters for the sample.

Parameter Value Unit
SFg 7.5 scem
CHF; 50.0 sccm
Pressure 15 mTorr

CCP power 40 W

ICP power 600 W
Temperature 20 C

Time 60 Seconds

The final sample was scribed down to a size of 5 mm-by-3 mm with
the Dynatex DX-III scriber. The scribe lines crossed the developed wave-
guides, so that sidewall characterization would be possible using the
S(T)EM’s cross-section holder.

The sample was also imaged once again at a later date in order to
verify the results.

Results

Reflectometric measurements pre-exposure in the Filmetrics F20 showed
the resist thickness to be 260 nm.
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It was shown that it is feasible to produce waveguides with straight
sidewalls by replicating the methods developed in previous work. However,
it turns out that there are complications that must be overcome, and that
the process needs to be adapted for the particular needs of this work.

Figure 4.4 shows the boundary between two write fields, one for each
exposure dose. The most apparent difference is the presence of a very
rough layer on the sample exposed with the lower dose, with a smoother
waveguide and a smoother floor underneath. In comparison, the higher
exposure dose yields only the smooth waveguides and the smooth floor.

The explanation for these different structures is simply underexposure.
The lower dose was obviously not sufficient to fully expose the resist layer,
leaving a significant residue on the surface. During etching this layer
had to be etched through before the underlying silicon could be removed.
In addition the semi-developed resist is rough and lumpy, causing the
underetched silicon to be roughened as well.

However, the stitching error caused double exposure of a small area
where the resist was removed entirely, exposing parts of the silicon to the
full etching process. This is sheer luck. There are no guarantees that the
write fields will overlap in this way, but the resulting structures are very
instructive.

(a) 120 nC/cm? (b) 192 pC/cm?

Figure 4.4: Stitching errors for doses of 120 and 192 nC/cm?®. The structures
appear to be smooth and of high quality.

Figure 4.5 shows a cross-section of a waveguide from the 192 pC/cm?-
exposed area. While the left sidewall is straight, the right sidewall appears
to be isotropic. This might be due to carelessness on the part of the re-
searchers. The sample was known to have received some rough treatment,
with residual silicon dust from scribing and other sources being a potential
issue. However, the straight sidewall serves as a proof of concept.

The curve at the bottom should not be a problem in the final structures
as an oxide layer will be present at the 200 nm mark and will serve as an
automatic etch stop. In this trial the total etched depth was found to be
around 440 nm.
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A useful result from this trial is an approximation of the etching
recipe’s selectivity. Reflectometric measurements of the residual resist
layer showed that any remaining resist would be below the reflectometer’s
sensitivity, meaning at most 50 nm. Assuming no resist layer, a lower
bound for the selectivity thus becomes the etched depth in silicon divided
by the resist layer’s initial thickness, or 1.69.

This result is significant, as it implies that a resist layer theoretically
only 130 nm thick will be able to protect the 220 nm thick silicon com-
pletely during etching. A thinner resist is desirable, as the width of the
beam increases during the passage through the superfluous PMMA layer
and decreases accuracy, as shown in Figure 3.4. The desired resist thick-
ness is below the range given in Figure 4.1, so the thinner 950K PMMA
A3 resist was mixed, as documented in Section 4.1.

440 nm

200 nm

200 nm

Figure 4.5: Cross-section of a waveguide exposed with 192 pC/cm?.

The waveguide shown in Figure 4.4b is very smooth and appears to be
of high quality. Therefore, repeating this degree of smoothness was the
goal during the rest of the project. At one point, the resolution of the
images was questioned, and the sample was inspected again. Figure 4.6
shows the resulting image. The sidewalls are quite rough, illustrating that
achieving very high resolution is necessary in order to identify roughness.
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R
S5-5500 30.0kV 0.7mm x90.0k SE 4/17/2015 16:03

Figure 4.6: A higher-resolution image of the sample taken at a later date. Larger
sidewall roughness than seen previously is evident.
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Etch Recipe Comparisons

As the sidewalls seen in preliminary tests were unacceptably rough, it was
necessary to find an etch recipe that would produce smoother sidewalls
with a vertical etch profile. For this purpose, a number of etch recipes were
tested. Sources included a folder of recipes written by Oxford Instruments
and other lab users, recipes published in research papers|37] and previous
master’s theses[41]. Some trials also created novel etch recipes by starting
with existing ones and changing single parameters, inspired by discussions
with other cleanroom users or made haphazardly in order to look for highly
visible changes in the structures.

Notably, one strategy that was employed was setting the ICP power
to zero in order to run the etcher in RIE mode. Also, using Ion Beam
Etching was considered due to the technique’s predominantly physical
etching mechanism and resulting anisotropic etch profile[53]. However,
the instrument had significant downtime during the semester, and was
not available at the time of this experiment.

Method

For ease of inspection, monocrystalline silicon was used as the etched
material. The reason for monocrystalline silicon being advantageous is
that the insulator layer of SOI stops the electron charge building from
dissipating, as described in Section 3.1. While this may lead to some
mispredictions of the etch’s properties in the amorphous silicon used in
the SOI samples, it is critical in order to image the sidewall defects. The
difference between etching monocrystalline and amorphous silicon will be
shown in Section 4.1.

The samples were spin coated with 270 nm thick 950K PMMA A4.5
by spinning at 3500 RPM. A mask consisting of several test structures in-
cluding circles, lines and a lattice of pores was exposed using the exposure
parameters previously determined. To ensure conformity, many of these
structures were made on one piece of silicon in the same run, and the sam-
ple was scribed into several smaller ones. These were etched separately,
using the parameters given in Table 4.9. For easier lookup, the table is
sorted by the first column, then by the second and so on. The exception
is the first eight entries, which are all based on Recipe 1 and are clustered
by themselves. A sapphire wafer was used for all the etches.

Most of the experiments were performed by Jens Hgvik, others by the
author. The samples were inspected in the S-5500 S(T)EM. Some of the
recipes were tested for a-Si-to-PMMA selectivity. Thickness measurements
were performed using the Filmetrics F20 reflectometer.

Results

The experimentation succeeded in identifying a family of etch recipes that
yielded very smooth sidewalls compared to the others. In particular,
recipes with 12 sccm of SFg and 3 sccm of Oz were highly successful.
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This etch chemistry is among those recommended by Oxford Instruments.
An example of the smoothest sidewalls found is shown in Figure 4.7. For
comparison, Figure 4.8 shows a related etch, recipe 24, with CHF3 con-
stituting part of the etch chemistry. The other etch chemistries tested
showed similar sidewall roughness to that shown in this figure. Pictures of
the other recipes will not be published here, but are available on request.

Experimenting with the RF and ICP power also gave interesting in-
sights. An early result was that reducing the ICP power or switching it
entirely off gave a somewhat more anisotropic, although slower, etch. This
is in line with existing theory,|53| as this would create a weaker plasma
and make sputtering the predominant etching mechanism.

A working hypothesis was that further increasing the RF power while
decreasing chamber pressure would rapidly remove reactive species and
weaken the chemical components, making the etch even more anisotropic.
Surprisingly, this was not found to be the case. On the contrary, the
best recipe found was number 14, with lowered RF power and increased
pressure.

Table 4.10 shows an overview of the quality of the etch recipes. The
table is mostly empty, as the low roughness of the sidewalls was the top
priority for most of the trials, and rate tests were in general not performed.
Etch profile is only included if it was tested explicitly or clearly visible from
images taken during SEM inspection.

: P
S-5500 30.0kV 0.5mm x130k SE 5/8/2015 15:24

Figure 4.7: Etch number 14, showing smooth, tapered sidewalls.
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$-5500 30.0kV 0.4mm x90.0k SE 5/6/2015 13:09

Figure 4.8: Etch number 24, showing coarser sidewalls than number 12 with the
addition of 5 sccm CHF3.
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Table 4.9: List of parameters for the etch recipes that were tested on a sap-
phire wafer. Table temperature for all etches was 20 °C. Recipes of
particular interest are highlighted.

No. | SFg (02} CHF3; RF ICP Pressure
sccm  scem scem W W mTorr

1 7.5 0 50 40 600 15
2 3.7 0 50 40 600 15
3 7.5 0 25 40 600 15
4 7.5 2.5 50 40 600 15
5 7.5 8 50 40 600 15
6 15 0 50 40 600 15
7 7.5 0 50 100 600 15
8 7.5 0 50 100 300 15
9 12 3 0 5 0 15
10 12 3 0 10 O 15
11 12 3 0 15 0 15
12 12 3 0 20 0 10
13 12 3 0 20 0 15
14 12 3 0 20 0 25
15 12 3 0 30 0 15
16 12 3 0 40 0 5
17 12 3 0 40 0 10
18 12 3 0 40 0 15
19 12 3 0 40 200 15
20 12 3 0 40 0 20
21 12 3 0 40 0 25
22 12 3 0 40 0 40
23 12 3 0 80 O 15
24 12 3 5 40 0 15
25 12 3 10 40 0 15
26 12 4 0 40 0 15
27 12 5 0 40 0 15
28 12 6 40 0 15
29 12 6 5 40 200 15
30 12 6 10 40 200 15
31 14 0 35 100 0 15
32 30 12 12 100 0 15
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Table 4.10:

Evaluation of etch recipes. Etch rates are variable from run to run.
Roughness evaluated subjectively based on SEM images on a scale
from 1-3, where 1 is poor, 2 is acceptable and 3 is good. Profile
is A for anisotropic, T for tapered and I for isotropic, as shown in
Figure 3.8. Not all values have been measured for all recipes. For
example, profile is not given for etch recipes not viewed in cross-
section, as the profile is very difficult to judge from tilted imaging
alone.

Etch rates

No. | Rough- Profile Si PMMA  Selectivity

ness [nm/s|  [nm/s|
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Recipe 1 Lithography Optimization

The optimization of recipe 1 was performed in two similar trials. Unfor-
tunately, they happened at vastly different times in the project, and as
such are not directly comparable. One was among the first experiments,
the other among the last. Therefore, the second trial used optimizations
found during later stages of the work and had as its main goal to examine
the effect of using a silicon carrier wafer during etching. While varying
several parameters at once is poor practice from a scientific standpoint,
it must be understood that this is an engineering effort, with the quality
of the resulting device being far more important than the testing of every
variable.

Method

Two samples were used for cross-section testing. Sample 1 was taken from
Wafer 1, with a PMMA thickness of 152nm. Sample 2 was taken from
Wafer 3 and coated with 270nm of PMMA, as 152nm was found to be
thinner than optimal. In addition, two more samples were used for com-
paring the differences between etching in amorphous and monocrystalline
silicon. Sample 3 was taken from Wafer 1 as well, and Sample 4 was
monocrystalline, coated with 270 nm PMMA. Finally, the sample that in-
spired the use of Si carrier wafers is presented. This is a monocrystalline
Si sample coated with 270 nm of PMMA, and is called Sample 5.

The difference between the processing of the two cross-section sam-
ples is that Sample 1 was exposed with doses between 50 nC/cm? and
190 nC/cm?, while Sample 2 was exposed with 240 pC/cm? to 320 nC/cm?.
Also, Sample 1 was etched on a sapphire carrier, and Sample 2 on a silicon
carrier.

The mask used contained long stripes that would be easy to scribe per-
pendicular to and examine in cross-section SEM. Furthermore, Sample 2
was patterned with waveguides and trenches of various sizes. The wave-
guides ranged from 500 nm to 1000 nm, and the trenches from 100 nm to
1000 nm. These were imaged and measured in SEM after the cross-section
measurements verified a good etch.

Knowing the actual size of an etched feature is crucial in order to make
waveguides of the correct dimensions. For example, using the wrong trench
width between a waveguide and a resonator can ruin the whole device by
selecting a poor coupling coefficient or even fusing the two together. The
effect of changing carriers was not examined until late in the project,
making Sample 2 the last test before the fabrication of waveguides made
for characterization.

Samples 3 and 4 were both exposed with 18011C/cm? to 260 pC/cm?.
The features examined were rings, which have the useful property of al-
lowing the experimenter to examine sidewalls from an angle perpendicular
to the feature no matter which way the sample is rotated. In contrast,
a straight wall that has been rotated on the sample holder will restrict
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the viewing angle, as the Hitachi S-5500 S(T)EM does not have hardware
in-plane stage rotation.

All samples were etched using Recipe 1, with the parameters given in
Table 4.9. Rate and selectivity tests were performed on PMMA and SOI
samples.

Results

Rate and selectivity testing on a sapphire wafer revealed a PMMA etch
rate of 7.1 nm/s and a Si etch rate of 14.3nm/s. Thus, it would take only
15.4s to etch through the target thickness of 220 nm. This is a very short
etch time, and considering that it usually takes 2-3s to ignite the plasma,
a successful etch depends on an operator being seated at the ICP-RIE and
counting every second of plasma. This is necessary because it always takes
a few seconds before the plasma ignites, and with a very short etch time
knowing how many seconds elapsed before ignition is significant. Clearly
this is an issue for reproducability as the difference between under- and
overetching is only a few seconds. However, the selectivity is 2, which is
acceptable for our purposes.

The same tests on a silicon wafer revealed a PMMA etch rate of
7.7nm/s and a Si etch rate of 8.3nm/s. This yields a selectivity of ap-
proximately 1.1. While the etch time is increased to 28.6's, the full 270 nm
of resist will be necessary, and making it thinner for improved resolution
is not an option.

Samples 1 and 2 Figures 4.9 to 4.12 show a few examples of the cross-
sections examined. For Sample 1, it appears that while the top edge is
rounded at lower doses, the profile becomes straighter at 180 nC/cm?. The
floor around the waveguide also appears to be less rough, indicating that
110 pC/cm? may be underexposed.

In Sample 2, shown in Figures 4.11 and 4.12, the corners are still
rounded, but the higher resolution of the images reveals a sharper corner
possibly hiding in the background. The rounded corners may thus be a
result of mechanical damage from the scribing, and not something that
remains constant over the whole waveguide. Unfortunately, this is difficult
to verify, and it is even harder to determine if it is the case with the
sapphire carrier etch as well. While AFM may not have high enough
resolution due to tip convolution[58], tomographic FIB-SEM|[25] should
be able to examine the corners much more closely. However, this is a
complicated, time-consuming and expensive technique which may be of
minimal benefit in this case.

While it is not known with certainty if the corners are perfect or not, it
is clear that the profile does not change when the dose increases by as much
as 50%. Increasing the dose will however increase the necessary write time.
Therefore, the lowest dose with low roughness was examined further for
width measurements. This dose was 260 pC/cm?, shown in Figure 4.13.
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While some chips in the edges are apparent, these are marginally better
than when using other doses.

The comparison of exposed and measured widths is shown in Fig-
ure 4.14. The trenches are found to be wider than the exposed width, and
correspondingly the waveguides are narrower. Linear regression shows the
width of the trenches and waveguides to be

Wirench = Wmask + 112 nm (41)

Wwaveguide = Wmask — 55 nm. 4.2

S-5500 20.0kV -0.6mm x110k SE 3/23/2015 18:53

Figure 4.9: Cross-section image of waveguide etched with Recipe 1 at a dose
of 110pC/cm? on a sapphire carrier. Substrate is clearly rough,
indicating underexposure.
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$-5500 20.0kV -0.6mm x150k SE 3/23/2015 19:55

Figure 4.10: Cross-section image of nearly vertical sidewalls etched with Recipe
1 at a dose of 180 pC/cm? on a sapphire carrier.

§-5500 30.0kV 0.1mm x100k SE 5/15/2015 17:37

Figure 4.11: Cross-section image of nearly vertical sidewalls etched with Recipe
1 at a dose of 240 1C/cm? on a silicon carrier. Profile significantly
better than on features etched with a sapphire carrier.
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$-5500 30.0kV 0.1mm x100k SE 5/

Figure 4.12: Cross-section image of nearly vertical sidewalls etched with Recipe
1 at a dose of 320 1C/cm? on a silicon carrier. Quality seemingly
independent of dose.

Figure 4.13: Top view of feature etched with Recipe 1 at a dose of 260 1C/cm?
on a silicon carrier. Roughness is small compared with lower doses.
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Figure 4.14: Exposed and measured widths of waveguides and trenches in Sam-
ple 2, exposed with a dose of 260 nC/cm? and etched on a Si carrier
walfer.
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Samples 3, 4 and 5 Sample 3 did not show any major changes to the
etch profile at doses of 220 1C/cm? or larger. However, at 180 nC/cm?
as shown in Figure 4.15 the sidewalls have large ridges jutting out, and
the substrate is unevenly etched. This is a common sign of underexposed
resist, as residues remain on the surface and inhibit the etch. Figure 4.16
shows much better exposure, with the outline of the etch following the
intended shape without aberrations. However, in both cases the sidewalls
have significant roughness.

Sample 4 showed the same issues. Figure 4.17 is far, far worse than
even the worst results from Sample 3. Figure 4.18 is of similar quality
to Figure 4.15, at a much higher dose. Meanwhile, the highest dose of
26011C /cm? as shown in Figure 4.19 yields good results.

Comparing Samples 3 and 4, it is evident that while a higher dose
is necessary when exposing a thicker resist, the end result looks similar.
The roughness of the sidewalls is quite bad in both cases, giving them the
appearance of a sponge. However, the features follow their intended shape
without large defects.

Sample 5, shown in Figure 4.20, has no visible roughness. The side-
walls are smooth and vertical, although there is some unevenness. This
unevenness seems rather periodic, and may be the result of the EBL’s
rasterization of the circle. Unfortunately, further characterization of etch-
ing with a silicon carrier was restricted due to time considerations. It is
obvious that for improving the sidewall quality, a silicon carrier can make
a huge difference.

While not widely explored in the literature, the theory presented by
NTNU engineer Tron Arne Nilsen is that the silicon carrier consumes the
chemical etching agent, keeping it from diffusing onto the sample and
etching isotropically. Sapphire, being very inert, has no effect on the
etchants. This idea is supported by the fact that the etch rate was reduced
after switching to the silicon carrier. It may be worthwhile to investigate
these effects more systematically as there appears to be a hole in the
literature.
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Figure 4.15: Sample 3, exposed with 1801C/cm? and etched with Recipe 1.
Sidewalls are rough and there is evidence of underexposure in the
form of vertical ridges, highlighted by arrows.
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Figure 4.16: Sample 4, exposed with 26011(3/cm2 and etched with Recipe
1. While microscopic roughness is still present, the macroscopic
roughness of Figure 4.15 is gone.
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Figure 4.17: Sample 4, exposed with 20011C/cm? and etched with Recipe 1.
The sidewalls are uneven and the bottom of the trenches have the
appearance of rough sea.
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$8-5500 30.0kV 0.5mm x40.0k SE 4/13/2015 11:19

Figure 4.18: Sample 4, exposed with 240 pC/ cm? and etched with Recipe 1. The
overall quality of the etch is on the same level as for 180 nC/cm?
on 152 nm thick resist.
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S-5500 30.0kV 0.5mm x45.0k SE 4/13/201511:19  1.00um

Figure 4.19: Sample 4, exposed with 260 pC/ cm? and etched with Recipe 1. The
outline of the etched area is smooth, owing to the higher exposure
dose.
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Figure 4.20: Sample 5, monocrystalline silicon exposed with 240 11(3/cm2 and
etched with Recipe 1 on a silicon carrier wafer. Very smooth and
vertical sidewalls.
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Recipe 18 Lithography Optimization and Hardmask

Recipe 18 was found by Jens Hgvik to be superior at a later stage in
the project, after the initial sapphire etch experiments with Recipe 1.
While only a few experiments were performed with it before Recipe 14 was
developed, the results are presented here. Due to its length, this section
is divided into separate parts for lithography and hardmask testing.

One technique that is commonly used for improving nanostructure
quality is the hardmask[37]. In this technique, a top layer called a hard-
mask is deposited on the material to be etched. This top layer is usually
a nitride, oxide or ceramic with a high etch selectivity to the substrate.
Standard lithographical techniques are used to transfer a pattern to the
hardmask. The main advantage is higher aspect ratio features and bet-
ter resolution[35]. Another advantage is that the hardmask material may
be able to withstand processes that would destroy polymer-based pho-
toresists, such as KOH etching of silicon[38]. A mask that is not etched
will also not be part of the etch chemistry, which can be advantageous or
disadvantageous depending on the specifics of the process[53]

Method

Table 4.11: Samples used for testing Recipe 18

No. Wafer Resist thickness [nm)]
1 W1 152
2 Monocrystalline 270
3 W3 270
4 W2 115

Lithography The samples were as described in Table 4.11. Due to the
differences in thickness, the samples received different dose ranges: Sam-
ple 1 received 120 pC/cm? to 180 pC/cm? and Samples 2 and 3 received
170 nC/cm? to 2301C/cm?. The exposed mask contained lines, which
were examined in cross-section SEM after scribing and breaking.

In addition, Sample 1 was exposed with rings, for viewing the sidewalls.
This was not done on Sample 2 due to time constraints on the day of the
experiments. Sample 3, however, was made on another day and contained
waveguides ranging from 400 nm to 1000 nm in addition to the lines. The
width of these waveguides was measured in SEM, between the top edges
of the waveguide.

All samples were etched using Recipe 18 on a sapphire carrier, with the
parameters given in Table 4.9. Rate and selectivity tests were performed
on PMMA and SOI samples.
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Hardmask

First, a suitable hard mask thickness had to be determined. This was done
by testing the Si to SiOs selectivity of Recipe 18, which was the best one
known at this point in the project. The test had to be performed by etching
SiO and PMMA samples side by side and comparing with the known
PMMA/Si selectivity. It would have been better to test SiO, against
Si directly, but due to the high expected selectivity it would have been
necessary to grow a new, thicker Si sample in order to see any appreciable
etching in the SiO5. Based on the results a thickness of 50 nm was selected
for Wafer 2, as mentioned in Section 4.1.

The SiOs etch recipe built into the ICP-RIE chiller was characterized
by etching a PMMA and a SiOs coated sample side by side and measuring
the selectivity and etch rate. The etch parameters are given in Table 4.12.

Table 4.12: Etching parameters for SiOz etch.

Parameter Value

Ar 25 sccm
CHF;4 25 sccm
RF 100 W
ICP 200 W
Pressure 50 mTorr

Table temp 20°C

Sample 4 was taken from Wafer 2. The sample was spin coated with
950K PMMA A3 at 5000 RPM, for a thickness of 115 nm. A pattern of
various test structures was transferred using EBL, at doses ranging from
90 pC/cm?to 150 nC/cm?. This was done three times on the same sample.

The sample was etched for 60s using the SiOs etch recipe, and the
remaining PMMA layer was stripped using acetone and Oy plasma ashing.
Following this, the sample was scribed into three parts, each to be etched
separately.

The Si etch rate was measured by etching a PMMA coated sample
and comparing the etch rate with the known selectivity of 1.5. One was
etched 10 nm, just enough to remove the Si layer, one 20 seconds more in
order to hopefully remove all the hardmask, and one in between the two
extremes. The purpose of this was to find the effect of overetching with a
hardmask in place, where it would be possible to overetch for a long time
without destroying the mask.

Samples were examined in SEM, both in cross-section and from above.
Due to issues explained in the results section, the top SiO, layer had to
be removed before viewing the samples from above.
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Results

Lithography Rate and selectivity testing on a sapphire wafer revealed
a PMMA etch rate of 3nm/s and a Si etch rate of 4.6nm/s. Thus, it
would take 48s to etch through the target thickness of 220 nm. This is a
very controllable rate. The typical plasma ignition time of 2 s is negligible
compared to the etch time, so it should be safe to set the etch time to
50s, possibly including a small safety buffer of 2s. The selectivity of 1.5
is poor and will require relatively thick resist layers.

Figure 4.21 shows the sidewall profile achieved on amorphous SOI ex-
posed with a dose of 180 pC/cm?. While dirty, it is clear that the sidewall
is straight and close to vertical. Interestingly, the same result is achieved
in monocrystalline silicon, as shown in Figure 4.22, exposed with a dose
of 230 pC/cm?.

Furthermore, the features etched with Recipe 18 can be seen in Fig-
ures 4.25 and 4.26, with 180 nC/cm? and 150 1C/cm?, respectively. As
seen previously, increasing the dose seems to improve the macroscopic
roughness of the features.

The effect of a thicker resist, in addition to a higher required dose, can
be seen by comparing the aforementioned images to Figures 4.23 and 4.24.
The differences do not appear to be dramatic, and measuring the sidewalls
reveals the slope to be 66° in both cases.

The width of the waveguides can be read out of Figure 4.27. Counter-
intuitively, the waveguides etched with a lower dose are narrower than the
ones etched with a higher dose, up to a point. This is strange because the
waveguide itself is not being exposed, it is the cladding that is removed in
the EBL processing.

Using linear regression on the two datasets reveals the following ex-
pressions for waveguide width:

Wywaveguide, 200 = 0.93wmask — 255 nm (43)

Wwaveguide,230 = 1.24Wmask — 490 nm. (4.4)

In the analysis of the other etch recipes, the slope has been assumed
to be equal to 1 for physical significance, and this has been very close
to being true. It would be expected that the width of the final feature
is simply the exposed width plus some offset. In this case, however, the
linear dependence is deviating significantly from unity. If these results are
to be used for making decisions on waveguide geometry, the experiment
should be repeated.



98 CHAPTER 4. EXPERIMENTS AND RESULTS

- T
S-5500 10.0kV -0.4mm x200k SE 4/27/2015 12:41

Figure 4.21: Cross-section image of slightly tapered sidewalls etched in amor-
phous SOI with Recipe 18 at a dose of 180 nC/cm? and with 270 nm
thick resist.

I
$-5500 30.0kV -0.4mm x350k SE 4/27/2015 11:47 100nm

Figure 4.22: Cross-section image of slightly tapered sidewalls etched in crys-
talline silicon with Recipe 18 at a dose of 230 nC/cm?.
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Figure 4.23: Cross-section image of slightly tapered sidewalls etched in amor-
phous SOI with Recipe 18 at a dose of 200 pC/cm? and 270 nm
thick resist.
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Figure 4.24: Cross-section image of slightly tapered sidewalls etched in amor-
phous SOI with Recipe 18 at a dose of 240 pC/cm? and 270 nm
thick resist.
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Figure 4.25: Tilted image showing a ring etched in amorphous SOI with Recipe
18 at a dose of 180 pC/cm?. Sidewalls are visibly smooth, but the
features are somewhat rough.

$-5500 10.0kV 0.5mm x30.0k SE 4/27/2015 12:53 1.00um

Figure 4.26: Tilted image showing a ring etched in amorphous SOI with Recipe
18 at a dose of 150 nC/cm?. The quality of the features is much
lower than with a higher dose.
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Figure 4.27: Exposed and measured widths of waveguides exposed with different
doses.
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Hardmask Etch characterisation of Recipe 18 revealed etch rates to be
2.4nm/s for PMMA and 0.63nm/s for SiO,. This yields a selectivity of
3.8 between and PMMA and SiOs. Recipe 18’s Si to PMMA selectivity of
1.5 thus yields a Si to SiO9 selectivity of 5.7. Thus, 50 nm of SiO5 should
be able to protect as much as 285 nm of Si.

The characterization of the SiO5 etch recipe revealed the etch rate in
SiO5 to be 1nm/s, and 2nm/s in PMMA.

Sample inspection showed a remarkable amount of isotropy, shown in
Figures 4.28 and 4.29 While the upper parts of the sidewalls are somewhat
vertical, they are shown to widen further down. The over-etched image
also shows an indentation into the underlying SiO5 layer, clearly showing
that the etch is capable of digging into the oxide.

While the undercut is less for the shorter etch time, it is still not
negligible, and will add up to a total of 400 nm when counting both sides
of the waveguide. Furthermore, with an additional 200 nm undercut per
side during 20 seconds of extra etching, it is clear that it would not be
easy to control the waveguide width.

$-5500 30.0kV 0.7mm Ok SE 5/2/2015 15: 300nm

Figure 4.28: Just sufficiently etched features made with hardmask, showing less
undercut than the over-etched version.

Due to the remaining oxide mask hanging over the features, getting
a good look at the sidewalls from above required stripping away the ox-
ide. The same etch recipe used for patterning the oxide was used for the
etchback.
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Figure 4.29: Over-etched features made with hardmask, showing dramatic un-
dercut.

A cross feature is shown from above in Figure 4.30. This feature looks
acceptable, with very straight lines and a sharp angle at the corner. How-
ever, the surfaces look very rough. This roughness is examined closer in
Figure 4.31. Unfortunately, the composition of the roughness could not
be examined as the EDS detector was out of order at the time of the
experiment.
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Figure 4.31: Sidewalls of cross etched using hardmask, after etchback.
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Recipe 14 Lithography Optimization

Recipe 14 was discovered as an improvement upon Recipe 18 at a rela-
tively late stage in the project. At this point, trials on monocrystalline
silicon were no longer considered interesting, as it was clear that manufac-
turing waveguides on commercial SOI would be outside the scope of this
work. Therefore, experiments were restricted to comparing different car-
rier wafers and doses and determining the correct dimensions to be used
in the mask design.

Method

Sample 1 and Sample 2 were both prepared from Wafer 3, with 205 nm of
silicon on top of the oxide. Both were spin coated with 85 nm of PMMA
and exposed with doses of 100 uC/cm? to 1801C/cm?, lower than pre-
vious exposures due to the thinner resist layer. The mask contained
straight lines to be examined in cross-section SEM, and arrays of wave-
guides and trenches of varying width. The waveguides ranged from 500 nm
to 1000 nm, and the trenches from 100 nm to 1000 nm. These were imaged
and measured in SEM after the cross-section measurements verified a good
etch.

All samples were etched using Recipe 14, with the parameters given in
Table 4.9. Rate and selectivity tests were performed on PMMA and SOI
samples.

Samples with a 270nm PMMA layer were also made, but inspection
revealed these to be entirely destroyed due to a contaminated resist bottle.

Results

Rate testing with a sapphire carrier revealed an etch rate of 5.8 nm/s on
Si and 1.2nm/s on PMMA for a selectivity of 4.8. This is an absolutely
astounding selectivity and a comfortably low etch rate. With a Si carrier,
the Si etch rate was lowered to 2.5 nm/s and the PMMA rate to 0.85nm/s,
for a selectivity of 2.9. The lower rates and lower selectivity corresponds
well to a more physical etch where the chemical species tend to disappear
after the first encounter with the carrier. Even so, a selectivity of 2.9 is
excellent, and allows an 85nm thick layer of resist, as the low etch rate
makes overetching unlikely.

While the sidewall profile was found to be independent of exposure
dose, doses lower than 140 n1C/cm? underexposed the resist, leaving a
rough surface and low quality features. The choice of carrier wafer had a
notable effect on the profile. Figure 4.32 shows the profile when a sapphire
carrier was used, Figure 4.33 with a silicon carrier. While the etch has
an isotropic profile with a sapphire carrier, the profile becomes markedly
tapered when the material is changed.

Interestingly, Figures 4.36 and 4.37 show that the width of the features
is nearly independent of the choice of carrier wafer. This implies that
the source of the isotropy is not that the etch is eating into the top of
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the waveguide, but rather that the bottom is being etched progressively
slower. A mechanism that could be causing this is redeposition[36].

Applying linear regression to the width of the waveguides and requiring
a slope of 1 yields an intersect of 190. Applying the same method to the
trenches reveals an intersect of 203. Thus,

Wirench = Wmask + 203 nm (45)

Wyaveguide = Wmask — 190 nm. 6)

T 1T
$-5500 30.0kV 0.8mm x80.0k SE 5/12/2015 01.58

Figure 4.32: Cross-section image of waveguide etched with Recipe 14 at a dose
of 180 nC/cm? on a sapphire carrier. Image is taken at an angle of
incidence of 1° for higher resolution. The etch profile is somewhat
isotropic.
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Figure 4.33: Cross-section image of waveguide etched with Recipe 14 at a dose
of 180 uC/cm? on a silicon carrier. Image is taken at an angle of
incidence of 1° for higher resolution. The etch profile is tapered, in
contrast with the isotropic results achieved with a sapphire carrier.
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Figure 4.34: Tilted view of a ring on a sapphire carrier. Sidewalls are smooth.
Exposure dose 180 1C/cm?.
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Figure 4.35: Tilted view of a ring on a silicon carrier. Sidewalls appear some-
what rougher than with the sapphire carrier. Exposure dose
180 nC/cm?.
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Figure 4.36: Exposed and measured widths of waveguides exposed with
180 nC/cm?.
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Figure 4.37: Exposed and measured widths of trenches exposed with a dose of
180 uC/cm?.
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Post-Etch Residue Examination and Removal

On many of the processed samples, the surface has been visibly covered
with dirt, dust and an indeterminate particulate matter. This section
examines this further and attempts to find a cleaning procedure that will
overcome these problems.

Method

The first sample examined here was the one etched using recipe 32 dur-
ing etch recipe comparison. It is selected here because it clearly shows
the aforementioned particles on top of the unetched silicon, as well as a
coarseness in the SiOg film. After etching, the sample was cleaned first
in acetone and then in oxygen plasma for two minutes in order to remove
the residual resist. The sample was inspected in the SEM.

Another sample was inspected using EDS. Unfortunately the etch
recipe used on the sample has been lost, however the sample was very
similar to the one presented in Figure 4.38. The EDS analysis looked for
carbon, as it is the main constituent of the resist.

The third sample is a waveguide etched with recipe 1. After etching,
the sample was scribed into its final waveguide dimensions and then plasma
cleaned. After cleaning, it was inspected by SEM. As an additional clean-
ing step after the inspection, the sample was sonicated in acetone at room
temperature for 10 minutes before additional inspection was performed.

Results

The two first samples are shown in Figures 4.38 and 4.39. The first ob-
viously contains particulate matter on the non-etched areas, while the
underlying SiOs has a grainy, but much finer structure. The same coarse-
ness is not present on the sidewalls.

Figure 4.39 shows the EDS scan, highlighting Si and C. It is striking,
but not surprising that no carbon is present in the etched area marking
out the letter 'k’. After all, all resist should have been removed from this
area during the development step, and the success of the subsequent etch
step relies on the resist being removed. The non-etched area, however,
has been covered with resist all the way through the process up until the
acetone rinse and oxygen plasma clean.

More interesting is the large amount of carbon present. Apparently
oxygen plasma cleaning is not enough to remove PMMA on a microscopic
level, and if this turns out to be a problem another cleaning procedure
should be developed.

A superior cleaning procedure has been found in the form of sonication.
Figure 4.41 shows a waveguide before sonication, Figure 4.42 shows the
same waveguide after. All traces of dust have been removed. The holes
in the Si film presumably were not repaired by ultrasound, rather this is
another part of the waveguide. The apparent increase in definition showing
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Figure 4.38: Sample etched with recipe 32. Large particles clearly visible on Si
layer, smaller grains on SiOs.

the roughness of the amorphous silicon may be due to higher resolution,
which can be inconsistent unless particular care is given.

By using acetone as the sonication liquid, the PMMA should be
stripped away easily. If this turns out to be insufficient at some
point, PMMA residues may be removed using MicroChem’s products Re-
mover PG[55] or ACRYL STRIP[1]. However these substances are more
harmful than any wet chemicals used in the current process, being based
on N-methyl-2-pyrrolidone and concentrated acetic acid respectively.

Figure 4.40 confirms the effect of sonication. The EDS image clearly
identifies the substrate as silicon, and only incidentally reports carbon.
The amount of carbon reported in the image is very low, on the order of
the typical noise levels of the EDS detector. In tests not shown here, using
EDS to look for plutonium or any other rare material identified it in the
same amounts as, in this case, carbon.
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Figure 4.39: EDS image showing the letter k etched into an SOI sample.
Carbon-containing residues are present in the non-etched areas,
implying that resist remains.
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Figure 4.40: Post-sonication EDS image, showing carbon levels corresponding
to typical EDS noise, independent on position in etched pattern.
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Figure 4.41: Tilted image of the waveguide, primarily showing large grains of
dust from the scribing process.
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Figure 4.42: A very clean waveguide without any dust.
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4.2 Fabrication and Testing of Device

Fabricating Waveguides
Method

A sample was fabricated containing a number of waveguides. It contains
five simple straight waveguides, three waveguides that couple into an-
other waveguide using a ring resonator after a few hundred pm and three
containing a large S-curve, with a radius of curvature of 100 pm. The
curved waveguides were designed using Autodesk AutoCAD’s! offset fea-
ture, while the other waveguides were designed in CleWin.

The sample was taken from Wafer 3. It was coated with 250 nm PMMA
and exposed with 26011C/cm?. Afterward, it was etched with Recipe 1
on a silicon carrier. After etching, the sample was scribed to a length of
1.2mm and sonicated in acetone for 10 minutes. A piece of the silicon
that was scribed off of the sample was also sonicated, and was examined
in SEM in cross-section mode.

Results

Images of the fabricated structures are shown in Figures 4.43 and 4.44.
The results are somewhat disappointing, particularly in that the silicon
layer is thinner than it is supposed to. Also, the sidewalls have a very
isotropic profile. While this is less than ideal, the waveguides appear to
be of high quality and an attempt will be made to couple light into them.

lwww.autodesk.com
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Figure 4.43: Cross-section image of a waveguide facet. The etch is more isotropic
than expected and the Si is 30 nm thinner than previously mea-
sured.
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Figure 4.44: View of a waveguide from above.
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Fabricating Tapered Waveguides

Following the failure to couple light into the waveguides from Section 4.2,
more samples had to be prepared. In order to make a better facet for
coupling light into, a larger area should be produced. This was achieved
by using a thicker Si layer, and by coupling into a wider waveguide using a
taper. The taper should also make the end of the waveguide more robust,
potentially keeping it from flaking off during scribing and breaking.

Method

The mask from Section 4.2 was altered by adding a taper to the butt
coupling end. This mask is shown in Figure 4.45. The columns of squares
marks the beginning and end of the tapered region, and should be visible
in the microscope of the scriber-breaker. To the left, the waveguides are
7.5 nm wide until the taper region begins, after which they narrow down to
550 nm over the course of 100 pm. These values were decided upon based
on simulations by Jens Hgvik.

Two samples were fabricated using the mask described above. Sample
1 was taken from Wafer 1, already coated with 150 nm of PMMA. It was
exposed at a dose of 180 pC/cm? Sample 2 came from from Wafer 3 and
was coated with 270 nm of PMMA. It was exposed at 260 pC/cm?.

After exposure, both were etched using Recipe 14 on a Si carrier wafer.
They were etched for different periods of time, due to the different thick-
nesses.

Results

Images of the fabricated structures are shown in Figures 4.46 to 4.48.
Like with the straight waveguides, the silicon is too thin, but the etch
profiles look surprisingly good. The roughness of the top surface as seen in
Figure 4.46 is worrisome, but the sidewalls are generally very anisotropic,
which is good.

Curiously, Sample 1 appears to have an undercut profile. This is the
first appearance of this profile in this work.
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Figure 4.45: Mask featuring tapered waveguides.
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Figure 4.46: Cross-section image of a Sample 1 facet. The waveguide appears
thinner than planned, has a very rough surface and has some un-
dercut, not seen before in this work.
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Figure 4.47: Cross-section image of a Sample 2 facet. The etch is more isotropic
than expected and the Si is 30 nm thinner than previously mea-
sured.
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Figure 4.48: View of a waveguide from above.



4.2. FABRICATION AND TESTING OF DEVICE 121

Device Testing
Method

The waveguides from Section 4.2 were brought into the optics lab. Placed
on carbon tape, the sample was mounted on the sample holder and in-
serted into the setup. At this point in time, the out-coupling fiber was not
mounted on the stage, so only in-coupling was performed and characteri-
zation was done using the IR camera.

Looking through the microscope, the fiber was aligned with the wave-
guides. First, the fiber was brought close to the samples using the coarse
adjustment screw. Then, it was brought within 50 pm using the finer ad-
justment screws, and aligned horizontally with the waveguide to be tested.
Attempts were made to couple light into all the waveguides.

Adjusting the fiber tip in the vertical direction, an attempt was made
to coarsely line it up with the top of the sample, staring closely at it from
the side. The laser was enabled and set to between 40 mA and 100 mA,
where the adjustment depended on whether the fiber tip was visible to
the camera or not, as image chip burn-in and damage was an issue. While
looking at the monitor for changes in the light pattern on the surface,
minute changes were made to the positioning of the fiber tip.

In a later trial, the waveguides with tapered in-coupling regions from
Section 4.2 were tested. In this trial, the out-coupling fiber had been
mounted, so it was possible to make measurements based on the photode-
tector as well as visual data from the camera. In addition, the in and out
fibers were butt coupled together directly, and the signal generator was
used to modulate the laser.

Results

Microscopy did not show any coupling of light into any of the waveguides.
Specks of light were clearly visible on the samples, but their locations
did not match up with the known waveguides. Moving the tip vertically
had a clear effect on the pattern, but unfortunately it was not systematic.
Interestingly, moving the tip sufficiently far down that it was only pointing
at the silicon substrate did not cause extinction of the pattern.

Although the waveguides are only 200 nm thick, it was expected that
they would light up on the monitor when the beam struck them, as a
sufficiently large portion of the light should couple into them. This was
not observed.

However, when observing the out-coupling end of the waveguides, three
streaks of light were often visible. These are shown in Figure 4.49. At
first glance, these were assumed to be light escaping from the waveguides.
However, moving the fiber along the sample caused the streaks to move
as well, even when they weren’t intersecting the waveguides. Focusing up
and down revealed that the streaks were not at the same height as the
waveguides, confirming that they were only light transmitted through the
substrate.
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Positioning the out-coupling fiber next to the far end of a waveguide
did return a signal on the oscilloscope, showing the photodetector to be
functioning. It was possible to cause a large spike in the strength of the
signal by fine tuning the position of both fibers. The signal strength was
particularly sensitive to the distance from the out coupling fiber to the
waveguide. However, when moving the entire sample while keeping the
fibers stationary, no change in signal strength was observed, meaning that
the signal was not linked to the presence of the waveguides. Curiously,
these results were gained when using the curved waveguides, with the fiber
tips offset by 100 pm.

Coupling in-fiber directly to out-fiber revealed that the signal generator
is functioning as well. The output of the laser when modulated by a square
wave is shown in Figure 4.50. At a current of 40 mA a signal strength of
350mV was measured at the oscilloscope. The signal amplifier was not
used, as switching it on would cut the signal to 0. No effort was made to
debug the amplifier, as the signal was readable without it.

Analyzing the data showed the 10%-90% rise time of the laser to be
330 s, and the fall time to be 1.1 ms. No ringing was observed. A closer
look at the rise and fall of the signal is shown in Figures 4.51 and 4.52. It
is not known if the rise and fall times are due to the laser or the photode-
tector. This could be tested with a light source or photodetector known
to be faster than the time constants measured here, but this falls outside
the scope of this thesis.
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Figure 4.49: Streaks lighting up where light exits the sample. Applying a pow-
erful flashlight to the sample causes some waveguides to be visible
as well, in the top right part of the image. Waveguides must not
be confused with artifacts from photographing the monitor’s CRT

screen.
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Figure 4.50: Oscilloscope showing the output of the laser when switched rela-
tively quickly compared to its rise and fall times. At lower switching
frequencies, the signal would stabilize very close to the levels shown
here.
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Figure 4.51: Laser transient response when switched on.
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Figure 4.52: Laser transient response when switched off. Fall takes far longer
than rise.



Chapter 5

Discussion

5.1 Fabrication

Substrate

The substrates used for making devices in this work were made using
PECVD, as described in Sections 3.4 and 4.1. This method was previously
attempted by Lorvik[41], although he abandoned the prospect very early in
the project, disheartened by the observed roughness of the substrate and
the commonly higher absorption coefficient as compared to crystalline
silicon. Hgvik[27] also made attempts to grow high-quality SOI in his
master’s thesis, but concluded that the fabricated material was not of
high enough quality for optical structures. Nevertheless, PECVD grown
SOI was used in this work.

A number of factors motivated this choice. For one, commercial SOI
is very costly, easily costing up to 1000 US Dollars for a 6in wafer[3]. In
contrast with this, fabricating a wafer at NTNU NanoLab can be done in
a day, with arbitrary thickness of the SiOs and Si layers and at no cost
to the student except for the initial silicon wafers. Furthermore, the SiOq
layer in an SOI wafer serves as an etch stop when using an etch with fair
selectivity[53]. This feature is lacking in the simple silicon substrates used
by Lorvik, and although he achieved excellent structures the etch stop
layer might have an effect.

Furthermore, the author believes the claims of high loss to be ex-
aggerated. Cocorullo et al.[14] have achieved losses of 0.7dB/cm, and
while this is higher than the extremely low losses achieved in monocrys-
talline silicon[35] it is acceptable for small devices such as sensors. For
telecommunications purposes, however, maintaining the power budget[57]
is important enough that the difference may be worth the extra money,
depending on final device size and performance.

This makes PECVD grown SOI a very attractive platform for this
project, at least in the current stage, and it is definitely worth giving it
a serious try. The assumption of poor optical properties should be tested
experimentally by guiding light and measuring the losses, as guided modes
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may have a different behavior from the perpendicularly incident light from
a reflectometer.

However, the issue of roughness is very real and must be addressed. As
shown in Figure 4.3, the roughness of the silicon is significant. Unfortu-
nately, the roughness has not been quantified using AFM measurements.
Due to the 15 mm sample size restriction of NanoLab’s Veeco AFM, get-
ting a representative view of the roughness over a larger area of the wafer
would be time consuming and would require measurements from multiple
samples.

The scale of the roughness can be assumed to have propagated from
the thick oxide layer. Tanenbaum|65] measured a roughness of 4nm in
150 nm thick layers, and while our layer has not been measured properly,
it appears to be significantly rougher.

Reducing the roughness can be achieved in a number of ways: The
most direct method is to use chemical-mechanical planarization[53]. This
method uses a combination of a chemically active slurry containing parti-
cles and an abrasive disc. Achieving a very smooth surface usually takes
several rounds, using progressively finer slurries and abrasive discs. This
method is not available at NTNU NanoLab, but may be in use by the
TEM Gemini Centre. However, it is time consuming and represents many
more steps in the fabrication process, which should be avoided.

Another method is to use a different method for fabricating the SiOs.
While commercial SOI is expensive, some of the benefits may be achieved
at a lower cost by growing thermal SiO9 or buying it commercially. NTNU
does not have the necessary tools to grow thick thermal oxides, as this
requires high-temperature furnaces or atmospheric pressure CVD. It might
be possible to have a batch of wafers processed at another laboratory such
as MiNaLab, or they may be bought at low cost, typically less than $30 per
4in wafer. Based on current results, the author’s recommendation is to
obtain thermally oxidated silicon and only use PECVD grown amorphous
silicon as the top layer.

Waveguides

The bulk of this thesis has consisted of fabricating the waveguides and
this effort has been successful, taking into account the issues with the
wafer quality. In particular, characterizing different etch recipes has been
important. The great number of recipes tested makes it possible to analyze
how the different parameters affect the end result.

At first, Recipe 1 was examined by changing one variable at a time
from the original recipe and observing the results. It turns out that the
changes made were far too large to draw a lot of conclusions from, but they
did shed light on some processes. For one thing, reducing the CHF3 flow
did not have a major effect on the sidewall roughness. This indicates that
the roughness is not simply passivating polymers, but is rather defects
introduced in the silicon itself.
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Polymerization does, however, appear to have serious effects on the
properties of the etch, regardless of the source of the polymerizing com-
pound. This is seen clearly in the hardmask testing of Section 4.1. The
etch recipe used, Recipe 18, does not provide any CHF3, and the mask
is only SiO5. This is in stark contrast with every other trial, where the
mask was PMMA. The sudden isotropy observed in the hardmask test
indicates that the PMMA mask contributes to polymerization, although
probably not to the same extent as the CHF3 would, due to the lack of
strong C-F bonds. Even so, fluorine might be contributed to the polymer
through SFg, but this is only speculation. Having concluded that PMMA
has a passivating effect on the etch, it becomes even more obvious that the
roughness is not only polymers, as the roughness in the hardmask sample
is by far the worst witnessed. It is possible that a CHF3-containing etch
would perform better with a hard mask.

Effects of RF and ICP Power

An early assumption was that reducing the ICP power and increasing RF
power would be beneficial, as there would be more kinetic energy delivered
to the sample, and at the same time less chemically reactive species that
could attack the sidewalls haphazardly due to the lower plasma density of
RIE compared to ICP-RIE. Etch Recipe 8 partially confirmed this hypoth-
esis, as it produced sidewalls better than Recipes 2 through 7. However,
Recipe 7 did not give as positive results, which might indicate that reduc-
ing ICP is more important than increasing RF.

These results were used further in the testing, with very few tested
recipes using ICP. In effect, most etching was done only in RIE mode.
The greatest advantage this gave, apart from the smoother sidewalls, was
the lower etch rate. The aggressive etch rate of Recipe 1 made it difficult
to time in practice, especially with thin resist layers. With the recipes
with etch rates around 5nm/s, it is possible to set the etch time to the
calculated etch time and add two seconds for the plasma to ignite, and two
more as a buffer, and accept a 10 nm overetch as inconsequential. With an
etch rate of 15nm/s, the same overetch is achieved in less than a second
by inattentiveness alone.

While decreasing ICP power was found to be a good strategy for re-
ducing roughness, making the etch more physical by increasing RF did
not have the same effect. Recipe 23, being a version of Recipe 18 with
higher RF power, did not show smoother sidewalls. However, decreasing
the power was found to help, but only up to a point. At too low RF
power, igniting and sustaining the plasma may become an issue, and the
etch quality didn’t improve after decreasing the RF power below 20 W.

Roughness

Unfortunately, the roughness of the sidewalls has not been eliminated.
Roughness reduction is recognized for its importance in manufacturing
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optical components, but most studies approach it only by reducing rough-
ness in the etch process[40], like this thesis. While reasonably smooth
waveguides can be made through etching alone, some recent research has
focused on post-treatments to the structures, as mentioned in Section 2.1.

The most successful of these approaches has used two types of wet
processing of the waveguides to remove rough surfaces[35]. In the most
successful type, thermal oxide was grown on the sample and then, if desir-
able, etched away in HF. Thermal oxidation was performed at 1000 °C for
43 min. According to Brigham-Young University’s thermal oxide growth
time calculator! based on the Deal-Grove model[46, 18] this would create
an oxide layer about 300 nm thick. Using the same calculator but allow-
ing only for the dry, 1000 °C 10min RTP process available at NanoLab,
a layer of only 10nm would be achievable. This might produce a very
slight reduction in roughness, but as mentioned in Section 3.4 the heat-
ing might make the amorphous silicon itself lossy, up to the limit where
the annealing causes recrystallization of the silicon. Repeated dipping be-
tween hydrogen peroxide to iteratively grow a thin native oxide and HF to
remove it probably would not work either due to the thin oxide produced,
and would be both time-consuming and dangerous.

The same authors also had some success with using an alkaline etch
to strip away roughness, leaving only the stable {110} planes[35]. This,
however, required the use of a hard mask, as resist would be peeled away
immediately. Also, since there are no crystallographic planes in amor-
phous silicon, the stable planes would never arise and the etch might be
uncontrollable. It is theoretically possible that protruding features would
be etched away faster than receding ones based on surface area alone, and
this effect might cause some reduction of roughness. However, this is only
speculation, and the effects could be very slight. Furthermore, the method
may be useful only for straight waveguides aligned with the (100) direction
in the silicon. For a curved feature or a ring resonator, entirely different
planes would be exposed, and the resulting features would be distorted as
there is no self-limiting effect.

Etch Profiles

Looking at the results from testing Recipes 1, 14 and 18, it is clear that
all three etches have their strengths and weaknesses. Recipe 1, especially
when combined with a silicon carrier, offers excellent sidewall profiles with
little of the porosity seen in the samples etched with a sapphire carrier.
However, there is still some unevenness in the features, which manifests
as notches in the waveguide when seen from above, as in Figure 4.13. The
same issues are visible in Vigen’s samples[69, p. 78]. The roughness issue
appears to be present when using Recipe 14 as well, but possibly to a
lesser degree.

Unfortunately, Recipe 14 turned out to be isotropic when using a sap-
phire carrier, but became far better with silicon. However, a certain flange

Ihttp://www.cleanroom.byu.edu/OxideTimeCalc.phtml
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appears on the waveguides in the latter case. Figure 4.37 reveals that the
waveguides etched on sapphire and silicon are almost equal in width, with
only a slight offset in favor of the silicon etched waveguides. Inspection of
the raw data reveals that the difference is only on the order of 20-30 nm.
Figure 4.37 is even more striking, showing no difference at all. This should
come as a surprise, considering the difference in profile.

Recall from Section 3.3 that isotropy is usually a result of the etchant
attacking the sidewalls and eating them away. If this were the case, the
sapphire etched trenches would become wider and the waveguides nar-
rower. As it turns out, the etch is slower near the corners, which is the
opposite of the problem described above. While this could be mistaken
for aspect ratio dependent etching[33], this usually takes place only at
far higher aspect ratios, and does not necessarily compromise the sidewall
profile.

Another explanation may be found by comparing the etch to other
techniques. The problem of outward sloping profiles, also known as over-
cut, is characteristic of ion beam etching, particularly when etching per-
pendicularly to the substrate[10]. The reason for this is that atoms that
are sputtered away without reacting with chemical species may redeposit
on the sidewalls, and the fix in ion beam etching is to tilt the sample by,
typically, 20°. In this work, the etch recipes have been aimed at being as
physical as possible, with little chemical etching action. This can be com-
pared to a poorly controlled reactive ion beam etch[10], and redeposition
may occur.

However, a highly physical etch would be expected to have low se-
lectivity between silicon and resist[53], as sputtering selectivity is only a
question of bond strength. In Recipe 1, with high ICP power and a high
plasma density, the selectivity is rather low even though the high plasma
density is expected to create a very chemical etch. In Recipe 14 however,
the selectivity is very high. It may be speculated that Recipe 14 with
its relatively high pressure and low power has a significant chemical com-
ponent to it, or simply has too low power to get a high sputter yield in
PMMA. Unfortunately, no studies have been found on the voltage depen-
dence of selectivity in ion beam etching, so these statements cannot be
substantiated.
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5.2 Coupling

The optical test setup has been confirmed to be functional. The fibers can
be moved with high accuracy in close proximity to the sample without un-
neccesary risk of colliding the tip due to the functioning microscope setup.
Also, is has been shown that the laser output is completely controllable,
both manually and with a signal generator. The coupling of fiber to fiber
also shows the photodetector to be in working order, meaning that the
test setup should be working just fine for further use in the project, and
easy to modify if found necessary.

The results from the attempts to couple light into the waveguides were
negative. No light was observed by camera to enter the waveguides. The
photodetector gave a response, but unfortunately this proved to be a false
positive when the signal persisted after the sample was shifted sideways.
However, a persistent pattern of bright spots appeared at the out-coupling
end of the sample, which moved in accordance with the fiber and which
was observed by focusing to originate below the sample surface.

The most likely reason for the pattern is some kind of interference
pattern in light traveling through the silicon substrate. As the substrate
is more than 1000 times thicker than the waveguides and approximately
infinitely wide, it has a far larger area that can accept light, and will
receive a much higher optical power than the actual devices. As the silcon
substrate-oxide interface is perfectly flat, total internal reflection should
contain the light within the substrate and keep it from disturbing the
microscope images, but a powerful light beam striking the out-coupling
fiber is an issue. A way to fix this is to introduce a larger S-bend in the
waveguide, displacing the out-coupling fiber more than the undesirable
beam widens.

Another fix is to make the waveguides L-shaped and alter the optical
setup to accomodate this. A sketch of a proposed mask design is shown in
Figure 5.1. The dotted lines are the proposed scribe lines. In this scheme
a number of concentric waveguides are made, preferably with the same
radius of curvature but different side lengths. By scribing in the suggested
way, four samples are made with different properties: If one sample winds
up with only waveguides too long for practical use, the opposite corner
will have correspondingly shorter waveguides.

A setup for making measurements on these waveguides is shown in
Figure 5.2. Here a bracket has been added to the movable stage for the
out-coupling fiber, and the fiber is mounted on its end. By extending
the movable stages, complete mobility of the fibers is preserved. This
extension should be easy for the department’s mechanical workshop to
make.

While this may fix the problem of false positives, coupling into the
waveguides may still be a problem. One way to fix this is to guarantee
that the facets are of higher quality than they have been thus far. In
this work, the waveguide facets have been made by breaking the samples,
with greatly varying results. In many cases, the waveguides have been



5.2. COUPLING 133

Figure 5.1: Proposed mask design for L-shaped waveguides. The concentric de-
sign guarantees that a large number of waveguides with different
length are made at once, making measurements of losses easier. Fur-
thermore, four samples will be produced from one single exposure.

terminated several micrometers from the sample edge, been broken at an
angle and so forth. Using a tapered design has mitigated this, as the
broader waveguides are more robust, in addition to having a larger area.
However, the facets may still be rough, which is a source of problems.

This could be fixed by polishing the waveguide facets. A number of
procedures are available for this: The necessary equipment exists at the
TEM Gemini group at the Department of Physics. However, getting train-
ing and using it might be costly, depending on internal procedures for
cross-faculty resource use. There may also be a polishing machine at the
Department of Electronics and Telecommunications, which should be in-
vestigated further. Another possibility is to use FIB milling. This has
been done before[42] with success.

Another approach is to switch to grating coupling[57]. In this scheme, a
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Figure 5.2: Proposed setup for measuring L-shaped waveguides. To the left is
the current setup, to the right is the proposed design. The mov-
able stage for the out-coupling fiber is modified with a bracket for
mounting the fiber perpendicular to its current position.

separate lithography and etch process creates a grating on the waveguides
at the points of in- and out-coupling, and the fibers are pointed at these
at a specific angle. While this requires more fabrication steps, so does
milling. In addition to simplifying the alignment process a great deal, it
might lead to higher coupling efficiency[64]. However, grating coupling
will require changes to the setup, and changes to the microscope might be
necessary in order to avoid collisions with the fiber holders.

Furthermore, the camera does not appear to be of very high quality. It
is a distinct possibility that light has coupled into the waveguide and been
lost in the process, but that the camera has not been sensitive enough to
show it.

The spot size of the tapered fiber output at focus is stated by the
documentation to be between 1.7 pm and 6 pm[47]. In the best case, with
a diameter of 1.7pm, the fraction of the area overlapping a 200nm by
550 nm waveguide is 4.8%, corresponding to an in-coupled power of 4.8 mW
at maximum power if there is no reflection or loss at the surface. In the
worst case, the corresponding power at perfect focus is 0.39 mW.

Switching to a tapered waveguide helps by increasing the width of the
waveguide, up to the size where it is the size of the spot. In this case, the
power with the smallest spot size is 15 mW, and 2.1 mW with the largest.

It is clear that the potential gains from using a tapered waveguide are
large. Especially in the best case, where the spot is almost the size of its
wavelength and perfect focus has been found, a significant amount of light
can be coupled into the waveguide. However, it must be assumed that
achieving such perfect coupling is difficult, and it is more realistic that the
coupled amount of light is far lower.

Another issue that needs to be addressed is the choice of laser. As
was shown in Chapter A, the laser is only barely tunable. If resonators
are to be used, it is critical that the laser is tunable to their resonance
frequency. As it may be quite sensitive to fabrication errors and preferably
to stimulation in a sensor setup, the laser must be tunable over a wide
enough range to find the resonance. At the moment this is not possible
and thus a new laser should be acquired before testing of resonator devices
begins.



Chapter 6

Conclusion

The goal of this work has been to optimize processes for fabricating silicon
photonic components.

6.1 Electron Beam Lithography

Electron beam lithography was used for patterning the samples, and the
effect of changing parameters was tested. Based on simulations and previ-
ous personal experiences, an acceleration voltage of 30kV was selected. It
was found that while underexposure must be avoided, overexposure does
not appear to cause problems. Serious underexposure may result in a
residual resist layer that causes severe and obvious damage. In addition,
even slight underexposure will cause abnormalities in the outline of the
feature. However, increasing the dose even far above the point where these
issues disappear does not negatively affect device quality.

PMMA was used as the resist. For thicknesses of both 85nm and
150 nm, a dose of 180 11C/cm? was found to produce good results. For the
higher thickness of 270 nm, used for low-selectivity etching, 260 pC/cm?
or higher was preferred. The size of physical features as a function of the
exposed area has been documented.

6.2 Etching

A large number of etch recipes have been tested and compared, and three
of them were selected for further study and optimization. These were
Recipes number 1, 14 and 18 from Table 4.9. Recipe 1 and 14 were
found to have the best performance in terms of etch profile and sidewall
roughness.

Recipe 1 produced anisotropic etch profiles of the waveguide sidewalls.
However, the sidewalls were rough and the etch rate was too high for con-
trollable shallow etch. Recipes 14 and 18, on the other hand, had smoother
sidewalls, a lower etch rate and in the case of Recipe 14 a much higher
selectivity. However they also displayed a more isotropic etch profile. This
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isotropy may be caused by redeposition of sputtered atoms, although this
is usually only a problem in ion beam etching.

Interestingly, it was found that switching from a sapphire carrier wafer
to a silicon wafer reduced the sidewall roughness and improved the etch
profile of all recipes tested. This is because the sapphire is chemically
inert. It thus allows a large volume of reactive chemicals to etch the sample
without any sputtering effect. The silicon, on the other hand, reacts with
them on impact and neutralizes them. However, using a silicon carrier
reduces the selectivity of the etch.

6.3 Characterization

An optical test setup was built. It is capable of coupling light into and out
of a sample and measuring the transmission. Alignment can be carefully
monitored through a microscope or with a camera that works both in the
infrared and visible spectrum. The incident light can be modulated with
a signal generator for easier detection of coupling.

The setup has been verified to work by coupling light directly between
the in- and out-coupling fibers. The laser’s power and spectral character-
istics have been tested as a function of current and temperature. It has
been found to be practically not tunable and to have a higher spectral
width than specified, however there is good control of the power output.

Attempts were made to couple 1550 nm light into the waveguides. How-
ever, it was not possible to measure any coupling either with a photode-
tector connected to an out-coupling fiber or with an infrared camera. The
addition of a 7.5 pm wide taper for light to couple into did not help. Light
passing through the substrate and stimulating the out-coupling fiber was
found to be a serious issue.

6.4 Further Work

The surface roughness of the PECVD grown SOI wafers must be reduced,
as they are expected to cause high losses. This can easily and affordably
be accomplished by growing PECVD silicon on top of a thermally oxidated
silicon wafer.

Due to the drastically improved results when using a silicon carrier
wafer, it is recommended that the sapphire wafer is no longer used for
etching.

Looking further into post-treatments to reduce sidewall roughness may
be worthwhile. However any addition of steps to the fabrication process
is undesirable, and must be weighed against the potential gains.

The reason for the failure to couple light into the waveguides has not
been conclusively determined, but a number of possible solutions have
been found. For making in-coupling easier, polishing the facets is an op-
tion. This can be accomplished either with FIB or mechanically. However,
light transmitted through the substrate will still be an issue, which may
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require additions to the experimental setup. Another possibility is to use
grating coupling instead of butt coupling. Grating coupling is the solution
favored by the author.

As a tunable laser is essential for characterizing resonators, it is rec-
ommended that the existing laser is replaced.






Appendix A

Laser Characterization

The Anritsu laser had to be characterized in order to find its character-
istics, as the existing documentation was lacking. In particular, finding
the peak frequency and whether it shifted with intensity or temperature
was of great interest. A tunable laser would be ideal in order to excite the
microring resonator, but there was great uncertainty about these capabil-
ities.

Method

In order to determine the current-power and temperature-power charac-
teristics of the laser, it was fired into a Melles Griot 13PEMO001 powerme-
ter. First, the thermistor resistivity was kept constant at 10k(2 while the
current was varied between 10 and 105 mA. Then, the current was kept
constant at 50 mA while the thermistor resistivity was varied between 9
and 11k€.

The spectral characteristics of the laser were determined using a
Thermo Scientific Nicolet 8700 FT-IR spectrometer. The laser was aimed
into the spectrometer in free air. Measurements were taken between
wavenumbers of 6200/cm and 6700/cm at 0.125/cm intervals. This cor-
responds to the range of 1492.5nm to 1612.9nm with a resolution of
0.003 nm.

The experiments were performed with help from Tron Arne Nilsen.

Results

As the spectrometer works in terms of wavenumber, the raw data had
to be processed to list the wavelength instead. During this processing,
it turned out that MATLAB’s! function csvwrite, which writes data to
CSV files, converts numbers to a low precision datatype. This caused loss
of data by removing significant decimal places, leading to nearly useless
plots. The problem was solved by using the dlmwrite function, which has

Ihttp://www.mathworks.com/products/matlab/
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arbitrary precision. This information is included for the benefit of later
master’s students.

The by far most interesting result is the temperature dependence of
the emission peak frequency. It is obvious from Figure A.1 that the laser
can only be tuned approximately 1.8 nm. It can be reasonably concluded
that the laser is not designed to be tunable, and is emitting at between
1549.0 nm and 1549.5 nm at the standard operating temperature of 25 °C.
From Figure A.2, it is clear that the peak output wavelength is only weakly
dependent on current.

A plot of the peak output wavelength as a function of temperature
is shown in Figure A.3. The graph is remarkably linear, and it is noted
that the wavelength increases with increasing temperature. This is to be
expected for a DFB laser. When the temperature increases the Bragg
gratings expand, and the resonant wavelength thus becomes longer[15].
The temperature dependence of the peak wavelength is given by

A = 1546.662nm + 0.098nm /K - T. (A.1)

Figures A.4 and A.5 show the spectral linewidth in terms of FWHM
as a function of temperature and current. As is also visible in Figure A.2,
the spectrum is wider at 20 mA than at any higher current. This is pre-
sumably because the laser is operating close to threshold, as is clear from
Figure A.6.

The temperature dependence is more confusing, as 25 °C has a lower
FWHM than any other temperature. There appears to be a discrete step
between 20.8 °C and 22.7 °C, except for the drop at 25°C. In general, the
laser’s FWHM is around 12nm at standard operating conditions. This
works out to a spectral linewidth of 15 GHz, far more than the datasheet’s
promised maximum value of 40 MHz.

The step in the temperature dependence occurs around room temper-
ature. This is the point at which the temperature controller switches from
heating to cooling mode. As the aquisition took a few seconds, it is possi-
ble that the temperature of the cavity had not yet stabilized at the point of
the measurement, and that the linewidth is a result of temperature drift.

From Equation (A.1), it is apparent that a wavelength drift of 0.15 nm
would require a drift of 1.5 K. However, such a large shift in wavelength
would probably introduce a larger shift in linewidth. No quantitative
analysis will be given here. The temperature drift model of explanation
also explains the smaller linewidth of the measurements at 25°C. As
the temperature was held constant and only the current was varied, any
temperature drift would result from the increased current and not from
a deliberate and large temperature change. This implies that the mea-
surements should be repeated if a higher degree of accuracy is desired,
and the laser should be allowed to stabilize for a minute or two between
measurements.

Figure A.6 shows the relationship between the laser output power and
the current. No lasing takes place at 10mA, but starting at 20mA the
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relationship is linear. Linear regression shows the relationship to be as
follows:

P =1-0228W/A —1.8mW (A.2)

Similarly, Figure A.7 shows the relationship between the temperature,
which is regulated by the thermistor resistivity, and the current. The
dependence is shown to be relatively weak, varying by 0.5 mW within the
laser’s operating temperature range. The power increases with decreasing
temperature, which is to be expected for diode lasers[50].
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Figure A.1: Emission spectra of the laser at temperatures between 15.8 °C and
33.2°C, controlled by adjusting the thermistor resistivity in steps
of 1kS.
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Figure A.2: Emission spectra of the laser at currents between 20mA and
100 mA.
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Figure A.3: Laser peak output wavelength as a function of temperature at a
current of 100 mA.
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Figure A.4: Laser FWHM as a function of temperature at a current of 100 mA.
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Figure A.6: Laser output power as a function of current at a thermistor resis-
tivity of 10 k€.
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