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Waveguides and Cavity in PhCs

The most important optical functions in PhCs are guiding and trapping light
using waveguides and resonant cavities. These functions enable ranges of all-optical
devices to be made. Waveguide transferring light from one part of the circuit to another
or even to other devices, similar to wires in electrical and electronics domains.
Furthermore, the waveguides are mainly used in couplers, junctions and interferometers.
In 2D PhCs, the removal of a line of periodic PhC structures creates waveguide. For 1D
PhC vertical confinement solely depends on the Total Internal Reflection (TIR). TIR is
explain in further in Section 4.3.1

Figure 1.3: Illustrate the 2D (top) and 1D PhC (bottom) waveguides.
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The key feature that has made PhCs significant is when a defect is introduced
into photonic band gap structure and a cavity created. The cavity involves changing the
dielectric constant in local region of the crystal and it is designed to trap light within the
region [1.47]. In addition, the potential to store lights for many optical cycles make

them advantageous for optical sensing and other photonic applications.

3D PhCs have the potential to trap light because of full band gap. The
complexity of the lattice made it difficult to attain full 3D high ‘quality’ cavity.
Generally, in order to create a 2D PhCs cavity, the simplest method is to remove a
periodic pattern of PhCs. Usually, the strategy of removal of periodic pattern was used
and named by number of missing holes or lines. In example, H1 cavity meaning 1 holes
or if there is 3 holes removed and formed a line, the cavity is been named as an L3
cavity. The examples given are shown in Figure 1.4. The removal of a hole is designed
to confine the travelling light at certain wavelengths within the photonic band gap.

There are many other configurations in other to increase the 2D PhC cavity performance

by modifying the holes radius, changing it to shape and sizes, or by removing it

altogether. [1.48 — 1.49]

(b)
Figure 1.4. Figures are the micrographs pictures of (a) L3 2D PhCs [1.48] and (b) H1
2D PhCs [1.49].

For 1D PhCs, where the light is travelling in one direction, the cavity usually
formed in the middle of the holes of the PBG structure. The configuration forms a

Bragg mirrors at the ends of the cavity.
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Figure 1.5. Figure shows form of 1D PhC cavity with Bragg mirror in both sides.

High Qs and its advantages

The resonant behaviour of the PhC cavity or by means of other photonic devices
are measured by their Quality Factors (Qs). Q is the ratio of the centre frequency
intensity or resonant wavelengths to the full-width at half-maximum of the resonant
peak confined within the PhC cavity. Q is dimensionless quality measurement used to
characterise a resonator or PhC nanocavity. On the other hand, Q relates to the rate of
loss of energy to the stored energy inside the resonator. Therefore, a high Qs PhCs
nanocavities stores energy for longer period of time. The Q is proportional to the

lifetime of the trapped light in the cavity;

stored energy
power loss per cycle

Q=wo

(Eq. 1.1)

where @0 is the resonant frequency. An ideal PhC cavity will trap light forever and
have infinite Q, however in reality, PhC cavity is limited by losses. The losses may
come from the absorption and radiation of the material and the surroundings. The Q
measurement in practical simulation and experimental PhC cavities structures, Q is

proportional to the relative width of the resonant frequency in power spectrum,;
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(Eq. 1.2)
where 4@ is the full-width-half-maximum (FWHM) of the resonant frequency power

spectrum.

In 1D PhCs, the Qs rely on TIR for light confinement in vertical direction.
Hence, their performance are dependant on out of plane losses. The total Q is

contributions of in plane and out of plane effects of 1D PhCs;

1 N 1
QI Q1
(Eq. 1.4)
where Q |l is in plane effects and € L is out of plane effects. These effects depend on

several factors. While the Q || is depends on PhCs layer surrounding and scattering

losses, the @ L is depends on out of plane radiation occurs when the light is reflected at

the interfaces surrounding the cavity. [1.50]. Although the total Q factor values are

limited by the smaller Q || and € L | the best PhCs optical sensors rely on the interface

of analyte in the cavity region. Therefore, the Q || must be kept small.

The high Q feature makes it ideal to use as an optical sensor. The trapped light is
confined and cycled in the high Qs PhCs cavity. This phenomenon should enable the
PhCs optical sensor to have more interaction with the analyte. During the light lifetime
in the cavity, the light is bounces back and forth between the Bragg mirrors interface

with the analyte.

1.2.2 Aims and Objectives

To summarize, the main objectives of the work for the project are to design,
fabricate, characterize and utilize the 1D PhC nanocavities for optical bio and chemical
sensors. 1D PhC nanocavities configuration explored includes 1D PhC nanocavities on
silica and air cladding, and PhCs nanocavties membrane that have air-and-air cladding.

Given the advancement of silicon technology, and potential to integrate with the
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CMOS environment, the transducer of the optical sensor devices were fabricated based
on the Silicon-On-Insulator (SOI) material. Keeping it low cost, compact, photonic Lab-
on-a-chip and fluidic integration design compatible, we used the PDMS material based
to realize the microfluidic channel system. The plan is to use variation of glucose
concentration solutions, different refractive index material, BSA concentration for

biological elements sensing.

1.3 Merits of this work

The main contributions of the work described in this thesis are as follows;

a) An analytically investigation in to the cavity behaviour for a 1D PhC using
tapering inside and outside cavity in a standard 220 nm thickness of silicon from
Silicon-On-Insulator (SOI). Methods for obtaining high Q factor values on 1D

PhC nanocavities have been suggested and explored.

b) A systematic investigation in to the nanocavities behaviour at different cavity

lengths to tune the resonance wavelengths.

¢) The study PhC nanocavities for bio-chemical sensing based on different

refractive index of analytes is investigated.

d) Bulk refractive index sensing methods are proposed to determine bio and

chemical resonance wavelengths.

1.4 Thesis Outline

The introduction has covered the basic concept of PhC cavities. The important
parameters have been introduced. In the latter chapter this thesis presents the progress of

1D PhC nanocavities based on SOI towards the application for optical sensing.

Chapter 2 (Modelling of Photonic Structures) discusses the fundamentals of the

computational method used to investigate the photonic structures. This describes in



Chapter 1: Introduction 13

detail Finite-Difference Time-Domain (FDTD) approach and the parameters for the PhC
nanocavity structures. In addition, method of extracting high Q factor of simulated

resonances is discussed.

Chapter 3 (Fabrication Processes) presents fabrication process used to develop PhC
nanocavity structures. The fabrication process includes global markers, waveguides,
membrane and block polymer coupler patterning using Vistec VB6 electron beam
lithography (EBL) tool. The patterns were defined by dry-etch using reactive ion
etching (RIE) for the waveguide slab and wet chemical etch using Hydrofluoric acid
(HF) for the membrane. Also, block polymer coupling method is discussed for further
improve the coupling efficiency and to reduce high Fabry-Perot effects on the

measurement.

Chapter 4 (Photonic Crystal Nanocavities) focus on the design of photonic crystal
structure using the tapering inside and outside cavities method and the effect of cavities
length variation. This also includes the observation of lower to higher Q-factor on the

PhC nanocavities. Consideration for 1D PhC nanocavities membrane is also discussed.

Chapter 5 (Microfluidic Channel System) reviews the background of microfluidic
channel and its fabrication processes. The chapter discuss the measurement set up and
instruments to perform optical characteristic of the fabricated structures. Fabricated
structures measurement with microfluidic channel is analysed. Fabrication limitations

on the device performance are discussed.

Chapter 6 (Optical Wave-Guiding Sensing) concerns the system setup and
measurements results based on experiments carried out such as refractive index sensing,
and device repeatability. The effect of different cavity length corresponds to high/low Q
factor structures for refractive index sensing is discussed. The experiment on various
analyte temperatures were carried out and the concerns about thermo-optic effects is

given.

Chapter 7 (Conclusion and Future Work) summarize the work in this thesis and outlines

possible future work.
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2.1 Introduction

In this chapter, an overview of computational photonics structures is given. The Finite-
Difference Time-Domain (FDTD) method is described with explanation of its
operation, excitation, and boundary conditions. The photonics band gaps for 1-D
photonics crystals structures are discussed. In addition, technique of extracting the Q
factor of simulated resonances is also explained. The requirements for modelling 1D

PhC using 2D and 3D FDTD are also discussed.

2.2 Photonic Modelling Method

There are two approaches to optimise the design of wave-guiding structures
available, one is to fabricate variations of designed structures and then optimise them by
experiment and another is to simulate the theoretical model and investigate the
structures analytically and computationally. The fabrication of designed structures has
the advantage of being fast for simple cases. Nonetheless, it can be costly and time
consuming to fabricate various designed structures. With recent advances in of
computing technology, faster processors and larger amount of random access memory
(RAM) available; simulating designated structures computationally has advantages of
both speed and cost. However, the simulated structures must be verified by the

fabrication and experiment.

In 1865, James Clerk Maxwell developed the theoretical laws of classic
electrodynamics [2.1, 2.2]. He claimed that light itself was an electromagnetic
phenomenon, and postulated electric and magnetic fields are related to each other and
their enclosing media in space and time. The combinations of several laws in a unified
notation are collectively known as Maxwell’s equations. Time-dependent Maxwell’s
equations are given in differential form as Faraday’s Law (Eq. 2.1), Ampere’s Law (Eq.
2.2), Gauss’s Law for electric field (Eq. 2.3) and Gauss’s Law for magnetic field (Eq.
2.4).
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o B
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(Eq. 2.1)
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(Eq. 2.2)
V.D=0 (Eq. 2.3)
V.BE=0 (Eq. 2.4)

Where are (all in MKS unit);

E : Electric field (volts/m)

D : Electric flux density (coulombs/m?)
H : Magnetic field (amperes/m)

B : Magnetic flux density (webers/m)

M : Magnetic current density (volts/m?)
f : Electric current density (amperes/m?)

In modelling the designed structures, the modeller implements and solves the
Maxwell’s equations computationally. There are various techniques for solving
Maxwell’s equations [2.3]. Some common techniques are Finite Element Method
(FEM) [2.4], Method of Moment (MoM) [2.5] and Finite -Difference Time-Domain
(FDTD) [2.6, 2.7, and 2.9].

The modeller can simulate the propagation of electric and magnetic fields of a
system using FDTD, a time-domain technique. FDTD uses the source (i.e. broadband
pulse) and boundary condition approximation. The response of the system can be
obtained over wide range of frequencies using a single simulation. This is very

convenient to simulate nanophotonics structures because of their small geometry [2.7].
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Therefore, this method suits in the case of photonics structures such as 1-D PhC

nanocavities, when the light is trapped within the small volume.

2.3 The Finite-Difference Time-Domain Method
(FDTD)

The FDTD method is commonly used to simulate nanophotonic structures
because the method is able to implements and solves Maxwell’s equations for wave-
guiding structures with very small volume or space domain. The method was based on
volume sampling of electric field, E-field and magnetic field, H-field within the
specified grid over a period of time. Yee introduced the initial method in 1966 [2.8].

An outline is given in Appendix A, the Yee algorithm configuration centres the
E-field and H-field in three-dimensional space. Therefore, the E-field is circulated by
four H-field and vice versa. Based on Yee algorithm configuration, the Maxwell’s
differential equations calculation of E-field in time is dependent on the changes in the
H-field across space. Subsequently, the updated value of E-field in time is dependent to
the value of E-field and the numerical curl distribution of H-field in space. In similar
approach, H-field is calculated. Both E-field and H-field in space are in time-stepped.

This is basic fundamental of FDTD calculation relation to Maxwell’s equations.

Figure 2.1 Yee algorithm configurations [2.20]

As in the computational domain, mentioned earlier, Yee algorithm computes all
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the E-field then the H-field in time stepped in a ‘leapfrog’ manner. Poynting vector in
Yee algorithm configurations specifies the magnitude and direction of the rate of
electromagnetic energy transfer. All the computed E-fields are stored in memory at
particular time point arise from the previous stored H-field. These cycles will
continuously be computed based on iteration defined by the user. Taflove and Hagness

has discussed this in further detail in their book regarding on the FDTD method [2.9].

2.4 Lumerical FDTD

There are several commercial software packages that have been used during this
work. |Initially, RSoft FullWAVE from Synopsys [2.10] was used to model the
structures. It is able to calculate 2D and 3D FDTD computations. However, in order to
extract the Q factor values the more efficient, FDTD Solutions from Lumerical was
used [2.11]. This is because RSoft FullWAVE uses longer time and more computing
power in 3D FDTD computations while, Lumerical FDTD enables the user to specify
how many nodes in the cluster solely working on calculating FDTD. In addition,
Lumerical FDTD is able to calculate and extract the Q values more easily, which will be

explained later in this chapter.

2.4.1 Sources and Boundary Condition

There are several types of common source when exciting the nanophotonic
structures in FDTD numerical modelling. The most common types of source were used

are the Plane Wave, the Continuous Wave (CW) and the Gaussian modulated sinusoid.

In this work, a Plane wave with integrated mode solver built by Lumerical
FDTD was used to excite the structures. The graphic user interface (GUI) of integrated
mode solver was used to find the steady state field pattern at a certain frequencies. A
range of frequencies can be produced and the broadband response of the structure can

be obtained.
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Figure 2.2: Diagram representing GUI of integrated mode solver used to find the range

of frequencies to be excited into the structures [2.11].

Another consideration when implementing the FDTD algorithm is to understand
the active domain of the modelling. The active domain must be large enough to enclose
the structure specifically at the area of interest. The computation domain must remain
‘open’, however, the FDTD modelling must be kept valid. Hence, the boundary
condition must be made to absorb and suppress the reflection of the outgoing waves.
The most common absorbing boundary condition used that has extremely small local
reflection is the Perfectly Matched Layer (PML) boundary [2.12, 2.13]. The PML is a
region where the plane waves of reflection, polarised, at certain frequencies are matched
at the boundary. The PML is designed to absorb the outgoing waves from the active

computation domain without reflecting them back to the area of interest.

2.4.2 Mesh Condition

In recent years, nanometre structures in optical devices become crucial to
operate at broad wavelengths ranges. The ‘staircasing’ approach (example shown in

Figure 2.3) solved the FDTD algorithm for larger structures. However, for smaller
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structures, this staircasing approach modelling appears to have higher required greater
computing power in order to compute each mesh cell. For example, as shown in Figure
2.3, a circle does not align with rectangular grid; therefore a smaller grid must be made.
The grid resolution is increased to make the approximation and therefore creates longer

computation time.

(2) (b) (©

Figure 2.3: Schematic diagrams illustrating the ‘staircasing’ approaches (a) a circle
structures in grid resolution (b) and (c) depicts the circular shape in big and small

resolution grid to accommodate the circle structures.

To accommodate the smaller design in the FDTD algorithm, the conformal mesh
technique (CMT) was introduced [2.14]. The CMT helps to adjust the mesh cell features
by solving FDTD computation near the structures boundary. With these features, CMT
can enhance the modelling accuracy for a given mesh size. Therefore the mesh size and
location must be carefully placed. Further explanation about the technology is described

in [2.15].

2.5 Method of Extracting Quality Factor

There are several ways to extract the Q factor when using the numerical

calculation software or in this case, Lumerical FDTD. Commonly, there are probes of
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the E and H-fields, a detector of the frequency response, or calculation script that can be
used in the GUI of the software to calculate the Q. Nonetheless, choosing the suitable
extraction method can eliminate extra work and time needed when modelling the

structures.

A general definition of Q is;

Stored Energy

& Energy lost per cycle
(Eq. 2.5)

To use the ratio of stored energy and energy lost per cycle method, the E and H-
fields were probed at the cavity point in the structures. In the modelling, the mode is
launched to the structure and was allowed to decay away. Then, for the FDTD
calculation, each of the E and H-fields at each time step were stored. This made the

method of extraction the Q values is time consuming and computationally expensive.

Another way to extract the Q value is by using the detector frequency response.
The Q can also be defined as ratio of resonant frequency of the mode and full width at

half maximum (at -3dB bandwidth) of the response intensity;

_ Ao _ fo
~ AAFWHM  Af FWHM

Q

(Eq. 2.6)

Can be translated to;
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Figure 2.4: Graph describes the Q relation to its bandwidth.
Where A, and f, are the resonant wavelengths and the resonant frequencies respectively.

During the modelling step, the detector was used to collect the frequency
response of the system. This method is suitable to calculate low Q values. The
frequency response of the system can only be calculated after the time step is done. The
minimum time step is set long enough to have the entire mode decayed away. For the
high Q calculations, the time step is longer, hence, the computational cost is higher and

it is time consuming.

The alternative method of extracting the Q is using script embedded in the
modelling. In Lumerical FDTD, the script allows the modelling to calculate the Q with
less time steps. The script determines the Q by the slope of the envelope of the decaying

mode using the equation below;

_ —2mfolog(e)
¢= 2m

Where fj is resonant frequency of the mode and m is the slope of the decay. The

derivation of the equation above can be found in [2.16].
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Figure 2.5: Graph depicts the time decay of the E and H-field with their
envelopes [2.11].

2.6 Modelling 1-D PhC Nanocavities

As discussed earlier, the main aspects that are needed to model the nanophotonic
structures are structure’s refractive index, ner distribution, source or excitation mode,
computational area with PML boundary layer, modelling time and mesh size through

the resolution grid.

In 2D FDTD modelling, the effective index, nes of the PhC planar waveguide
was used. The ns is obtained using mode solver for effective index approximation

available online [2.17].
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Figure 2.6: GUI of mode solver program to calculate the effective index approximation

of PhC waveguide [2.17].

The effective index of SOI PhC waveguide, ny, given as 2.83. Next, the plane wave was
used for this modelling and was set at the wavelengths ranges from 1.3 — 1.8 um for the
full spectrum inspection. Later, it was set at smaller wavelength range to obtained
reliable Q values. Based on the effective index approximation calculation, the
evanescent tail of the mode decays at 0.5 um. The modelling area must proportional to
the PhC waveguide. Therefore, the PML area was set at 5 wm (x-direction) x 10 um um
(y-direction) and 5 wm (z-direction) for 3D FDTD computation. This would provide
sufficient space for the mode to reflect within the internal FDTD computation area and,

or absorbed by the PML.
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Figure 2.7: Result of the vertical distribution of TE mode in 0.22 um thick of the PhC
waveguide from the mode solver approximation program. The x-direction represents the

vertical cut through the PhC waveguide [2.17].

One of the crucial parameters that contribute to the modelling accuracy is the
mesh size or the resolution grid and where it is located. The period of the Bragg mirror
holes in the PhC waveguides must aligned with the integer of the resolution grid [2.18].
The alignment reflects the periodicity in the PhC structures. The overall resolution grid

was set at 10 nm and the overlap mesh size at the PhC period was set at 5 nm.

period, A

v
A
X
X
v

&@
<

Figure 2.8: Picture illustrates the association between PhC waveguide period, A
and the integer number of resolution grid. For example, each periods are divided into 6

x 6 cells.
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Later, the 3D FDTD computation approach has been used to model the PhC
waveguide structures. Apart from the additional PML area, most of the parameters in
the 2D FDTD calculation remain the same. The modelling results were compared with
Md Zain’s [2.19] previous experimental results. The results only show a slight different
from the experimental with a lower Q values. Nonetheless, the modelling is to show
better understanding of the PhC waveguide based on SOI. This helped to fabricate the
sensor device for later experiments. The fabrication of the PhC waveguide is shown in

Chapter 3 and the design of the PhC waveguide is given in Chapter 4.

2.7 Conclusions

This chapter outlined the modelling technique for the photonic structures. In
general, the theories of the modelling have been discussed. The FDTD computation
method was chosen because of it capability to model the high Q 1D PhC waveguides. In
addition, by wusing Lumerical FDTD, the computations were faster with less
computation cost. The parameters such as the source, boundary area and the mesh
conditions play important roles to obtain accuracy of the modelling. 2D and 3D FDTD
computation approaches have been used to model the structures to gain an overview of
the device behaviours. Chapter 2 explain the method used to extract effective index and
the FDTD computation; meanwhile the design and simulation results are discuss in

Chapter 4.
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3.1 Introduction

In this chapter, fabrication processes involved in developing PhC nanocavities structures
are described. First, a brief introduction of material used in this work is presented,
followed by an overview concerning the fabrication process flow. The fabrication process
includes alignment markers, Silicon waveguides, membrane and block polymer coupler
patterning using the Vistec VB6 electron beam lithography tool. The patterns were
defined by dry-etch process using reactive ion etching for the waveguide slab while for
the membrane definition, wet chemical etch using Hydrofluoric acid was used. In
addition, block polymer coupling with inversed tapers method is discussed. The block
polymer couplings improve the coupling efficiency and reduce strong Fabry-Perot

oscillations effects during device measurement.

3.2 Silicon-On-Insulator (SOI) Platform

Sub-micron silicon strip waveguides on silicon dioxide insulation layer embedded
on silicon substrates (SOI) have attracted a lot of interest to various research groups
(IMEC, IBM, Cornell, NTT, Yokohama, MIT, JWNC.) [3.1-3.4]. SOI waveguides allow
for the fabrication of extremely compact photonic circuits based on standard CMOS

processing.

The geometry of the SOI chosen for this work is silicon of 220 nm thick, 2 um of
embedded silicon dioxide, with a thick silicon substrate. The SOI from SOITEC was used

for this work an outline of their ‘Smart-Cut’ technology [3.5] is shown in figure 3.1.
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Figure 3.1: Smart-Cut technology process for SOI fabrication from SOITEC [3.5].

3.3 Overview of the process flow

The main processes involved in fabricating PhC nanocavities are summarized in
the process flow as shown in Figure 3.2. Some of the process flows are routinely used in
the James Watt Nanofabrication Centre (JWNC) cleanroom to fabricate devices. For
example, multiple EBL jobs require markers for alignment. The process flow is divided
into three main sections. These are fabrication of alignment markers for multiple EBL
jobs (Figure 3.2 (a)), fabrication of the waveguide devices (Figure 3.2 (b)) and the
fabrication of the coupling feeder waveguides (Figure 3.2 (c)). Thorough inspections and
measurement are required after all EBL jobs and some repeated steps maybe needed (e.g.

longer etching time).
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Figure 3.2: Summarized process flow of the fabrication process of PhC nanocavities. (a),

(b) and (c) are fabrication steps in order.

3.4 Wafer chip preparation

In the fabrication process, Silicon-On-Insulator (SOI) was chosen to fabricate the
optical waveguide structure. The SOI comes in 8 inches wafer and then was cleaved into
20 x 20 mm sized chip. The cleaving was carried out in a semi-clean environment and
sample was thoroughly cleaned before further process. An acetone and isopropyl alcohol
(IPA) from Fisher Scientific and Sigma-Aldrich respectively were used for the substrate
cleaning routine. The wafer chip was immersed into an ultrasonic bath in plastic beakers
for 5 minutes each. The chip was not allowed to self-dry after each cleaning step and the
excess of the IPA was blown away from the chip using a nitrogen gun. IPA has lower
surface tension than water, and is not easily self-dried it is the preferred final cleaning
step for high aspect ratio structures. Most of the wafer chip preparation processes were
performed under the laminar flow hood condition in JWNC cleanroom except for

cleaving.
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3.5 Device Patterning

Lithography is a common technique to transfer the designed pattern onto the
surface material. During lithography, an energy source is used to modify the thin polymer
layer called resist. There are a few types of lithography such as photolithography (light)
[3.6], x-ray lithography [3.7], electron beam lithography [3.8], and focus ion beam
lithography [3.9].

Photolithography is common to CMOS technology. It is capable to mass-produce
patterns using reusable mask plate, thus gives lower cost per unit device. A SUSS
Microtec Mask Aligner 6 (MA 6), a photolithography tool was used to fabricate pattern

for the master mould on microfluidic channel.

The most crucial step in fabrication process is patterning of sub-micron structure
with an accurate alignment. In this work, state-of-the-art, Leica Vector Beam 6 (VB 6)
UHR-EWF electron beam lithography tool was used to fabricate device pattern. EBL
provides high electron beam resolution and large depth of field for patterning. It is highly
flexible to modify the design when necessary, therefore suitable for prototyping. EBL
does not need a mask since it can write directly on the surface material. EBL tool uses 50
or 100 kel electrons beam and able to produce a spot at the size of 4 nm widths and -
resolution of 0.5 nm [3.10]. However the ultimate resolution is determined by the resist

and backscattered electrons that also expose the resist.

In this work, both positive tone and negative tone resists were used during the
fabrication process. Positive tone resists develop away at exposed regions, whereas in the

case of negative tone resist, the developed region remains behind after development.
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Figure 3.3: Schematic diagrams of positive and negative tone resist behaviour after

development process.

3.5.1 Alignment Markers

The precision of the device patterning primarily depends on the relationship
between the pre-existing alignments markers and planned patterns. In this work, the
alignments markers were designed to align the EBL tools for each patterning jobs. The
markers consist of a cross markers on the bottom and nine square blocks on each corner

of the chip as shown in Figure 3.4.

PATTERN

AREA

- Alignment markers
Cross marker

Figure 3.4: Schematic diagram of 20 x 20 mm wafer chip with the alignment markers and

the pattern area
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The alignment markers (sized 50 um x 50 um each) on the wafer chip were
patterned using double layer high-resolution positive tone resist of Polymethyl
methacrylate (PMMA) from MicroChem Corp. Both layers of 12 % 2010 and 4 % 2041
PMMA were spun onto the wafer chip at 5000 rpm for 1 minute. After each resist layer
was spun, the wafer chip was placed into 180 °C oven for at least 2 hours before the next
process. This step resulted in evaporation of any residual solvents from the resist and
generates stronger adhesion with the substrate. Commonly, e-beam exposure dose for
PMMA ranges from 100 to 500 uC/cm’. In this process, the alignment markers were
patterned onto wafer chip used a dose of 500 xC/cm’. The higher (12 % 2010) and lower
(4 % 2041) sensitivity layers of PMMA, give 535 nm and 100 nm respectively. These two
layers created an undercut profile, which prevents metallization at resist ledges; hence
better metal lift off can be achieved. An undercut profile was realized after resist
development process. The developer solution used is Methyl isobutyl ketone (MIBK) and
IPA with a 1:1 ratio.

Next, the wafer chip was placed into Plasma Oxygen Asher for 2 minutes at 20 W
to give the surface stronger adhesion before metallization. A bi-layer of Nickel (Ni) and
Gold (Au) were deposited onto the patterned wafer chip with the thickness of 20 nm and
150 nm respectively. The metal lift-off process is attained by immersing the wafer chip
into the acetone inside the temperature controlled of 40 °C hot water bath. The length of
time for metal lift-off usually depends on the resist mask quality. For this work, wafer
chip was left overnight in the immersed hot acetone. The metal layers were lifted off by
air blown into the hot acetone using plastic pipet. The simplified process flow of

fabricating the alignment markers is shown in Figure 3.5.
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Figure 3.5: Process flow for fabrication of alignment markers.

3.5.2 Waveguide definition

The waveguide has been designed using optimized modelling specifications in Chapter 2.
It 1s crucial for the device waveguide to have very stringent specification at nanometre
scale precision. In the following sub-section, further thorough processes are presented
due to its essential elements to realize the functional device. Figure 3.6 shows simplified

preparation processes during device fabrication.
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Figure 3.6: Process flows of pattern definition when using EBL.

3.5.2.1 CAD Layout

The device was designed using Tanner EDA L-Edit software, a layout editor
commonly used for lithography. This is due to its capabilities to define different layers
corresponding to different materials on the same layout during the fracturing stage. The
VB6 is calibrated to operate at resolutions of 0.5 nm, 1 nm and 1.25 nm. The minimum

grid size is set to 1.25 nm to give maximum writing field [3.10].

Although the grid size or resolution was set to 1.25 nm, the minimum EBL spot
size (SS) is 3 to 4 nm. The patterned was written in the set of circular points and the
distance the two circular points is defined as beam step size (BSS). The relationship

between these three factors can be illustrated in Figure 3.7.
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Figure 3.7: Illustrate the relationship between beam spot size (BSS), resolution and spot

size (SS).

3.5.2.2 Fracturing & Proximity Effect Correction

The pattern was designed using a well-known commercial layout design editor
software, L-Edit from Tanner EDA. The design file then was exported to Graphic
Database System II (GDSII) file format. Next, the EBL layout editor Layout Beamer
software from GenlSys was used to fracture the GDSII file. The design pattern that
consists of exposed regions was ‘fractured’ into small trapezia in a period grid that

corresponds to the 1.25 nm resolution set earlier.

During EBL process, the electron gun generates a high energy beam at a suitable
current density. The lenses are used to sharply focus the beam and scanned over the
surface material. The electron beam energy for the VB6 was set at either 50 or 100 eV.
These high-energy electrons causes electron to scatter through the resist and substrate as
shown in Figure 3.8. The scattered high-energy electrons affect the exposure dose
distribution where the developed pattern is wider than the scanned pattern. The
interaction between the resist and the substrate cause the primary beam electrons
scattered outside the scanned pattern. This occurrence is known as the proximity effect
and limits the size of exposed regions and in particular their proximity to other patterns.
[3.20] In Layout Beamer, the proximity effect correction function was chosen to decrease

this effect by adjusting the dose in the patterns.
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Figure 3.8: Schematic illustrates the cross section of the resist and substrate during EBL
process. ‘7’ is the lateral distance that secondary electrons have scattered through the

resist and the substrate [3.21].

3.5.2.3 E-beam Resist, EBL Exposure, Development

As mentioned earlier, there are positive and negative tone resists. It is important to
select the proper tone as the wrong tone can drastically increase the writing time. In this
case, positive tone resist contribute to long writing time due to the larger features to be
patterned. Therefore, negative tone resist is preferred. In the JWNC, option of negative e-
beam resist includes NEB31 from Sumitomo and Hydrogen Silsesquioxane FOX16
(HSQ) from Dow Corning. Characteristics of both NEB31 and HSQ are presented in

Table 3.1 for comparison.
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E-Beam Resist NEB31 HSQ

Dose Level Low Dose High Dose

Resolution High resolution for 30 nm | Ultra high resolution for sub
features 10 nm features

Dry Etch process Normal negative tone Hard negative tone (good

for dry etch resistance)

Issues Chemical-amplified resist, | Development creates
temperature is CRITICAL | bubbles could cause under-

develop

Cost GBP (£) per litre 5000 3564

Table 3.1: Table presents the characteristics of negative tone e-beam resist of NEB 31

and HSQ.

HSQ was chosen due to its ultra high resolution and high dry etching resistance
[3.11]. HSQ molecules arranged in a cage structure structures that consist of hydrogen,
silicon and oxygen bonds (H-Si-O). EBL exposure breaks Si-H bonds and leaves Si-O

bonds causing crosslinking similar to silica structures.

O ’ 0
’ I‘/O\S"O\Si’o—s" : 'Sl" S| Sl
; 0 o 0 qQ ;3 o]

% l
Figure 3.9: HSQ structure [3.22].

HSQ was initially diluted with Methyl isobutyl ketone (MIBK) at 1:1 ratio in a
vial. The dilution was prepared fresh and used on the same day. It is noted that day old

HSQ dilution can affect device features, which could hinder reproducibility [3.11]. HSQ
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was spun on the chip at 3000 »pm for 60 seconds, which yields resist thickness of 220 nm
[8]. The chip was baked at 90 °C in a vacuum hotplate for 2 minutes. Several dose tests
were carried out to find best EBL exposure specifications. EBL exposure parameters used
for the device waveguides were; 1500 uC/cm’, Variable Resolution unit (VRU) 4 and
spot size of 9 nm. During the dose test, the cutoff dose for such structures ranged from

1300 to 1500 uC/cm’, with the same parameters used.

The development process was carried out in a laminar fume cabinet with
TetraMethyl Ammonium Hydroxide (TMAH) at 25 % concentration in water used as a
resist developer. The temperature was set to 23 °C at all times to remove the unexposed
resist. To reduce bubbles during the development process, the wafer chip was agitated
and rinsed twice with RO water in two different beakers. Next it was further cleaned with
IPA. The development with TMAH, the double rinsing with RO water and IPA are

performed for 30 seconds each.

For large structures, the pattern usually is divided into several writing fields.
Stitching errors can occur for such structures if different resolutions were used for writing
large or small structures. This results from the accuracy of the line scanned during EBL.
In addition, stitching errors also depends on the resist and doses used, which affect the
back -scattered electrons during EBL. The stitching errors can be eliminated or reduced
by maintaining the same resolution and dose for the same structure. Moreover, the
backside of the chip must be cleaned to ensure there is no dried residual resist. This is to
ensure the flatness of the chip during writing. In addition, double clamps can be useful to

further improve the flatness of the chip.
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Figure 3.10: SEM pictures of a waveguide with stitching error in the horizontal direction

(a) and combination of vertical and horizontal direction (b) during EBL writing.

3.5.2.4 Silicon Dry Etching

The next fundamental step after the resist pattern has been transferred onto the
chip is to transfer the pattern into the core (silicon) layer. This is achieved using dry
etching where the unmasked area is removed by physical and chemical attack. Dry
etching is preferable to wet etching due to uniformity of the structures and vertical

sidewalls (anisotropic etch).

Once the pattern of resist has been transferred onto the silicon layer, the chip is
dry-etched using Reactive Ion Etching — Inductive Couple Plasma (STS-ICP) machine
from Surface Technology System available in JWNC. The reactive plasma chemically
generates high-energy ions under vacuum condition. These high-energy ions attack the

surface of the material forming volatile products, therefore removing the patterned areas.

The dry etching of the silicon layer using STS-ICP machine consists of
combination gases of SF¢ — C4Fs. In this process, the vertical sidewalls are produced by
non-reactive mask film, and the horizontal surface is exposed. In the machine’s chamber,
alternating gases produce an alternating etching and passivation process. The silicon
etching gas is SFe while the passivation gas is C4Fg. The C4Fg gas in the plasma was
deposited on the silicon surface prevent the fluorine from the SF¢ to further etching the

silicon. The etching and passivation gas alternate every 5 seconds during the cycle. The



