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Abstract

LiNbO; is one of the most commonly used materials in active photonic
devices. It is desirable to build photonic integrated circuits on the LiNbO;
platform for next generation communication networks. However, the
fabrication of integrated LiNbO3 devices is still quite challenging due to the
well-known resistance of the material to dry etching. This thesis explores
different fabrication methods to solve these issues and realize significant
structures including deep anisotropic ridges, suspended membranes and
photonic crystal slabs on bulk LiNbOs;. The optical properties of photonic
crystals on LiNbO3; were studied theoretically and experimentally in order to
explore their potential for compact and low loss LiNbO3 photonic integrated
circuits.

Firstly, we performed a detailed examination of inductively coupled
plasma etching methods. Smooth etched surfaces were obtained by using Cr as
an etching mask combined with SFe/Ar etching gases. The influences of He
backside cooling, power, and gas flows were investigated in detail. Deep (> 3
pm) and highly anisotropic LiNbOs; etching with smooth surfaces was
achieved in a single-step run. Ar gas cluster ion beam irradiation was
employed to smooth the rough sidewalls of etched LiNbOj3 structures for the
first time.

Secondly, a monolithic approach to fabricate suspended LiNbO;3
structures is demonstrated by employing ion implantation and selective wet
etching. Three-dimensional microstructures such as suspended wires and

microdisks were successfully fabricated. Free-standing LiNbO3; photonic

Vi



crystal slabs with vertical sidewall air holes were also fabricated and their
Fano resonance phenomena were systematically investigated for the first time.
Numerical simulations were performed to analyze the transmission spectrum
under free-space illumination and results showed that resonant modes could be
controlled by varying design parameters such as radii of holes, slab thickness
and polarization of incident light. Optical measurements of fabricated photonic
crystal slabs were carried out and were in good agreements with simulation
results. These results confirm that such device has great potential for active
photonic integrated circuits.

Thirdly, we performed an exploratory study on in-plane transmission
properties of photonic crystals by incorporating them into an annealed proton
exchange LiNbO; waveguide by focused ion beam milling. A channel
waveguide with 2.5 pm depth and 6 pm width was fabricated by immersing
LiNbO; wafers in molten benzoic acid. Our results showed that thermal
annealing was an effective method to reduce propagation loss in proton
exchange LiNbOjz; waveguides. A photonic band gap was observed and the
extinction ratio was estimated to be 15 dB. Such incorporation of photonic
crystals into channel waveguides should provide new strategies for decreasing
interaction length in LiNbO3; modulators, which is a key challenge for future

work.
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Chapter 1 Introduction

1.1 Background and motivation

Over the last decade telecommunication networking infrastructure has greatly
expanded due to an increasing demand for bandwidth. After the invention of
optical fiber, fiber-optic communication systems have become the dominant
form of networking due to the large spectral bandwidth available. A typical
fiber optical system contains many components including a light source (laser),
an electrical amplifier, a modulator, optical fibers and a detector. Although
these components have individually become faster and efficient, the
integration of them into a single module is still a technical challenge, and this
integration represents a major cost factor. It is thus highly desirable to build
photonic integrated circuits (PICs), which would have considerable
advantages over traditional fiber optical systems, such as compact size, low
optical loss and low power consumption. Besides telecommunications, PICs
can also be applied to many fields like optical computing and
microelectromechanical systems (MEMS) to deliver more functionality.
Nowadays many materials systems are used to build optical components,
such as Silicon-On-Insulator (SOI), lithium niobate (LiNbOgs), gallium
arsenide (GaAs) and indium phosphide (InP). Among these materials, LiNbO3
is extremely important in integrated and nonlinear optical device use because of
its strong electro—optic (EO) coefficients, large transparency range and wide
intrinsic bandwidth [1]. Due to its excellent EO and nonlinear properties,
LiNbO3 has found various applications in integrated optics. For example,

LiNbO3 external modulators, which provide large modulation bandwidth as



well as zero-chirp operation, play a key role in high speed communication
systems [2]. Besides, LiNbO3 can be also used in optical amplifiers [3], surface
acoustic wave (SAW) devices [4], tunable filters (switching time < 50ns) [5],
nonlinear wavelength converters [6] and all-optical switches [7]. Additionally,
it can also be periodically poled, allowing quasi-phase matching (QPM) to
obtain second harmonic generation (SHG) [8].

Most optical elements on the LiNbO3 platform are based on a guided wave
configuration. In such a structure, planar or channel waveguides are critical
and even indispensable components. Waveguides in LiNbO;3 crystals are
traditionally fabricated by metal diffusion [9], proton exchange (PE) [10], and
ion irradiation [11]. These methods, while well-established, have the drawback
of small index contrast yields and subsequently weak guiding. For example, the
Ti-indiffusion method only introduces an ordinary index change less than 0.01
and an extraordinary index change of 0.02 at A=1.523 pm [12]. Meanwhile,
resultant waveguides engineered with such a small index contrast cannot be
bent with a small radius of curvature because of large bending losses.
Consequently it is difficult to realize high density optical circuits as compact
as their electronic counterparts or even as compact as equivalent structures
built in the SOI system with its larger index contrast. These drawbacks are
already obvious in commercial modulators. A high speed modulator requires
considerably long interaction arms and traveling-wave electrodes, which lead
to an overall typical device length of 3 to 5 centimeters [13].

Although ridge waveguides have been fabricated to improve the
confinement of optical modes in LiINbOs; modulators [14, 15], a long
interaction length on the order of millimeters is still required to achieve the

necessary velocity match between the optical and the microwave signals on

2



the driving electrodes. In addition, most developed ridged modulators are
based on a combination of channel diffused waveguides and subsequent
selective etching of ridges. Diffused waveguides cannot provide a high
refractive index contrast in the vertical direction on their own. Furthermore,
sidewall and surface roughness owing to high etching resistance of LiNbO3
also limits the ridge depth. Because of these serious fabrication limitations,
there is still much work that can be pursued in the area of LiNbO3; modulator
fabrication with deep ridge structures, which can be further developed to
provide low loss devices and reduce component size.

Besides waveguides, many other novel optical components have been
developed in various materials systems in order to achieve
interesting/improved device performance and new applications, like photonic
crystals (PhCs), microring resonators and microdisks. These components
provide unique functionalities and are promising candidates for use in
components in next generation communication networks. For example, the
slow light effect in PhCs, in which low group velocities occur in the vicinity
of photonic band edges, is a promising tool for shrinking the interaction length
of modulators and enhance light-matter interactions [16, 17]. Another
example is the whispering gallery modes in microdisk resonators with light
localized near the microdisks’” rim. Such resonators provide many unique
features like narrow resonant line widths, high quality factors and large free
spectral ranges [18, 19]. These components have already been fabricated in
many other materials like GaAs [20], SOI [21] and gallium nitride (GaN) [22].
For example, McNab et al. already fabricated membrane-type PhC waveguides
on SOI wafers [23]. In this type of structure, Si mode confinement in the

vertical direction is accomplished by index guiding, while lateral confinement
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within the silicon slab plane is defined by a photonic band gap (PBG). Losses
for these devices have been reduced to only 8 dB/cm. However, such PhCs are
very difficult to realize on bulk LiNbO3due to the well-known resistance of
this material to standard fabrication techniques, so much work remains to
implement many of these recent advances in this important material system.
Due to the unique optical properties of LiNbO3 such as acousto-optic, EO,
piezoelectric, and ferroelectric effects, this material especially single crystal
bulk LiNbOs, plays an extremely important role in integrated optics. In view
of the fast response of the EO effect and excellent nonlinear properties,
LiNbO3 cannot always be replaced by other materials in the field of integrated
optics. For example, the Pockels effect in LINbO3 is much faster and the loss is
much lower than carrier-induced index changes in silicon-based devices. As a
result, modulators based on LiNbOj3 still dominate in the high speed modulator
market. Consequently, it is necessary to develop novel optical components like

PhCs in the LiNbO; platform.

1.2 Lithium niobate: an overview

1.2.1 Crystal growth

The first LiNbO3; crystals were fabricated from a Li,O-Nb,Os melt
composition in 1949 [24]. The congruent composition for the starting
materials contains 45 to 50 mol% Li,O. Crystals grown from different
compositions exhibit variations in the Li/Nb ratio and optical properties. For
example, a crystal grown from melts with a composition ranging between 47.8
and 48.8 mol% Li,O exhibit a range in extraordinary index of 50x10™ [25].

Because of fast growth techniques and good homogeneity, nowadays most



single crystal LiNbO3 wafers are grown from a melt of congruent composition
using the Czochralski technique [26].

At temperatures below its Curie point (about 1200°C), LiNbO; is a
negative uniaxial crystal and the crystalline structure corresponds to the
trigonal 3m point group. Both the Li and Nb atoms are located on the
three-fold symmetry axis. In the trigonal system both hexagonal and
rhombohedral unit cells can be chosen. In the conventional hexagonal unit cell,
the crystal exhibits three-fold rotation symmetry about the z axis (which is
called the optical axis). The three equivalent axes lie in a plane normal to the z
axis. Above the Curie temperature the crystal transits from a ferroelectric
phase into a paraelectric phase and loses its strong dipole moment. In the
paraelectric phase many excellent optical features of LiNbOj3 vanish. However,
because the Curie temperature of LiNbOs is so high, a wide range of operation

temperatures of LINbO3 devices is possible.
1.2.2 Optical properties of LINbO;

In this section we discuss the properties of LiNbOg relative to optical device
applications.
In the principal coordinate system of LiNbOs, the dielectric permittivity
€ is a second-rank tensor which can be expressed by the following matrix:
&1 0 0
eij=<0 €22 0) (1-1)
0 0 &33
it can be seen that only the diagonal elements of the permittivity tensor are
non-zero. Moreover, in LINbO3; &, = &,, , which means that the permittivity
is the same for any electric field direction in the plane perpendicular to the z

axis. LiNbO;z is an anisotropic material. Light propagating in LiNbO;



experiences a refractive index which depends on its polarization and
propagation directions. A construction can be used to understand how the
refractive index changes with the polarization and propagation states, which is
known as an index ellipsoid. The refractive index in an arbitrary direction can
be obtained from this index ellipsoid.

The birefringence of LiNbOs is defined as the difference (n.-n,), where
n, is the ordinary refractive index and n, is the extraordinary refractive
index. The ordinary index corresponds to light polarized in the plane
perpendicular to the z axis. The extraordinary index corresponds to light
polarized along the z axis, and this is smaller than the ordinary index in
LiNbOs.

One of the most important features of LiNbOsis its excellent EO effect.
When light propagates in LiNbOj3 in the presence of an externally-applied
electric field, the refractive indices can be changed. The Pockels effect
describes the linear relationship between the index change and the electric
field, while the Kerr effect describes the quadratic relationship between the
index change and electric field. Here we only introduce the Pockels effect
since most electro-optic modulators are based on it, and because it is
significantly larger than the Kerr effect here. Traditionally the Pockels effect

can be expressed as

Ay = ) rige (1-2)

k

where n is the refractive index, r;; are the elements of the second-order EO
tensor and Ej, are the applied electric fields.
With application of contracted notation and the 3m symmetry of LiNbOs,

the EO tensor can be reduced to a6 x 3 matrix,



0 —T2 T3
0 T22 T3
0 0 13
Tijk = 0 Ty 0 1-3)
T4 0 0
—T'22 0 0

where 135;=30.8 pm/V, r,3=8.6 pm/V, r,,=3.4 pm/V and r,,=26 pm/V.
Assuming the electric field is applied along the z axis of LiNbOg3, and since the
EO coefficients are very small, the refractive index change due to the electric

field can be expressed as

1

An, = _Engr13Ez 1-4)
13

An, = —EnormEZ (1-5)
1

An, = _EnETBSEZ (1-6)

It can be seen that a large extraordinary index change can be achieved in
LiNbO;3 due to its large r353 value. This feature helps LiNbO3 stand out from
other materials. The EO effect is wavelength dependent and the dispersion
properties have been studied in detail in references [27, 28]. They showed that

when the wavelength becomes shorter, the EO effect becomes stronger.

1.2.3 LiNbO; modulators and fabrication methods

Based on the Pockels effect, modulators which transfer information into
optical waves can be realized in the LiNbO3; system. Commercial LiNbO;
modulators are usually designed based on a Mach—Zehnder interferometer
(MZI) configuration. Fig. 1.1 shows such a modulator in an x-cut LiNbO3
substrate [29]. A channel waveguide splits into two parallel waveguides
through a “Y-junction” coupler, and combine together through another
“Y-junction” coupler. An electric field is applied to one of the two parallel

waveguides. Light is coupled into the channel waveguide and separated into
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two beams with equal intensities. Without an applied voltage, there is no phase
shift between the two beams and constructive interference occurs at the output
of the modulator, leading to maximum output intensity. When a voltage is
applied, a phase shift between two optical paths is introduced due to the

Pockels effect, and the two optical beams interfere destructively at the output of

clectrode

L..

Figure 1.1: Configuration of a MZI modulator in x-cut LiNbO; [29].

the modulator.

When the phase difference between the two beams is m, a complete
destructive interference occurs and gives zero output. The applied voltage
needed to obtain am phase difference is called the driving voltage (V;;). By

using the equations (1-4), (1-5) and (1-6), V; can be expressed as:
v, = j—d (1-7)
n>rLl
where A is the wavelength of incident light, d is the gap between the two
electrodes, n is the refractive index of LiNbOs, r is the EO coefficient, L is
the length of the electrodes (also called “interaction length”), and T is the
overlap factor between the optical field and the electric field.

The driving voltage of a commercial modulator is usually over 5 V,

which is not desirable for high speed modulation. Therefore, reduction of the



driving voltage is an extremely important issue. It can be seen from equation
(1-7) that in order to reduce the driving voltage, one possible method is to
increase the length of the electrodes. However, a long interaction length leads
to a large propagation loss and a large device size. In addition, the length of a
conventional modulator is usually on the centimeter scale, which is too large
to be embedded with other components. Another possible method of reducing
the driving voltage is to increase the overlap between the applied electric field
and the optical field. Chang et al. showed that the calculated overlap integral
factor increased from 0.62 to 0.7 as the height of ridges increased from 0 to 2
pm [29]. Hence the use of ridge waveguides is a promising technique for
future low drive voltage modulators.

A great deal of effort has been made to fabricate ridge waveguides.
However, due to the well-known etching resistance of LiNbO3, most efforts
failed to obtain ridge waveguides with smooth surfaces and sidewalls, which
are key factors to reduce propagation loss. In addition, low etch rate remains a
significant limitation of the fabrication of deep ridges. Fig. 1.2 shows an
example of etched ridge waveguides in LiNbO3 [30]. It can be seen clearly
that a rough surface and insufficient etch depth are present, which would
lower the performance of the modulators. Therefore, etching techniques
should be improved. To obtain a deeply etch structure with smooth surfaces
and sidewalls is one of the main focuses of this work, which will be described

in Chapter 2.



Figure 1.2: An example of etched ridge LiNbO3z; waveguides [30].

Apart from etching, some attempts have been made to apply other
fabrication techniques to the creation of waveguides and complex structures.
lon implantation, which is widely used in the semiconductor industry, is a
promising tool to fabricate novel devices in LiNbO3s;. The mechanisms of ion
implantation used to modify LiNbO; crystals are mainly based on two effects:
the change of refractive index and lattice damage. The effect of refractive
index change can be used to form a low refractive index optical barrier
beneath the surface, leading to a form of planar waveguide. With the aid of
photolithography, channel waveguides can also be fabricated, as shown in Fig.

1.3[31].

O implantation

RN

hotoresist
35um 15 1um photoresis

Figure 1.3: Schematic illustration of the LiNbO; channel waveguides formation using
0% implantation [31].
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Another effect, lattice damage caused by implantation with a high dose
concentration (~ 10*® ions/cm?), can be used to create a buried sacrificial layer.
With subsequent lift-off, LINbO3 thin films with thickness on the micron scale
can be fabricated. Such thin films are usually bonded with other substrates like
SiO, and the adhesive polymer benzocyclobutene (BCB) to form hybrid
structures. The ion-slide LiNbO5 thin film has received considerable attention
recently. Fig. 1.4 shows an example of a LiNbO3 thin film bonded on a BCB

layer, which is coated on a LiNbOj3 substrate [32].

w

LiNbO, Film

BCB

P

' ,LjNé)Qs Substrate

Figure 1.4: An ion sliced LiNbO; thin film bonded on a BCB layer [32].

However, it should be noted that such an ion sliced LiNbO; thin film
failed to maintain the original EO properties of the bulk LiNbOs. In addition,
the index contrast between the thin film and substrate was still limited, leading
to a weak confinement of the optical mode. In this study we aim to develop a
monolithic approach to fabricate free-standing structures in bulk LiNbOs,
which would achieve a maximum index contrast between LiNbO;z; and
surrounding air. A more detailed review of previous studies on ion
implantation methods and our monolithic approach will be discussed in
Chapter 3.

PhCs also represent a promising candidate to achieve PICs due to the
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compact size and unique properties like the PBG. Only recently has it been
demonstrated that PhCs can be fabricated in a LiNbO3 substrate. However, it
is still a challenging task to study PhCs in LiNbOs;. For example, so far,
focused ion beam (FIB) milling is the main method to etch holes in LiNbOs,
but the conical shape of etched holes decreases the coupling between the
optical mode and the PhC. Our goal is to realize PhCs in both free-standing
slabs and channel waveguides and to study their optical properties, which will

be presented in Chapters 4 and 5.

1.3 Research objectives

Despite the growing awareness of the importance of novel LiNbO; devices
and PICs, there is still insufficient knowledge to solve problems associated
with fabrication methodologies of bulk LiNbO; substrates. The overall
objective of this thesis is to explore different fabrication methods and to
develop novel devices which would be used as key components in next
generation communications systems and LiNbO3 PICs. The specific aims are
the following:

e To investigate the dry etching properties of bulk LiNbO3; systematically
by using inductively coupled plasma (ICP) in order to obtain deep
anisotropic structures in LiNbOs; with smooth surface and vertical
sidewalls, which are very important for achieving advanced compact
devices on bulk LiNbOj; substrate.

e To develop a monolithic method for suspended LiNbO; structure
fabrication by using ion implantation and selectively wet etching.

e To fabricate PhCs in both suspended slabs and channel waveguides by

using FIB milling.
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e To study both out-of-plane and in-plane properties of PhCs in LiNbO3
theoretically and experimentally in order to explore the potential of PhCs
in further free-space and fiber-optical devices.

The realization of deep anisotropic ridge structures should overcome the

fabrication difficulties of current LiNbO3; modulators, while the realization of

suspended structures should open up new avenues for the fabrication of
compact and low loss PICs in bulk LiNbOs. The incorporation of PhC into
suspended slabs should exhibit some interesting features, while the
incorporation of PhC into channel waveguide should provide new strategies
for decreasing interaction length of LiNbO3; modulators. It should be noted
that the process of fabricating a modulator with ridge structures is very
complicated and involves many engineering issues, but these are not central to

this thesis and hence are beyond the scope of this thesis.

1.4 Outline of thesis

The remaining chapters of this thesis are organized as follows:

Chapter 2 investigates dry etching properties of LiINbO3 by using ICP. A
new technique, gas cluster ion beam (GCIB), is firstly employed to smooth the
sidewalls of etched ridge structures in LiNbO3 and the preliminary results are
presented.

Chapter 3 presents the fabrication techniques of suspended LiNbOj3
structures by the combination of multiple-energy ion implantation and wet
etching. lon implantation technique used in LiNbO3; membrane is reviewed.
The influence of implantation parameters and some fabrication difficulties are
discussed. Some important components with suspended structure such as

microdisk and microwires are presented.
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Chapter 4 proposes a free-standing monolithic LiNbO3; PhC slabs. Their
Fano resonance phenomena are systematically investigated for the first time.
Both simulation and experimental characterizations are performed and the
effects of structure dimensions are discussed.

Chapter 5 demonstrates an exploratory study on in-plane transmission
properties of photonic crystals in annealed proton exchange (APE) LiNbO;3
waveguides. Background information on APE technique is introduced.
Fabrication procedures of PhC using FIB are presented in detail.

Chapter 6 concludes the thesis and provides recommendations for future
work.

References for the thesis are included at the end of each chapter.
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Chapter 2 Characterization of ICP etched
LiINDbO;

2.1 Introduction

Etching plays an important role in the quest to realize ultra-small PICs.
However, compared with many traditional semiconductor materials like Si,
GaAs, etc., LINbO; is known as a difficult material to etch. This difficulty
strongly hinders the use of LiNbO3 in modern photonic devices. Consequently

the development of appropriate etching recipes becomes a necessity.
2.1.1 Plasma etching methodology

There are two main methods for etching: wet etching and dry etching. Wet
etching is the immersion of wafers into baths containing liquid chemicals or
etchants, and was typically used in the early days of semiconductor fabrication.
Wet etching, based on a mixture of HF and HNOsg, is a simple process for
etching LiNbO3 according to the following reaction:
LiNbO3; + 9HF — LiHF; + H,NbF; + 3H,0 2-1)
This method can provide a reasonable selectivity. In recent decades wet
etching, combined with a variety of methods, including PE [1], ion implantation
[2], metal deposition [3], and domain inversion [4] have been reported for
fabricating ridge LiNbOj3; waveguides. However, wet etching is a time
consuming process due to its low etching rate. The poor anisotropic property of
wet etching is also a drawback. In a recent work Hu et al. reported a modified
method to etch LiNbO3 by a mixture of HF and HNOj3 for ridge waveguide

formation [5]. Hu’s contribution is the addition of ethanol into the mixture,
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which produces a smoothly etched surface. However, the reported etching rate
was only 10 nm/min. Furthermore, the proposed wet etching method only can
be applied to z-cut LiNbO3 because of the relative high etching rate along the z
axis of the crystals. For x-cut or y-cut samples the etching rate along the x or y
axe was respectively very low. In Hu’s work, the reported etching rate of an
x-cut sample was lower than 3 nm/hour.

Most wet etching processes used in the past are no longer utilized for high
quality industrial fabrication, and have been replaced by dry etching. Dry
etching has many advantages over wet etching because it is highly controllable
and highly anisotropic. Thus, dry etching is widely used in general
microfabrication applications. Several dry etching techniques have been
reported for etching LiNbOs, such as direct laser writing [6], FIB milling [7],
neutral loop discharge plasma (NLD) [8], and reactive ion etching (RIE) [9, 10].
Among these dry etching techniques, plasma etching has drawn much attention
due to many advantages. The first advantage is that reactive chemical species
can be produced in a plasma which can etch more vigorously than species in a
non-plasma environment. This significantly enhances the etching rate. Secondly,
owing to the applied electric fields normal to the sample surface, strongly
anisotropic etching is possible in plasma etching. This avoids under-cutting and
etch bias which are typically seen in wet etching. Anisotropic etching is a
consequence of avoiding the under cutting and etch bias.

The two major mechanisms in plasma etching are chemical etching and
physical sputtering. Chemical etching is caused by reactive neutral species in
the plasma. These free radicals have incomplete bonding so that they are highly
reactive. They will react with the samples quickly to achieve a bonded state

with the material to be etched. The volatile byproducts evaporate easily into the
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gas phase, allowing further reaction between samples and free radicals. The
second mechanism, physical sputtering, arises due to the high voltage
difference between the plasma and the electrode. This potential difference
causes ions in the plasma to accelerate towards and bombard the wafer surface.
Compared with chemical etching which is isotropic, this physical component is
an anisotropic process due to the directionality of the electric field. However,
physical etching loses selectivity owing to sputtering being a purely physical
reaction.

A more anisotropic etching can be obtained by lowering the gas pressure.
A low gas pressure reduces ion collisions during the etching process, thereby
creating more ion flux normal to the surface of the wafer. Moreover, lower gas
pressure also leads to higher sheath voltage and ion energy. However, standard
plasma etching systems such as RIE typically uses only one RF system to
control both the plasma density and ion energy, and as a result they are closely
coupled. This means that lower pressure leads to fewer gas atoms and therefore
reduced plasma density. As a result, a gas pressure of 10 to 100 mTorr is
typically used in RIE systems.

Recently, ICP etching has drawn increased attention because of the greater
control possible over the resultant etch profile relative to other methods. There
are two RF sources in a typical ICP system. One RF source is used to generate
a high density plasma. Another RF source is used to generate a bias voltage on
the sample holder, which controls the acceleration energy of ions toward the
sample surface. Therefore, the plasma density and the ion energy are
controlled independently, which means both high etching rate and high

anisotropy can be achieved in an ICP system.
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Figure 2.1: Schematic diagram of the ICP system used in this work.

The ICP system used in our work is a Plasma-Therm SLR model 770 with
a load lock, as shown in Fig. 2.1. The plasma is formed by ionized gases and
contains electrons, free radicals and reactive ions. In an ICP system, the plasma
is excited by RF power coupled to an inductive circuit element. A mass flow
controller is used to control gas flow. A dielectric vessel encircled by an
inductive coil is used to generate high density plasma. Another RF bias is
superimposed at the substrate to control ion energy with a frequency of 13.56
MHz. A helium (He) gas cooling system is installed in the chuck through an
engraved groove to control the temperature of the wafer. A small amount of He
gas is employed between wafer and chuck. This creates a thin cushion of He
and heat is transferred uniformly from wafer to chuck. In all our etching work,
the initial substrate temperature is set at room temperature (20°C). Before
etching, a cleaning process of oxygen plasma is applied to clean the chamber

and remove any residual impurity.
2.1.2 Literature review of LiNbO; etching

Recently some efforts based on ICP using SFs, CF4, and CHF; plasmas have
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been devoted to the dry etching of LiNbOs. In 2006 Hu et al. used ICP to etch
bulk LiNbO; for the first time [11]. They demonstrated a method that avoided
redeposition of LiF, a main bottleneck in the development of dry etching
techniques for LiNbOg3, by preliminarily using a PE process. An etched ridge
of 1.5 pm was fabricated but a rough surface condition was obvious after the
etch. Following this breakthrough, Ren et al. studied the etching conditions on
PE LiNbOs in 2008 [12]. With optimized parameters, a ridge waveguide with
thickness of 1.2 um was fabricated. Subsequently, Ulliac et al. reported
nanometric rods fabricated in LiNbO3; by ICP etching [13]. By properly
choosing the dry etching conditions, a smoothly etched surface was obtained.
However, these etches cannot produce perfectly vertical sidewalls; instead
sidewalls with etched angles less than 85° are produced. Ulliac et al. also
reported poor mask selectivity during the etching process. In a more recent
work, an array of holes at a submicron pitch with a depth of 60 to 80 nm was
etched by ICP using CHF3; [14]. This result indicated that ICP etching is
possible for the production of densely integrated LiNbO3; devices. However,
only holes at larger diameters and shallower depths were achieved with a very
low etching rate. Longer etching periods introduced rougher surfaces and
significant distortion with only a 400 nm depth.

Table 2.1 summarizes and compares recent results on the dry etching of
LiNbOs. Most of the dry etching work has been done by ICP, and different gas
compositions were used. However, because of the lack of a suitable mask, it is
challenging for plasma etching to produce a smooth surface, which is important
to mitigate optical loss in resultant waveguides. The deterioration of the surface
after etching is caused by different mechanisms, like physical sputtering of the

mask during etching and redeposition of LiF and NbFx. In addition, there are
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only a few extant studies on profile control of LiNbOj3 etching. From Table 2.1
it can be seen that after etching the sidewall angles in most studies are lower
than 85°, resulting in trapezoidal ridges. Ridges with vertical sidewalls are
necessary to obtain a better control of optical modes and an improvement of

electric\optical fields overlap.

Table 2.1: Summary of recent work on dry etching of LiNbOs.

Reference Etching Etching | Etching Etching Sidewall
Methodology Gas Rate Depth Angle
Neutral Loop
Discharge Plasma C;Fg/Ar 150 nm/min 1.5 pm 70°
(NLD)
Reactive fon — 50 nm/min 10 pm 73°
Etching(RIE)
(1] Inductively Coupled  cyp /Ar 95 nm/min 1.5 pm =
Plasma(ICP)
[13] Inductively Coupled g /ge 280 nm/min 400 nm 750
Plasma(ICP)
[12] Inductively Coupled g /Ay 190 nm/min 1.1 pm 850
Plasma(ICP)
Inductively Coupled . 3pum
4tg//He
EIBSHACE) (repeat 10 times)

Moreover, in Table 2.1, only shallow etched structures with a depth of
less than 2 pm were obtained, and this is generally true of all dry etching
studies in LINbO3;. Compared with shallow waveguides, deep waveguides can
provide better optical confinement, so this is our goal. Deep ridge waveguides
have lower loss and can be bent sharply (due to the greater index contrast) to
reduce component size. Therefore, deep, vertical etching is a key strategy for
realizing future compact integrated devices. The etching profile of a waveguide
must be considered and carefully controlled during deep etching processes.

Vertical sidewalls and rectangular structures allow fabrication of waveguides
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with better mode profiles and reduced insertion loss, which are especially
important in multimode interference and MZI [16]. The ability to realize
low-loss rectangular waveguide structures would lead to improved performance
of MZI modulators, by enabling the use of PhCs, ring resonators, etc., which
require a high index contrast not achievable with traditional LiNbO3z;waveguide
fabrication processes. In this chapter, we focus on LiNbO3etching, but it is also
worth pointing out that high index contrast vertical confinement is also often
desirable for low-loss optical waveguiding, and that monolithic techniques do
exist to create slabs of LiNbO3. Although in this study we etched bulk LiNbO3,
the ICP methods under investigation could also apply for such slabs.

In this study, we also use the PE technique to reduce the concentration of
Li ions in the LiNbO; surface, leading to less redeposition of LiF and an
improved etching rate. Because LiNbOs is a difficult material to etch, there
have been no prior reports of deeply-etched anisotropic structures (> 2 pm)
realized in a single etch step. L. Gui et al. [15] recently reported a relatively
deep etch (3 pm depth) using ICP with a C4Fg and He gas mixture. Their
process was lengthy (> 40 minutes) and samples needed to be taken out and
cleaned in SC-1 (RCA) solution to remove a brown layer. After etching the
surface of LiNbO3 substrate was very rough, so a post annealing process was
required to smooth the surface. The main reason why it is hard to realize deep
structures in LiNbOs is the formation of LiF during the etching process [17].
LiF has a high boiling point of 1676<C. In addition, metal particles sputtered
by ion bombardment and other fluoride based inhibitors that get deposited on
the LiNbO3 surface during etching serve to prevent further etching after a
given time. For deep structure etching, the redeposition of such inhibitors is a

critical issue to overcome. As etching time increases, inhibitors will
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accumulate on the surface and sidewalls causing the etching rate to decrease
significantly. Consequently, careful control over the etching conditions is very
important for lengthy etching processes. In addition, the deposition of a thick
metal mask is also a critical issue. The mask needs to be thick enough to

prevent strong physical sputtering, which is necessary to remove the residue.

2.1.3 Motivation

Based on the above review, it is clear that there is much work that needs to be
done due to many difficulties involved during etching. In this chapter, we
performed systematic investigations on the etching of LiNbO3and focused our
efforts on achieving deep ridges with vertical profiles, smooth surfaces and
sidewalls. Our studies were divided into three steps:

Firstly, in order to find a suitable mask and gas mixtures for
smooth-surface etching, a dry etching processes using different metal masks
and gases was investigated. Three metallic masks, silver (Ag), nickel (Ni),
chromium (Cr) and three gas mixtures, CHFs/Ar, SFg/Ar, CF4/Ar were used.
These will be described in Section 2.3.

Secondly, based on the suitable mask and gas mixtures found in Section
2.3, our goal was to realize deep anisotropic ridges. To achieve this goal, the
influences of He backside cooling, power, and gas flows during etching
process were investigated, which will be described in Section 2.4.

Thirdly, after the realization of deep anisotropic structures, it is
worthwhile to achieve smooth sidewalls of etched ridges. For this purpose, a
dry polishing technique, GCIB, was employed for post etching modifications
and irradiation parameters were optimized, which will be described in Section

2.5.
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2.2 Fabrication procedures

As previously mentioned, the PE method can reduce the concentration of Li
ions near the LiNbOj surface. This reduces the re-deposition of LiF and
therefore improves the overall etching rate. During the PE process hydrogen
ions will diffuse into samples, changing the wafer surface composition to a
certain depth into HxLi;—xNbOs. In our experiments benzoic acid was chosen
because, compared to the alternatives, it is less toxic and requires a lower
temperature for the proton exchange. The boiling point of benzoic acid is
250<C.

Our setup for the PE process is shown in Fig. 2.2. Although benzoic acid is
less toxic, there is still a safety issue that must be considered. In the presence
of an ignition source, vapor from molten benzoic acid may form an explosive
mixture with air in sufficient concentrations, resulting in an explosion risk.
Because of the low flash point of 121<C for benzoic acid, a flash-proof
hotplate was used. In addition, the whole process was performed in a fume
hood. A hotplate adjustable temperature heats a reaction beaker that contains
the benzoic acid. When the temperature exceeds 122 <C, the liquid in the beaker
starts to evaporate at a significant rate, and as a result an aluminum foil was
used to cover the beaker to impede vapor leaking. With the aid of a
thermocouple, the heating temperature deviation was kept to less than 1<C.
After standard cleaning with acetone, isopropanol and de-ionized water,
LiNbO3 wafers were put in a Teflon container and immersed in molten benzoic
acid at 235<C for 5 hours. In this chapter the PE process was performed on all

LiNbO3 samples before ICP etching.
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Figure 2.2: Setup of PE process.

The fabrication process is depicted schematically in Fig. 2.3. Etching
studies were performed on LiNbO; wafers which were cut into 1.4 x 1 cm?
samples. A positive photoresist (AZ5214E) was spin-coated onto the substrate.
Stripes of 2-18 um width were patterned by photolithography. Then a metallic
film of thickness 150 nm was deposited on the samples by thermal evaporation
(for Cr) or electron beam evaporation (for Ni and Ag). A titanium (Ti) film of
10 nm was deposited before Ag deposition to enhance the adhesion between Ag
and LiNbOs. Prior to the etching, we used O, plasma to clean the chamber of
any impurities for 15 minutes with RIE power of 150 W, chamber pressure of
10 mTorr and gas flow of 20 sccm. In the subsequent etching process, Ar was
added to the fluorine-based gas which can increase the physical etching
component and enhance the anisotropy. After ICP etching, metallic masks were
removed by wet etching. The surface condition and profile of etched ridges
were characterized by scanning electron microscopy (SEM). The etching depth

was measured by a surface profiler.
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Figure 2.3: Hlustration of the ridge structures fabrication process.

2.3. Etching characterization under different metallic

masks and gas compositions

Figure 2.4 is a SEM image which shows the surface condition of LiNbOsafter
ICP etching with a 150 nm Ag mask. The etching gas is a CF4+/Ar mixture, and
the etching time is 20 minutes. It seems that the metallic mask was etched
strongly with LiNbO3 because there is no clear depth difference between the
mask and the uncovered LiNbO; substrate. After the ICP process, a Ag mask
was hard to remove by strong acids such as HF or HCL+HNOs3. This is partly
due to the reaction between Ag and etching gases. After etching, the

composition of the metallic mask had already changed [26].

29



Figure 2.4: SEM image of etched LiNbO3z; with Ag as an etching mask. The LiNbO;
substrate shows better surface condition than mask area.

A similar situation happened when a Ni mask was used in ICP etching, as
shown in Figs. 2.5 (a) and (b). The gases we used were a SF¢/Ar mixture and
CHF3/Ar mixture. The surface roughness is obvious. Comparing with Ag, there
is an advantage for a Ni mask in that it can be easily removed by HNO3. Fig. 2.5
(a) shows the surface before removing the Ni mask. The surface roughness
caused by physical sputtering and redeposition of the mask is clear in Fig. 2.5

(@). Fig. 2.5 (b) shows the surface after removing the Ni mask.

g al
4\

Figure 2.5: SEM images of the surface condition of etched LiNbO; with Ni as etching
mask. (a) Image of etched LiNbO; using a SF¢/Ar gas mixture. The Ni mask remains
on the surface; (b) Image of etched LiNbO; using a CHFs/Ar gas mixture. (The Ni
mask had already been removed by wet etching.)
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10 pm

Figure 2.6: (a) SEM image of etched LiNbO3 using a Cr mask and a CHF3/Ar gas
mixture. The surface is very rough; (b) SEM image of etched LiNbO; using a Cr
mask and a SF¢/Ar gas mixture.

Figures 2.6 (a) and (b) show the surface of LiNbO3 after the ICP and wet
etching process using Cr as a metal mask. By using CHF3/Ar as etching gases, it
can be found that the surface is very rough, especially in the uncovered area. It
may be due to intensive ion bombardment to the mask and physical sputter. The
Cr metal sputtered from the covered area is deposited on the uncovered area and
serves as an undesirable etch mask. The other important reason why CHF; and
CF,4 cannot lead to a smooth surface is that a LiF layer is formed during etching
(the structure of the LiF layer is amorphous for CHF3 while it is crystalline for
CF4) [10]. Comparing with use of CHFs/Ar as an etching gas, SFe/Ar
combinations lead to better surface conditions and can avoid roughness greatly,
as shown in Fig. 2.6 (b). The etched area of the sample is very smooth. The Cr
mask can be easily removed by commercial etchant.

Table 2.2 shows the ICP etching parameters, and the calculated etching
rates and selectivities. Two masks, Cr and Ni, were used because compared with
Ag alone, they can be easily removed by commercial etchant. Three different

gases were studied in ICP etching processes: CHF3, CF4 and SFs. Argon is a
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useful inert gas for dry etching, which can be used to physically bombard the
target and enhance the sputtering process. In this work, Ar was added to the
three gases to enhance the etching rate and profile. A surface profiler was used
to measure etching depths shown in Table 2.2.

In order to characterize the effect of different gases for ICP etching, the
same etching parameters were used, gas pressure=8 mTorr, ICP power=500 W,
RIE power=100 W (No. 1-4, Table 2.2). All recipes show relatively high
selectivity, ranging from 8.1:1 to 16:1. The recipe using a Cr mask and CF4/Ar
mixture shows the highest selectivity, 16:1 (No.3, Table 2.2). A slightly smaller
selectivity, 15.8:1, was also achieved in recipe 4 using a Ni mask and CHF3/Ar
gases mixture. It means that both Cr and Ni are efficient etching masks for
LiNbOs-based device fabrication.

According to Table 2.2 (No. 1-3), it can be seen that the etching rate of
LiNbOs is dependent on the gas mixture. For the Cr mask, the highest etching
rate, 94 nm/min, can be reached by using CHF3/Ar gases (No. 3). In addition,
comparing No. 1 and No. 4, the etching rate of LiNbOj3 is found to be dependent
on the etch mask. An etching rate of 79 nm/min can be reached by using a Ni
mask; meanwhile, the etching rate of LiINbO3 is only 57 nm/min by using a Cr
mask under the same conditions.

According to the comparison, we find that although CHF; or CF,4 can lead to
higher etching rates, using a Cr mask combined with SF¢/Ar gases can lead to
the best surface condition of etched LiNbO3. Consequently, we fabricated ridge
waveguides on LiNbO3 substrate by using a Cr mask combined with a SF¢/Ar
mixture. Fig. 2.7 (a) shows the top view of a ridge waveguide on LiNbO3
fabricated by ICP etching using SFe¢/Ar gases and a Cr mask. In order to

improve the profile of the waveguide, an etching condition of Cr mask and
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SFe/Ar=1:1 was used to fabricate a ridge waveguide of approximately 600 nm
depth and 5 pm width, as shown in Fig. 2.7 (b). A smooth top surface and nearly

vertical sidewall were achieved.

Table 2.2: Plasma etching parameters, average etching rates and selectivities.

Sample Metallic Gas Mixture | Etching Rate | Selectivity
No. Mask (sccm) (nm/min) | (LiNbOj;: Cr)

Cr

SF,: 25
Cr Aei20 48 12:1
CF,: 25
Cr Ay 0 94 16:1
CHF;: 25
Ni s 79 15.8:1

mum |
5 e Sty ’u,'-

Figure 2.7: (a) Top view of fabricated ridge waveguide on LiNbOs; with smooth
surface; (b) SEM image showing cross section of the ridge waveguide.

2.4 Deep anisotropic etching

Based on the suitable mask (Cr) and gas mixtures (SFs and Ar) found in the

previous section, here we investigate the influences of He backside cooling,
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RIE power, and gas flows on characteristics such as etching rate, sidewall
slope angle etc. in order to obtain ridge structures with large heights and

vertical sidewall profiles.
2.4.1 Image reversal mode of photoresist

In our experiments, a positive photoresist AZ5412E was used for
photolithography. The selectivity of Cr :LiNbOg3 is about 15:1, this means that
100 nm Cr film is enough if we want to only etch less than a 2 um ridge. Thus,
in order to obtain very deep ridge structures, a thick Cr film (larger than 300 nm)
has to be coated before etching. However, the positive photoresist AZ5214E
cannot meet the requirement of lift off process because of its sidewall profile
with a positive slope of approximately 75< 85< as shown in Fig. 2.8 (c). Our
experience showed that the lift-off process cannot be performed when the
thickness of the Cr film exceeded 250 nm by using such a photoresist.
Consequently, by taking advantage of the image reversal mode of AZ5214E,
two exposure steps were used to obtain a thick Cr film with good line edge, as
shown in Fig. 2.9 (a) — (). After the first exposure, exposed areas of AZ5214E
were selectively cross-linked by applying a bake cycle. A flood exposure before
development was used to convert unexposed areas into materials which can be
removed easily by commercial photoresist remover, resulting in a wall profile
with a slope of approximately 100<(negative slope), as shown in Fig. 2.8 (d).
The profile generated by such processing allows for use in lift-off techniques.
From Fig. 2.8 (a) we can see with normal positive mode of AZ5214E, the
strip pattern cannot be removed by lift-off. The thick metal film deposited is not
disjointed over the step; it overlaps the sidewall forming a continuous surface

over the photoresist. With image reversal mode, AZ5214E will produce a
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negative sidewall slope which prevents the metal film from being attached to
the sidewall. This allows for an easy lift-off as shown in Fig. 2.8 (b). Fig. 2.9 (f)
shows a cross section of photoresist of AZ5214E in image reversal mode. The

thickness of the photoresist is 2.2 um.

N
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\ \ LiNbOs substrate
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(d)
metal film P metal film

photoresist / photoresist f
f [ ]
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substrate (75° - 85°) substrate (~100°)

Figure 2.8: SEM images of top view of Cr patterns on LiNbOj; after lift-off (a) with
normal positive AZ5214E and (b) with image reverse mode of AZ5214E. Schematics
of different photoresist sidewall slopes: (c) positive sidewall slope and (d) negative

sidew
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Figure 2.9: (a) — (e) Hlustration of AZ5214E patterning process using image reversal
mode; (f) SEM image showing a cross section of AZ5214E in image reversal mode.

2.4.2 The effect of He backside cooling

In our previous work we showed that Cr can lead to a better surface condition
(post etch) and also can be easily removed using commercial Cr etchant relative
to other metals. In addition, the high hardness (Mohs hardness of Cr is 8.5)
among various metals helps prevent strong ion bombardment during etching

and shows high selectivity. Consequently Cr was used as the etching mask.
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Here, a 300 nm Cr film was deposited on the LiNbO3; samples using an Edwards
Auto 306 electron beam evaporator and patterned through a lift-off process. The
gas composition affects the ultimate etching rate, smooth smoothness, and
anisotropy significantly. As discussed in the previous section, SFs can lead to a
smooth surface condition and the reduction of inhibitor formation.
Consequently we chose SF¢/Ar as the gas mixture for these etching studies.
During a preliminary study of short etching processes, we found that the
etching profile can be optimized at a 7.0 mTorr chamber pressure, 90 W RIE
power and 800 W ICP power. A perfect rectangular structure with a sidewall
slope angle of 90° was achieved, as shown in Fig. 2.10. The etching time was
20 minutes, and samples were etched in two steps (10 minutes each) to obtain
1.2 pm total depth. Note that on both sides of the ridge, etched microtrenching
can be observed. This microtrenching is due to ions glancing off sidewalls of
the ridge structure resulting in additional etching at the edges. For later
long-duration single-step etching studies, we always kept the ICP power
consistent at 800 W and chamber pressure at 7.0 mTorr, and other etching
conditions were varied. After ICP etching, etching rates were obtained by

measuring the depth of etched patterns with a surface profiler.
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Figure 2.10: SEM cross-sectional image of a perfect rectangular etched structure with
90°slope angle at 90/800 W (RIE/ICP power), 7 mTorr pressure.

The effects of He backside cooling and two different etching modes
(intermittent and continuous) were studied. The same ICP parameters were
used for all samples: the ratio of SFs to Ar was fixed at 1:1, the ICP power was
800 W, RIE power was 90 W, chamber pressure was 7.0 mTorr and total gas
flow was 10 sccm. For intermittent etching, there was a 2 minute break after
every 10 minutes of etching. During the etch break, only Ar was introduced
into the reactor chamber to maintain the chamber pressure, and all RF power
was off. The total etching time was fixed at 30 minutes. For continuous
etching, the etching process was performed continuously for 30 minutes.
Continuous mode etching leads to a higher wafer surface temperature than
intermittent mode, in which etching breaks allow some cooling of the wafer to
occur.

A He cooling system integrated into the wafer chuck is commonly used
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for wafer backside heat dissipation. Turning off the He cooling system also
will lead to an increase in wafer temperature. Etching results show that the
etching rate can be significantly improved by turning off the He backside
cooling system and using continuous mode. The etching rate for the
intermittent process increases from 47 nm/min with He cooling to 55.2
nm/min without He cooling, and the etching rate for the continuous etch
process increases from 50 nm/min with He cooling to 61 nm/min without He
cooling. For LiNbOg3 etching, the main byproducts are NbFx, especially NbFs.
Either etching without He cooling or etching under continuous mode will
cause the substrate temperature to increase significantly and help in the
evaporation of NbFs and also assist in conversion of NbF,; into NbFs.
Consequently, the etching rate will be increased significantly.

Figure 2.11 shows an SEM image of the surface condition (after etching)
for intermittent and continuous modes. Intermittent mode etching resulted in a
rough surface, as shown in Fig. 2.11 (b). In contrast, continuous etching for 30
minutes (Fig. 2.11 (a)) produced a smooth surface. The sidewall slope (nearly
vertical) after continuous etching was also much more favorable than after

intermittent etching.
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Figure 2.11: SEM images of etched LiNbO; surface condition at (a) continuous mode
(b) intermittent mode.

2.4.3 The effect of RIE power

Figure 2.12 shows the measured etching rate as a function of RIE power. All
other etching parameters were kept constant. The etching time is 30 minutes in
continuous mode. RIE power varied from 60 W to 150 W. It can be seen that
etching rate increases slightly as RIE power increases. An etching rate of 63.5
nm/min was achieved at 150 W RIE power. This can be explained by the fact
that higher RIE power will cause higher DC bias voltage and higher ion energy,
corresponding to strong ion bombardment and more efficient bond breaking in

the LiNbOj substrate; thus increasing the etching rate.
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Figure 2.12: LiNbO;etching rate as a function of RIE power.
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Figure 2.13: SEM images of the etched LiNbO; surface condition with different RIE
power at (a) 60 W (b) 90 W (c) 150 W.
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Figure 2.13 shows an SEM image of the LiNbO3 surface condition after
etching with different RIE powers. It can be seen that the surface conditions
were less favorable at lower RIE power. This is due to insufficient ion energy
(lower RIE power corresponds to lower DC bias voltage). When the RIE
power is too low, weak ion bombardment cannot sputter away all inhibitors
and etching residues on the surface, which then serve as micromasks, leading
to a rougher surface.

Increasing the RIE power can also influence etching anisotropy, as shown
in Fig. 2.14. At 60 W RIE power, an etched slope angle of 75° was obtained (Fig.
2.14 (a)), while powers of 90 W and 150 W resulted in etched slope angles of

89° and 88°, respectively (Figs. 2.14 (b) and 2.14(c)).

Figure 2.14: SEM images of etched LiNbO; cross section with RIE power at (a) 60 W
(b) 90 W (c) 150 W. Slope angles are shown.
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2.4.4 The effect of total gas flow and deep etching

Figure 2.15 presents the influence of total gas flow on the etch rate of LiNbOs.
The ratio of SF to Ar was fixed at 1:1. It can be seen that the etching rate of
LiNbO;3 is affected strongly by the total gas flow. There is a minimal
difference in the etching rate between 10 sccm and 30 sccm. However, when
gas flow was increased to 50 sccm, the etching rate improved significantly. An
etching rate of 98.6 nm/min at 50 sccm gas flow was achieved for SF¢/Ar gas,
which is almost double that achieved at 30 sccm gas flow, 48 nm/min. It was
difficult to maintain the chamber pressure at 7.0 mTorr when a total gas flow
of 100 sccm was used. During the etching process, the actual chamber
pressure increased to 8.5 mTorr. It seems the etching rate decreased slightly

when 50/50 sccm (SFg/Ar) gas flow was used.

Gas flow comparison
100 -

90 - e

Etching rate
(nm/min)
3
1

~
o
1

60 - B

I T I T T T I T I T T
5/5 1515 20/20 25/25 30/30 50/50
Total gas flow (SFg/Ar)
(sccm)

Figure 2.15: LiNbO; etching rate as a function of total gas flow. The ratio of SFs and
Ar is fixed at 1:1.
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Figure 2.16 shows the cross section of etched LiNbOs strips at different
total gas flow rates. It can be seen that the total gas flow influences the etching
anisotropy significantly. The etch structure with the highest slope angle (~ 90°)
was obtained at a total gas flow of 10 sccm (Fig. 2.16 (a)). As the total gas flow
increased, the slope angle decreased to 51° (Fig. 2.16 (c)). The inhibitor
mechanism can explain the influence of gas flow on etching anisotropy.
During etching, the fluorine reacts with LiNbO; and forms a nonvolatile
inhibitor like LiF. With an increase of the gas flow, the formation of this
inhibitor is enhanced. During lengthy etching processes, more and more
inhibitor is deposited on the sidewall, impeding further etching there, while
the inhibitor deposited on the bottom is removed by ion bombardment.
Consequently, the sidewall slope angle decreases as gas flow increases. This
phenomenon is much more significant in long-duration etching. In addition,
notice that the surface of the LiNbOj3 substrate becomes rough at 30/30 sccm
SFe/Ar gas flow (Fig. 2.16 (c)), while a smooth surface was obtained at lower
gas flow (Figs. 2.16 (a) and 2.16 (b)). The rough surface is also mainly due to
the enhancement of the inhibitor. With an increase of the gas flow, the
redeposition of the inhibitor (especially LiF) is enhanced greatly. The speed of
redeposition of LiF is faster than the speed of physical sputtering. This

indicates that the ion bombardment cannot remove all residues.
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Figure 2.16: SEM images of etched LiNbO; cross section with slope angle at different
total gas flow of (a) 10 sccm (b) 30 sccm (c) 60 sccm.

With relatively high gas flow and optimized etching conditions,
structures with deep plasma LiNbO; etching (3.5 pm), ultra-smooth surfaces
and high anisotropy were achieved, as shown in Fig. 2.17. This is the deepest
and most vertical low-residue LiNbO; structure yet demonstrated using ICP in
a single-step etching. As is clear in Fig. 2.17, trenching phenomenon appeared
on both sides of the ridge. This was due to additional etching by ion reflection
and charging of the sidewall. Fig. 2.17 shows the nearly vertical but very
rough sidewalls which were caused by both imperfect photolithography and
etching process. In the next section we focus on the issue of sidewall

roughness reduction.
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Figure 2.17: SEM images of deep and highly anisotropic LiNbO; etching at 3.5 pm
depth under 800 W ICP power, 90 W RIE power, 7 mTorr pressure, and 50 sccm
SF¢/Ar gas mixture. The total etching time is 30 minutes.

2.5 Reducing the sidewall roughness with GCIB

techniques

One main factor that degrades waveguide performance is the scattering loss due
to sidewall roughness. This is a common problem in dry etching process for any
material. This problem is amplified when optoelectronic integrated circuits
(OEICs) are miniaturized to the micro and nanometer scale, as the roughness of
the sidewalls become significant in relation to the device size. Many
techniques have been developed to mitigate sidewall roughness. The introduced
roughness is chiefly due to the replication of the roughness present in the mask,

and as a result, careful choice and optimizing of the etching mask can sidestep
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some of these issues [18]. Lee et al. reported a large improvement in the
sidewall roughness of etched holes in InP by adding nitrogen gas into a
Clo/BCL3 plasma in an ICP-RIE etching process [19]. The results show that
when the N ratio is above 65%, smooth sidewalls can be obtained. Another
method is to introduce an additional step to smooth sidewalls after fabrication.
One example from another material system is the oxidation smoothing
technique for Si waveguides [20]. The rough etched sidewalls of a Si
waveguide can be oxidized to form thin SiO, films, to be removed by HF acid,
resulting in relatively smooth sidewalls. Similar work has been done to smooth
etched AlGaAs ridge structures [21]. In this work etched AlGaAs ridges were
oxidized and removed by a dilute buffered HF solution. However, these
methods are mainly based on chemical reactions .It is difficult to find a
chemical to react with LiNbO3 to form a layer which can be removed by acid.
Therefore they are not suitable for smoothing the sidewalls of an etched
LiNbO;3 ridge structure. The importance of LiNbO3; as an optical material
creates the need for sidewall smoothing techniques on LiNbO3. However, until

now little effort had been devoted to this area.
2.5.1 Introduction of the GCIB technique

Recently the Gas Cluster lon Beam (GCIB) technique has been developed as a
dry polishing technique for surface and sidewall smoothing. GCIB is a new type
of ion beam developed by Yamada [22], which is different from a monomer ion
beam. It has both low energy and high current features. A gas cluster contains
tens of thousands of atoms that are accelerated after ionization. In the cluster the
number of atoms is much larger than the number of charges. Therefore, itis able

to transport much larger number of atoms than a monomer
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Figure 2.18: Schematic diagram of a GCIB system [23].

ion beam with the same current. In addition, the energy of an atom in a gas
cluster is much lower than that of a monomer ion beam [23].

GCIB is very useful material modification method which is used to clean
surfaces and smooth rough sidewalls. Compared with the monomer ion
sputtering where the surface atoms are removed layer by layer, largely resulting
in an unchanged surface morphology, the cluster ion beam sputtering
mechanism is completely different and is termed as “lateral sputtering” [24].
When cluster ion atoms arrive at the surface, multiple-collisions occur between
incident atoms and the sample atoms, resulting in a large number of atoms
sputtered along the plane with with the surface. As a result of this unique
mechanism, GCIB can be used for surface and sidewall smoothing processes. In
a remarkable publication the sidewall of a Si pillar structure etched by ICP was
smoothed by SFs GCIB irradiations [25]. Before the treatment, the Si pillars’
sidewalls had periodic scalloping produced by cyclic etching and protective
coating. This scalloping completely disappeared after GCIB treatment. Many
gas sources including Ar, O,, N, and reactive gas mixtures like SFg and CF, are
used to produce cluster ion beams. In our experiment, an Ar GCIB is used to

physically smooth the surface and sidewall, as shown in Fig. 2.18. Neutral
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clusters are formed by supersonic expansion of a gas from a nozzle and pass
through an aligned skimmer to an ionizing chamber. Then the ionized clusters
are accelerated and monomer ion beams are filtered out through a magnetic
filter. A neutralizer is used to avoid the charging effect. Mechanical scanning is
employed and the sample stage is designed for applying various incident

angles.
2.5.2 Results of Ar GCIB irradiations on etched LINbO; structures

In this work we have collaborated with Prof. Toyoda from the University of
Hyogo (Japan) to apply GCIB techniques to smooth etched LiNbOj3 ridge
sidewalls. As previously discussed, a LiNbO3; wafer was firstly proton
exchanged in benzoic acid at 235°C for 5 hours. Ridge structures were defined
by photolithography, metallic mask transformation and ICP etching. After these
procedures the samples were sent to the University of Hyogo for GCIB
smoothing. Fig. 2.19 shows the position of the sample and beam direction in the

GCIB chamber.

Figure 2.19: Illumination of the sample holder and the ion irradiation direction.
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The ion beam was incident along the vertical direction from the top of the
chamber. The stage was bent at an 80° angle to the bottom of the chamber (Fig.
2.19 (a)). Samples were stuck on the stage to make sure the etched ridge
structures have been rotated 10° from the vertical direction, as shown in Fig.
2.19 (b). Firstly low dose irradiation was used. The Ar GCIB irradiation was
carried out with total acceleration voltage of 20 KeV and ion dose of 3<10%
ions/cm?. The duration of GCIB irradiation was 1 hour. Fig. 2.20 shows the
SEM image of etched LiNbOj ridge structures before and after GCIB
irradiation. The SEM images were taken at a 15° tilt angle to show both the
surface and sidewall of the etched ridge clearly. It can be observed from Fig.
2.20 that before GCIB, both the surface and sidewall of our etched LiNbOs;
samples were very rough. After GCIB irradiation, the bumpy surface became
smoother although there are some hillocks on the surface due to the irradiation.
The top smooth surface of the ridge structure is unaffected by the GCIB process.
Therefore, the surface smoothing effect by GCIB irradiations is very effective
in smoothing the rough surface, but it will not cause any deterioration to an
already smooth surface. However, after the GCIB process, the sidewalls still

show some roughness. This is mainly due to using an insufficient ion dosage.

Figure 2.20: SEM images of the surface and sidewall conditions of etched LiNbO;
structures. (a) before GCIB process; (b) after GCIB process.
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To study the smoothening effect dependence on the ion dosage, the total
acceleration voltage kept constant at 20 KV. Different ion doses were used:
3x10" jons/cm?, 110" ions/cm? > and 2x10"" ions/cm® Fig. 2.21 shows a
comparison of SEM images of LiNbO3z samples after different GCIB ion dose
irradiations. It can be seen that when ion dose increased from 3x10'®ions/cm?
(Fig. 2.21 (a)) to 1<10*" ions/cm? (Fig. 2.21 (b)), the rough surfaces were
flattened although many small “valleys” appear on the surface. The zigzag
shape of the sidewall disappeared. However, the ridges were not completely
smoothed. Nonetheless, when the ion dose further increased to 210" ions/cm?
(Fig. 2.21 (c)), both surface and sidewall became smooth enough for optical
device applications. Consequently, increasing the ion dose concentration
improved both surface and sidewall roughness significantly. It is evident that Ar

GCIB irradiation is an effective smoothing technique for LiNbO;3; optical

devices.

(a) ion dose=3x10" ions/cm? (b) ion dose=1x10"" ions/cm? (c) ion dose=2x10"
ions/cm?.
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2.6 Conclusion

In this chapter we reported the etching characterization of LiNbO3; by ICP.
Firstly the etching characteristics under various metallic masks and different
gases were studied. We find the roughness can be avoided greatly when using a
Cr mask and SFg gas in the etching process. Mask selectivity > 15:1 was
achieved under both Ni and Cr conditions. A relatively high etch rate of 97.5
nm/min was achieved by using CHF3/ Ar gases and a Cr mask. Using a Ni mask
and CHF3/Ar gases also lead to a high etching rate: approximately 80 nm/min.
Subsequently, LiNbO3 etching was studied in SF¢/Ar plasmas as a function of
process parameters to achieve deep anisotropic etching and a smooth surface.
The effects of He backside cooling, RIE power and total gas flow were
investigated. The results showed that a high etching rate and a smooth post-etch
surface condition can be obtained without He cooling. Higher RIE power can
improve the etching rate and surface condition, also leading to highly
anisotropic etching. The total gas flow can significantly affect the etching rate,
anisotropy and surface roughness. The etching rate can be improved to 98.6
nm/min when the total gas flow increases to 25/25 sccm (SFg¢/Ar), while the
slope angle will decrease from 89° at 5/5 sccm SFe/Ar to 51° at 30/30 sccm
SFg/Ar. Deep (>3 pm) and highly anisotropic PE LiNbO3 structures with
ultra-smooth surfaces were achieved in a single-step run, with parameters of 30
minutes at 800 W ICP power, 90 W RIE power, 7 mTorr chamber pressure and
50 sccm total gas flow. Finally Ar GCIB irradiation was employed to smooth
the rough sidewalls of etched LiNbOg structures for the first time and irradiation
parameters were optimized to achieve good sidewalls and surface condition.

These results show promise that deep etching on LiNbO3; may be an attractive
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method to realize a variety of structures and fabricate optical and MOEMS

devices.
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Chapter 3 Suspended structures in LINbO;

3.1 Introduction

Many traditional methods such as Ti indiffusion have been proposed for
fabricating LINbO3; waveguides. These methods, while well-established, have
drawbacks of small index contrast yields and weak guiding. In this chapter we
will describe a method of fabricating suspended microwire and microdisk
structures on a bulk LiNbO3 substrate such that maximum index contrast can
be achieved.

The ion implantation method is widely used in the semiconductor
industry to fabricate p-type and n-type Si wafers. Recently, ion implantation
techniques have been widely studied and have become a very promising
method to fabricate LiNbOj3 integrated photonic devices. Photonic structures
and devices based on ion-beam processed LiNbO3z; waveguides or thin films
have exhibited promising prospects for various applications. Our approach to
fabricate suspended structures is based on the ion implantation method and

subsequent wet etching.

3.1.1 Literature review of ion implantation used in LiNbO3; photonic

device fabrication

lon implantation has been used to fabricate channel waveguides in the early
years of optical device fabrication. lon implantation forms an optical barrier
beneath the surface, which generates low refractive index layers by nuclear
damage caused by incident ions, e.g., He® or H*. These barrier-confined
refractive index profiles are quite typical for ion-implanted waveguides in

various materials, and are particularly common for those related to light ion
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implantation. The earliest work on light-ion-implanted LiNbO3; waveguides
was performed by Townsend et al. in 1976 [1]. Many researchers studied the
refractive index change and showed that LiNbOs; based planar waveguides
produced by light ion implantation have a typical “barrier” n, and
“well+barrier” n, profile. In addition, multiple-layer barriers can also be
formed to construct multiple waveguides. This work was done by Chandler et
al. in 1989 [2]. Heavy ions are not suitable to make a waveguide because most
heavy ions will not only induce a nuclear damaged layer at the end of the ion
track, but induce a nuclear damaged layer along the ions’ trajectories as well.
In addition, defects and damage will be induced both in waveguide and optical
barrier regions if heavy ions are used. However, in recent years Wang et al.
showed that low-dose middle-light mass ions such as Si or Ni with energies of
3 — 6 MeV can be used for waveguide fabrication. In this case, large refractive
index changes can be achieved [3].

To fabricate 2D channel waveguides, two steps of light ion implantation
are needed. Firstly, a light ion implantation is needed to form a planar
waveguide with a barrier buried inside the LiNbO; wafer. Secondly, one
should perform continuous lower-energy implantations with suitable stripe
masking to build up the “sidewalls”. The barrier walls have lower indices for
both n, and n,, so in this configuration, the LiNbO3; waveguides guide both
extraordinary and ordinary polarized light.

Recently a new fabrication method preparing LiNbO3 thin film was
developed: crystal ion slicing (CIS) in combination with wafer bonding
techniques. Thin films of LiNbO3 which have been transferred to silicon and
LiNbO;3 substrates can yield optical waveguides with high index contrast. This

method is also called ‘‘Smart Cut” [4], which was originally discovered and
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applied for the fabrication of SOI wafers. One of the most significant
advantages of CIS is the high vertical index contrast provided by the substrate.
In addition, CIS provides the feasibility of large-scale thin layers (usually of
several cm?). CIS involves light ion implantation into a LiNbO; substrate to
form a sacrificial layer, which makes a thin film of LiNbO; that can be lifted
off from the bulk substrate and bonded with another substrate. This method
was first applied to LiNbO3 in 1998 by Levy et al., producing a 9 pm-thick
LiNbO; film with preserved crystal properties by using 3.8 MeV He ions at a
dose of 510 ions/cm? [5]. The thickness of the film was reduced by Payam
et al. in 2005 [6]. They used 200 KeV He ions to implant bulk LiNbO3 and
subsequently bonded LiNbO3; wafers onto a SiO, film which was deposited on
another LiNbO; wafer. After heat treatment at 220°C for 14 hours, a 680
nm-thick LiNbO;3 thin film was formed. It has been demonstrated that the
crystal quality and optical properties for the transferred layer are comparable
to those of bulk single crystals. Subsequently, an excellent work was done by
A. Guarino et al. in 2007 [7]: due to the strict requirements of direct bonding
with respect to surface roughness and imperfections, they bonded LiNbO3 film
on BCB, a well-known adhesion material. Following this work, a ring
resonator on LiNbO; film was successfully fabricated. This breakthrough
showed the great potential of LiNbOj3 in chip-scale integrated optical devices.
In spite of the above success, there was a reduction in the electro—optic
coefficient of LiNbOs thin film compared with the bulk one, owing to
implantation induced defects. Thermal annealing can reduce these defects, but
not eliminate them. Additionally, the required temperature is about 800°C,
higher than the maximum temperature allowed in BCB processes (320°C), so

thermal annealing cannot be used in a LiNbO3 film bonded on BCB layer.
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There is a way to overcome this problem. By applying a chemical mechanical
polishing process to polish the SiO, layer, a LiNbO3 thin film can be directly
bonded onto an SOI wafer, as reported by Hu et al. [8]. Large area films (3
inch lateral dimension) have been fabricated and have become a promising
material to make LiNbOs-based devices.

lon beam-enhanced etching (IBEE) is a combination of ion implantation
and chemical wet etching. After ion implantation, large numbers of defects are
induced due to energy transfer to the crystal lattices, forming amorphized
layers. Consequently, the chemical resistance of this damaged layer is reduced.
As a result, the irradiated regions can be removed by wet chemical etching.
Normally, the etching rate is mainly determined by the damage density and the
crystallographic orientation. Compared with the CIS method, IBEE allows
ultrathin LiNbO;3 films and hence monolithic free-standing structures become
possible. In addition, maximum index contrast can be achieved in
free-standing membranes.

The IBEE technique was first employed to fabricate ridge waveguides. In
2004, D. M. Gill et al. reported that the then-novel ion beam enhanced etching
(IBEE) process was used to fabricate a deep (3.5 um) ridge waveguide [9].
Subsequently, Hartung et al. developed a method to form Zn-doped LiNbO;
ridge waveguides by combining liquid phase exitaxy (LPE) and IBEE [10].
Similar Ar ion implantation/wet-etching processes were applied eight times,
creating a ridge with a depth of 3.7 pm. In particular a side wall angle of
almost 90° was demonstrated.

Then, excellent work was carried out by Schrempel et al. in 2009 [11], in
which LiNbO3; membranes with an ultralow thickness of 200 nm were

demonstrated. In their process, different ion fluences from 110 cm  to
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6.5>10'° cm™ were used to create amorphous layers and wet etching was then
performed in a 3.7% HF solution at 40 °C. They found that when the ion
fluences exceeded a critical value, cracks were formed in the surface layer
owing to the thin membrane which could not stand the stress caused by gas
bubbles. Consequently, ion irradiation preformed at low temperature of 100 K
was developed to overcome this problem.

Recently, IBEE has been applied to realize complex guiding devices in
LiNbO3 such as PhCs. In 2010, a 450 nm suspended PhC slab was fabricated
by Hartung et al. [12]. In this work two ion implantation steps were used; one
was for the photonic crystal structure and another was for a buried damaged
layer, which formed the suspended structure. They have shown well-preserved
optical properties relative to those of bulk crystals. Similar work has been
done in [13], in which selective implantations were performed by using Cr as
an implanted mask. However, the optical characterization of such PhC has not
yet been investigated experimentally.

Very recently, Wang et al. fabricated three-dimensional microstructures in
LiNbO3 by using IBEE in 2011, as shown in Fig. 3.1 [14]. In this work the
undercut structures included microwires, microdisks and microrings on z-cut
LiNbO3 and were fabricated with selective ion implantation and wet etching. A
Cr film was deposited and patterned by photolithography to act as a hard mask.
Because HF has a high etching rate on the z-face of LiNbOs3, both the exposed
LiNbO;3; substrate and the buried amorphous layers can be etched quickly,
leaving the suspended microstructures under the Cr film protected. The main
difference compared with Hartung’s work is that only one implantation
process was required. Subsequently a microdisk resonator was fabricated by

this group in 2012 [15]. Thermal treatment was used to reshape the microdisk
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and a tapered fiber was used to measure the transmission spectrum. An FSR of
16.43 nm and Q factor of 2.6x10* were obtained. These results indicated a
great potential application of such a microdisk resonator in LiINbO3;. However,
one of the main drawbacks is that this fabrication procedure can only be
applied to z-cut LN samples due to the considerable etching rate of HF for the
—z face of LiNbOs. This method cannot make use of the largest electro-optical
coefficient r35 in LiNbOgs, which requires etching on x or y-cut samples. In
addition, the etching time to form a ridge structure and to remove the buried

amorphous layer is very long, around 10 to 24 hours.

B cr 0PR
He+ He+ He+

—== lattice-damage layer 111
ity VBB

Figure 3.1: Fabrication process of a three-dimensional microstructure. (a) Cr-film
deposition; (b) PR patterning; (c) lon implantation; (d) PR removal; () Etching in
diluted HF; (f) Etching out the lattice-damaged layer in region II; (g) Completing
etching; (h) Cr film removal [14].

3.1.2 Motivation

Our group developed a different fabrication procedure based on the IBEE
technique at the same time as Hartung’s and Wang’s work reviewed above

[16]. In our process, focused ion beam (FIB) milling was combined with IBEE
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to achieve a variety of structures. Unlike the use of different implantation
steps or selective HF etching in previously reported work, FIB can directly
mill patterns on a LiNbO3 substrate without any mask. Additionally, there are
no crystalline orientation limits and good anisotropic patterns can be obtained
using FIB. In ref. [16] He" ions with single energy of 1 MeV were implanted
normal to the surface of a z-cut LiNbO; sample and an air gap of
approximately 350 nm was obtained.

In this chapter we continue this work by employing multi-energy
implantations to achieve a large air gap, which is important for optical
isolation. The Stopping and Range of lons in Matter (SRIM) program was
used to calculate the defect concentration distribution. Different implantation
conditions were designed to achieve a desirable structure and experiment
results were in good agreement with simulation. Based on these multi-energy

implantations, different microstructures have been produced.

3.2 Fabrication procedures

In ion implantation, ions generally pass through a surface and get stopped at a
certain depth (projected range). lons lose their energy gradually near the
surface where electron scattering dominates so the damage caused is not so
high. The electron scattering does not disrupt the lattice strongly so the area
near the surface is mostly crystalline, retaining bulk LiNbOj3 properties. When
ions move towards the end of their trajectories, nuclear scattering dominates,
causing significant damage to the crystal lattice. Most ions are trapped at a
certain depth (also called “projected range”) beneath the surface, forming a
damaged layer. This damaged layer is chemically reactive due to lattice

defects and disorder. To accurately predict the projected range, damage and
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ion distributions, an effective CAD package, SRIM is developed in [17]. We
used this simulation tool to predict the implantation profile. Fig. 3.2 shows a
SRIM simulation result of ion distributions for He* implantation into LiNbO3
with an energy of 400 KeV. We can see that most ions stop in a 300 nm layer
1 pm beneath the surface. It indicates that implantation with 400 KeV can
only form a slab with 1 pm thickness and an air gap with around 300 nm
thickness, which is not enough for optical isolation.

The process of fabrication of suspended LiNbO3 structures is divided into
3 steps, as shown in Fig. 3.3. Firstly, LiNbO3; wafers were cut into 2 x 1.5
cm? samples and a 20 nm Au layer was coated on the top surface to prevent
charging. After cleaning in acetone, isopropanol and deionized water, He"
implantations with multiple-energies over an area of 1 cm x 1 cm were
performed using a large area irradiation facility at the Centre for lon Beam
Applications, National University of Singapore. In order to obtain high quality
suspended structures, all implantation conditions like current density and dose
concentration were carefully controlled. During implantation the ion current
density was optimized at 800 nA as larger current density can break the
samples. In all implantation experiments the ion concentration was kept

constant at 1x10*® ions/cm?.
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Figure 3.2: Schematic of ion implantation process (left) and a simulated ion
distribution in LiNbO; after implantation by SRIM (right).
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Figure 3.3: Fabrication process of the suspended LiNbO; structures.

Secondly, FIB milling was used to form different patterns and trenches

which allow wet etchant to access the sacrificial layer. In our process a typical
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voltage of 30 KV and current of 0.1 nA was chosen for milling of large
patterns. Fig. 3.4 shows a pattern with a depth of 3 pm milled by FIB on one
of the implanted samples. The duration of FIB milling to produce this pattern
was 30 min. It can be seen that a pattern with an anisotropic shape can be
obtained. The etchant can go through the etched pattern and reach the
sacrificial layer to form an undercut structure. Then, samples were immersed
into an acid (65% HNOs3: 49% HF =2:1) at room temperature. The etching
rate of the damaged layer is approximately 100 nm/min. After wet etching,

suspended structures with an air gap were formed.

Figure 3.4: A pattern milled on an implanted LiNbO; substrate by FIB.

Different ion energy combinations can be used to adjust the implantation
depth. Before the implantation process, ion energies are chosen based on
SRIM calculation. Fig. 3.5 shows cross sectional SEM images of damaged
layers formed by different implantation parameters and SRIM simulation
results of the ion damage profile. As can be seen in Fig. 3.5 (a), by using ion
energies of 400 KeV, 500 KeV and 650 KeV, an air gap of thickness 800 nm

and a slab with thickness of 750 nm was obtained. The adjacent energies need
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to be chosen to have a proper overlap of the damaged layer. By increasing the
energy combination to 1 MeV, 1.1 MeV and 1.23 MeV, a large air gap with
thickness over 1 pm and a deeper suspended slab with thickness of 1.7 pm
was obtained, as can be seen in Fig 3.5 (b). In another case by carefully
designing the energies to have a separation between these two damage profiles,
an ultrathin membrane can be fabricated, as shown in Fig 3.5 (c). A suspended
membrane with a thickness less than 150 nm was fabricated successfully by
using ion energies of 1 MeV and 1.25 MeV. From Fig. 3.5 we can see all

simulation profiles are in good agreement with experimental results.
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Figure 3.5: SEM images of the cross section of implanted LiNbO3samples after wet
etching. Implantation energy is (a) 400 KeV, 500 KeV and 650 KeV, (b) 1 MeV, 1.1
MeV and 1.23 MeV, (c) 1 MeV and 1.25 MeV. The damage profile of each case is

simulated, which is shown in the right side.
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3.3 Fabrication of three-dimensional optical

microstructures

3.3.1 Suspended microwires

Suspended waveguides are promising candidates for LiNbO3; PICs due to the
strong confinement of light. To demonstrate this possibility, suspended
microwire structures with different dimensions were produced. Fig. 3.6 shows
a fabricated suspended microwire with a length of 35 pm on a LiNbO;
substrate implanted with a multiple energies of 1 MeV, 1.1 MeV, 1.23 MeV,
and an ion dose of 110" jons/cm?. This suspended wire was pattered by FIB
followed by wet etching. It can be seen that after wet etching both the surface

and sidewall of the bridge structure are very smooth.

Figure 3.6: Fabricated suspended waveguide with a length of 35 pm, a width of 1.2
m and an air gap of 1.1 pm. (a) View at an angle of 45° (b) View at an angle of 70°%
(c) Top view.
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Figure 3.6 (b) shows the side view of this microwire structure. It can be
clearly seen that the wire is suspended with a horizontally etched air gap of 1.1
pm which is good for optical isolation. As discussed in the previous section
3.2, the wire has the same thickness (1.7 |um) as that of the slab. The measured
width of the wire after FIB milling is 1.5 pm, however, in Fig 3.6 (c) the SEM
image shows that the width of the wire becomes smaller after wet etching
(approximately 1.2 pm). It means that the suspended wire is also etched
laterally by etching chemicals. This is mainly due to defects and distortion of
the crystal lattice in the suspended area created by the ion implantation. From
the SRIM simulations in the previous section 3.2 we can also notice that there
are defects between the surface and sacrificial layers, although the
concentration of the defects near the surface is much lower than in the
sacrificial layer. This weak contrast of etch selectivity can significantly affect
the fabrication of wires with narrow width. To demonstrate this, we fabricated
a microwire structure with a designed width of 1 pm by FIB milling on the
same sample. After the damaged layer was removed, the suspended bridge

showed a different dimension, as shown in Fig. 3.7.
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7um

Figure 3.7: Fabricated suspended waveguide with a length of 35 pm, a width of 550
nm. (a) View at an angle of 45°; (b) Top view.

It can be seen from Fig. 3.7 (a) that the thickness of the bridge is about
800 nm, which is much smaller than the expected of 1.7 pm. From Fig. 3.7 (b)

we can see that the width of the bridge is only 550 nm, which is only half of
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the designed width. It is concluded that the dimension of a narrow structure is
strongly altered after wet etching and is not easily reproducible. However,
because the etch rate near the surface is an order of magnitude lower than the
etch rate of the sacrificial layer, by careful control of the wet etching time a

structure with larger dimensions will not be strongly affected.

Figure 3.8: Two examples of the suspended structures with large width on samples
implanted by (a) 1 MeV, 1.1 MeV and 1.23 MeV; (b) 400 KeV, 500 KeV and 650
KeV.
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Figures 3.8 (a) and (b) show two examples of suspended structures with a
large width fabricated on two samples implanted by different energies. Both
SEM images show suspended waveguides with a width of 1.8 pm. In Fig. 3.8
(a) the thickness of the waveguide is 1.7 jum and the air gap is 1.1 m. In Fig.
3 8 (b) the thickness of the waveguide is 900 nm and the air gap is 600 nm.
We found that a lot of cracks appear in the suspended slab and the substrate
when shallow implantation is carried out at low ion energies (Fig. 3.8 (b)).
This problem may be due to the stress and re-emission of trapped gas [18].
The release of trapped gas will also cause surface blistering, especially in the
implantation with high ion dose. This blistering phenomenon can be avoided

by using low-temperature implantation [19].

3.3.2 Suspended microdisks

Microdisk resonators are an important optical component and have attracted a
growing interest due to their high Q resonance. By milling a ring shape using
FIB, a suspended microdisk resonator with flexible dimension can be easily
fabricated. Fig. 3.9 shows an example of a ring shape fabricated by 20 min
FIB milling. The ring width measured from the SEM image is 4.5 m and the
diameter of the microdisk is 13.3 pm. To fabricate it, a sample was placed in
an acid mixture acid (65% HNOj3 : 49% HF =2:1) for 30 minutes which
resulted in a lateral etch depth (in the air gap region) of 3 pm. Since the
whispering-gallery mode of the optical wave is mainly localized near the outer

sidewall [21], this lateral etch depth is enough for optical isolation.
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Figure 3.9: Fabricated suspended microdisk with a diameter of 13.3 pm and an air
gap of 1.1 pm between micodisk and LiNbO; substrate.

3.3.3 Mechanical problems related to suspended microstructures

One problem encountered with the fabricated structures is the mechanical stress
introduced in the fabrication process. After removing the sacrificial layer,
there is a tensile residual stress in the suspended structure. In addition, when
the sample is handled in the chemicals it suffers from the pressure of the liquid.
Because no cracks are observed in the suspended waveguide, it is believed that
these stresses are primarily responsible for the mechanical damage and
breaking of the waveguide, as shown in Fig. 3.10. In addition, there is also a
buckling phenomenon, which occurred on the cantilever due to the residual
stress after removing the sacrificial layer. Fig. 3.11 shows an example of the
deflection of a cantilever with 750 nm thickness in the vertical direction. The
length of the cantilever is 6 um and the displacement of the end part is about

670 nm. This phenomenon is only observed in the shallow implanted sample.
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One can fabricate cantilevers without any deflection by choosing large ion

implantation energies.

Figure 3.10: SEM image of a cracked suspended wire.

——— 3 um

Figure 3.11: A buckling phenomenon occurred in a suspended wire.
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3.3.4 The significance of PhC profile in a suspended membrane

A common problem in FIB milling is that etched holes do not have vertical
sidewalls; FIB typically forms a conical shape instead of a cylindrical one. Fig.
3.12 (a) shows typical cross sections of FIB patterns. Different milling
energies and times were used to achieve different depths of holes. However,
all patterns show obvious conical shapes. This is mainly due to re-deposition
of materials during etching. This conical shape of the holes, if actually used in
an optical device, will lead to out-of-plane extrinsic losses in PhC waveguides.
It will also strongly affect the performance of PhC based devices generally
[20]. Our fabrication process allows the realization of cylindrical holes with
vertical sidewalls, as shown in Fig. 3.12 (b). Due to the presence of an air gap,
the milled cone is truncated and forms a PhC pattern with vertical air holes. It
can be seen from Fig. 3.12 that the measured slope angle of sidewall is

approximately 89°.
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Figure 3.12: (a) Typical cross section of air holes milled by FIB; (b) cross section of
truncated air holes in a suspended slab. The measured slope angle of the holes in the
slab is 89°. The part of the hole with a conical shape is truncated by the air gap, of
which the measured slope angle is less than 40°.
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3.4 Conclusion

In this chapter we investigated the implantation properties of suspended
structures in LiNbOs substrate by using He® ions with multi-energies.
Different ion energies were determined to achieve different types of suspended
structures like suspended slabs and ultrathin membranes. Experimental results
agree well with SRIM simulations. Our structures show many advantages like
high index contrast, adjustable slab thickness and milled holes with vertical
sidewalls. The fabrication procedures that we have proposed here can be used
to realize many different kinds of suspended optical components like

microwires and microdisks.
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Chapter 4 Fano resonances of free-standing

LiNbO; PhC slabs

4.1 Introduction

Based on the ability to fabricate suspended structures in LiNbO3; which was
presented in Chapter 3, PhC slabs can be realized in bulk LiNbO3 substrates.
Such PhC slabs should have a vertical sidewall profile and show some
interesting features. This Chapter presents detailed investigations of
free-standing monolithic LiNbO3; PhC slabs. Firstly a brief introduction of
PhCs and guided resonances is given. Then a numerical analysis of Fano
resonances in such slabs is demonstrated and the effects of slab thickness, of
lattice types, of radius of air holes and of polarizations on optical properties
are studied in order to give guidance in the design of PhC slabs in LiNbO3.
Furthermore, the fabrication results and the optical measurements of such

slabs with different dimensions are presented.
4.1.1 Photonic crystals

PhCs are a type of artificial structure in which the dielectric permittivity (e,.)
and refractive index (n) change periodically in one or more dimensions.
PhCs were originally proposed by Yablonovitch [1] and have received
considerable attention because of their well-known band gap, enabling us to
control the propagation of light. Similar to the energy band gap in
semiconductors, a PBG refers to the fact that in the dispersion relationship

there is a region in which the propagation of optical waves of certain
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frequencies is forbidden. The reason why the band gap exists can be explained
as follows: When optical waves pass through a PhC, the transmitted waves can
interfere coherently with reflected waves. Consequently, waves with certain
frequencies are completely reflected and not allowed to propagate through the
PhC in every direction.

Depending on the directions of index modulation, there are three kinds of
PhCs: one-, two- and three-dimensional PhCs. A most common example of a
one dimensional PhC is a distributed Bragg reflector (DBR), which is already
used as a high reflectivity mirror in vertical-cavity surface-emitting lasers
(VCSELs). DBRs contain alternating layers of two different dielectric
materials. However, DBRs require lots of layers of dielectric films to achieve
a high reflectivity, which is not desirable for compact integrated devices.
Three dimensional PhCs can have a complete band gap, which confine light in
all directions. However, the fabrication of such complicated structures is still
quite challenging [2].

Compared with 3D PhCs, 2D PhC slabs have been widely studied and
developed because of their relatively simple fabrication processes and device
integration techniques [3-5]. A 2D PhC slab consists of a 2D PhC fabricated in
a high index guiding layer with a thickness on the order of the wavelength. A
2D PhC slab is a three dimensional structure, and the periodic refractive index
modulation exists only in two directions along the slab, as shown in Fig. 4.1.
2D PhC slabs can provide optical confinement in both lateral and vertical
directions. The light propagating in a slab is confined by Total Internal
Reflection (TIR) in the vertical direction because of the index contrast
between the slab and environment. In the in-plane direction the light is

confined by the PhC lattice. This hybrid confinement allows 2D PhC slabs to
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retain many of the important properties of 3-D PhCs. The restriction of a slab
to a finite thickness gives rise to a significant difference in the band diagram
compared with fully 2D PhCs of infinite height, as shown in Fig. 4.2. The
most important feature of the band diagram of PhC slabs is the “light cone”.
The region in the light cone corresponds to radiation modes, of which light
inside the slab can be coupled to external surroundings, leading to a radiation
loss. Below the light cone they are discrete bands which correspond to guided
modes. The light of guided modes is confined in the plane of the slab with
nominally infinite lifetime and decays exponentially into the external
surroundings [6]. It is noticed that there is not a complete band gap for a PhC
slab. The band gap below the light cone indicates that light with a frequency
inside the band gap cannot propagate in the plane of the slab but still can

radiate into the external surroundings.

Figure 4.1: 2D PhC slab patterned by square lattice of holes in a dielectric slab with
radius of air holes (r), lattice constant (a) and slab thickness (t) indicated.
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Figure 4.2: Band diagram of a typical 2D PhC slab.

4.1.2 Guided resonances — Fano resonances in PhC slabs

In a uniform slab without any pattern, the guided modes are completely
confined inside the slab and cannot couple to the radiation modes. In a PhC
slab, due to the Bragg scattering provided by the periodic index contrast, the
guided modes in the band diagram are folded into the first Brillouin zone [7].
This folding in the band diagram brings modes above the light line, allowing
them to couple to the radiation modes with a finite lifetime. These modes are
called “guided resonances” [8]. They are a type of Fano resonance in PhC
slabs.

The Fano resonance describes an interference phenomenon between a
discrete energy state and a continuum of states. This kind of resonance has
been discussed in a variety of physical systems like neutron scattering [9],
microwave cavities [10], and plasmonic nanocavities [11]. One of main
features of a Fano resonance is the asymmetric line shape in its spectrum. Fig.
4.3 (a) shows the schematic of a PhC slab under free-space illumination.

Fano resonant peaks occur in the transmission and reflectance spectrum.
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Figure 4.3: (a) Schematic of a PhC slab with square lattice of air holes under free-space
illumination. Fano resonant peaks occur in the transmission and reflectance spectrum;
(b) A simulated transmission spectrum of PhC slab under free-space illumination,
which exhibits a sharp asymmetric shape due to the Fano resonance [7].

When a uniform dielectric slab without PhC structure is characterized,
the transmission and reflection spectra are similar to Fabry-Perot oscillation.
In PhC slabs, the guided modes that are folded back into the light cone act as
the discrete state and the radiation modes represent the continuum state. The
guided resonances in 2D PhC slabs have been theoretically investigated in

[12]-[15]. When light is incident on a PhC slab with a normal-incident angle,
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there are two pathways in the transmission process. One portion of the
incident beam passes straight through the slab. The remaining portion of the
incident beam excites the guided resonance. So the transmission spectrum is
determined by the two pathways and contains typical narrow Fano line shapes
superimposed on a Fabry-Perot background, as shown in Fig. 4.3 (b). The
frequency and lifetime of guided resonances are determined by the dimensions
of the PhC slabs.

This property of guided resonances provides a flexible method to design
devices with different functions. In addition, the symmetry property of guided
resonant modes also influences the coupling of these modes to external
radiation modes. There are two classes of translational symmetry of the guided
modes in the PhC slabs: singly degenerate modes and doubly degenerate
modes. As reported in ref. [8], only doubly degenerate mode can couple with

radiation modes.

4.1.3 Literature review of guided resonances

Guided resonances were firstly investigated in grating-incorporated dielectric
thin-film structures [16-18]. Recently guided resonances based on 2D PhC
slabs have attracted growing interest. Guided resonances in a variety of
material systems were investigated, including Si, SiN and GaAs.

In 2004 Lousse et al. fabricated a suspended PhC structure in a silicon
slab (thickness = 340 nm) and the angular dependence of the transmission
property was investigated [19]. A high reflection was obtained over a wide
angular range. In order to achieve polarization control, they proposed using
rectangular holes instead of circular holes which were commonly used in most

previous studies to reduce the rotational symmetry, as shown in Fig. 4.4. By
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using rectangle holes, the simulation results suggested that there were
differences in the transmission spectra among different polarizations of
incident light. However, the idea proposed by the authors was difficult to
realize in a fabrication process because such rectangular holes with
dimensions at the nanometer scale usually became circularly shaped after

etching.

Figure 4.4: PhC slab structure with rectangular air holes in order to achieve
polarization control on transmission spectrum [19].

Besides silicon, guided resonances were also realized in other materials
and showed important applications. In 2012, Bui et al. fabricated PhCs in a
commercial ultrathin SINX membrane with a thickness of 50 nm [20]. The
commerical SINX membrane was an important component used in
optomechanics systems due to its high mechanical Q factor. However there
was a challenge that such membrane showed a low reflectivity which limited
its applications. By employing PhCs in the membrane, they demonstrated a
good enhancement of reflectivity of such membrane due to guided resonances.
Their SiNx PhC slab showed a great potential to be applied in optomechanics
systems.

Symmetrical PhC slabs like free-standing membranes can provide a large

index contrast on both sides of a slab; however, such suspended structures are
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very fragile and easy to break. To solve this problem, asymmetrical PhC slabs
have been proposed and investigated. Such an asymmetrical PhC slab is
normally in contact with a substrate, which provides structural support for a
thin film. To demonstrate the possibility of guided resonances in asymmetrical
PhC slabs, in 2005 Rosenberg et al. fabricated a Fano resonance filter by
milling holes in a GaN film on a sapphire substrate [21]. Two resonant modes
were observed in the visible spectrum and the measured Q factor (200) in the
asymmetrical PhC slab was comparable to similar resonances in symmetrical
counterparts. This study provided clear evidence that guided resonances can
still persist in an asymmetrical slab in spite of high radiative loss.

Interesting features in the asymmetrical lineshape in their spectra make
PhC slabs useful for many applications. A distinct feature of the guided
resonance in a PhC slab is strong reflectivity over a wide range of frequencies,
especially for resonances with short lifetimes. This feature allows PhC slabs to
act as optical mirrors which are very important in many optical MEMS
devices. A PhC slab mirror can consist of only a single dielectric layer, which
is more compact vertically than traditional mirrors made by dielectric stacks.
For example, Kim et al. fabricated a PhC slab mirror by patterning air holes on
a free-standing polysilicon membrane [22]. In order to reduce the compressive
stress of the polysilicon membrane and obtain a flat mirror a tensile stressed
silicon nitride layer was deposited on top of the polysilicon membrane to
mitigate the compressive stress. A reflectivity more than 90% from 1565 nm to
1600 nm was achieved.

Following this work, a PhC mirror of 400 nm thickness was used in a
MEMS application as a single-axis high reflectivity scanner actuated by

in-chip plane electrostatic combdrives [23]. A total scan angle up to 120° was
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achieved at a resonance frequency of 2.03 KHz. Such a PhC slab scanner
showed low angular and polarization dependence, which are both important
characteristics for use in scanners. However, a major drawback of this
approach is that the working wavelength range of such a PhC scanner is fixed
(reflectivity of > 95% in the wavelength range from 1380 to 1450 nm).
Consequently, such a scanner cannot be tuned to a desired wavelength
depending on different applications. The only way to change the reflectance
spectrum is to vary the design parameters of the PhC slab, like the lattice
constant, the hole radius and the slab thickness. The lack of tunability of such
a PhC scanner can be solved by using LiNbO3

Due to the unique properties of guided resonances in PhC slabs, some
researchers explored a variety of innovative methods of employing such PhC
slabs into flexible applications. For example, by using two PhC slabs as
mirrors to form an optical cavity, a strong variation of transmission spectra
was achieved with only a nano-scale displacement variation between slabs
[24]. Such optical cavity can be used as an extremely compact displacement
sensor with high sensitivity, which may play an important role in MEMS
devices.

Besides mirrors, filters also can be constructed using PhC slabs. Zhou et
al. demonstrated a type of Fano filter based on a single crystalline Si
nano-membrane of 260 nm thickness transferred onto a polyethylene
terephthalate (PET) substrate, as showed in Fig. 4.5 [25]. A dominant dip was
observed at a wavelength of 1547 nm in the transmission spectra. In addition,
this kind of filter showed unique bending properties because of the use of
flexible PET substrates. There was a blue shift of wavelength in the

transmission spectra at different bending conditions. However, such a
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nano-mambrane transfer requires complicated processes and several hours to

release the top Si membrane.
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Figure 4.5: Fabrication process for PhC slabs transferred on PET substrate. (a) Single

layer PhC pattern; (b) Release; (c) Transfer; (i) SEM image of top and (ii) side view
of patterned Si PhC slabs on SOI substrate; (iii) SEM image of patterned Si PhC slab
after removing the oxidation layer; (iv) a micrograph of a 3 <3 mm patterned Si PhC
slab transferred onto 1 inch <1 inch flexible PET substrate [25].

4.1.4 Motivation of investigating guided resonances of free-standing

LiNbO; PhC slabs

Based on the above review, it is clear that the 2D PhC slab is a preferred
choice to fabricate PICs due to its compact size and flexible functions.
However, so far devices based on 2D PhC slabs have been mainly fabricated
in Si and SisNs membranes, which show low or nonexistent EO coefficients
and/or slow response speeds (Si shows no Pockels effect, so index can be
modulated only through other mechanisms such as thermal or carrier-induced
index changes). Consequently it is worthwhile to employ 2D PhC slabs in
LiNbOj3 substrates and examine its properties for further practical applications.
The advantages of employing PhC slabs into LiNbO3 are the following:

1) Due to its ultrafast EO response, it would be an attractive prospect to
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2)

3)

fabricate LINbO3; EO tunable PhC devices of small size, which can
provide more flexible applications. For example, tunable spatial light
modulators and filters based on LiNbO; would provide a promising
solution for free space communications, and the material would offer
much faster operation than traditional spatial light modulators. Such
tunable filters also can be used in wavelength division multiplexing
(WDM) systems.

This incorporation of nonlinear materials into PhC slabs is important for
enhancing nonlinear light-matter interaction in general, as this can be
useful for future quantum information processing tasks and also in
optical logic elements.

The birefringence property of LiNbOj3 can also provide a new platform
for polarization selective applications. Since the Fano resonance is a
characteristic feature of quantum interference [26], this incorporation
can potentially open new opportunities for exploiting physical

phenomena in quantum optics as well.

In remaining sections of this chapter we conduct a theoretical and

experimental study of the guided resonance of free-standing LiNbO; PhC
slabs. We first perform a detailed numerical analysis on the transmission
characteristics by using the 3D FDTD (Finite-Difference Time-Domain)
method. The effect of slab thickness, of radius of holes, and of lattice type on

transmission properties is discussed. Next, the polarization effect of PhC slabs

is analyzed. Then a monolithic approach to fabricate free-standing LiNbO;

PhC slabs is presented. Finally free-space illumination measurements of the
reflectance spectrum at normal incidence over a broadband wavelength are

performed to analyse the optical properties of various fabricated PhC slabs.
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4.2 Numerical modeling of LINbO; PhC slabs

In the modeling, we consider a square lattice of air holes in a LiNbOj3 slab. As
LiNbO3; is a bifringent crystal with an ordinary (y-polarization) and
extraordinary (z-polarization) refractive index, we first consider a simple case
in which only the ordinary index (n,) plays a role (n,=2.227 at 1200 nm
wavelength) for a specific polarization in the investigations of slab thickness,
lattice type and radius dependence. Then both ordinary and extraordinary

indices are considered in the investigation of polarization dependence.

In our modeling, the Finite-Difference Time-Domain (FDTD) method
was used to analyse the transmission spectra of LiNbO3z PhC slabs. The FDTD
method is widely used as a propagation solution technique in many photonic
devices. It directly solves Maxwell’s equations by discretizing the equations
via difference in time and space [27]. Consequently there are no
approximations (other than discretization) and theoretical restrictions. In our
case a software package Rsoft FUllWAVE v6.1 was used to perform the 3D
FDTD simulations. The material properties of LiNbO3; were directly specified

in FUllWAVE material library.

Figure 4.6 shows an example of the side view of our simulation model. A
simulation domain with two monitors is shown with purple lines. In order to
save computational time and memory, we only choose a single unit cell in
which to perform the simulation. The boundary conditions were set to be
“Periodic” along the z and y axes and they can be mathematical expressed in
Equation (4 — 1). This configuration indicates the structure will be infinite

along the z and y axes.
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E(x;) = E (x; + A)etkixi (4-1)

Meanwhile, Perfectly Matched Layer (PML) boundary conditions were
used at the x axis boundaries to absorb the transmitted light. One monitor
(Monitor 1) was placed behind the slab to collect the transmitted power and
another monitor (Monitor 2) was place behind the source to collect the
reflected power. Because we used periodic boundary conditions in the z and y
directions, a rectangle launch field profile was used to launch a Gaussian pulse
with plane wave profile in spatial domain, and the size of source was wider

than the simulation domain width.

X

Simulation ) Z
Domain o Monitor 1

Air

Air

Source Monitor 2

Figure 4.6: Side view of a 3D FDTD simulation layout. The entire simulation domain
with two monitors is shown with purple lines. The top right of the layout shows the
coordinate system.

Then a fast Fourier transform (FFT) of the time monitor output was
performed to obtain the frequency response of the system. This allowed us to

obtain the frequency spectrum with a single simulation run. In order to
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improve the accuracy of the simulation results, a convergence study was
performed and a 0.01 pm grid size was chosen, which was smaller than A/10 =
0.12 pm at wavelength of 1200 nm (A/10 is considerable to be a reasonably
small grid spacing value to carry out an accurate simulation in the FDTD

method). The parameters of the 3D FDTD setup are summarized in Table 4.1.

Table 4.1: 3D FDTD simulation parameter setup for 2D PhC LiNbO; slab.

Grid size 0.01 pm
Global Time step Grid size / 2
Stop time 2716 X time step
Source temporal type Glaussian
Size of source 2 Xlattice constant
in X and Y direction
Source location Center at (0,0.0.3)
Monitor 1 .
(transmission) size lattice constant
Monitor 1 Center at (0,0,0.6 +
Monitors (transmission) location Slab Thickness)
Monitor 2
(reflection) size lattice constant
Monitor 2
(reflection) location Center at (0,0,0)
Boundary Z direction PML
Conditions
X and Y direction Periodic

4.2.1 The effect of slab thickness on transmission properties

As discussed in Chapter 3, the energies of implanted ions can be adjusted to
achieve a suspended slab with desirable thickness. Consequently it is
worthwhile to study how Fano resonant modes change with slab thickness. Fig.

4.7 shows the simulated transmission spectra at normal incidence for LiNbO3
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PhC slabs with thicknesses 300 nm, 700 nm and 1.5 um. The lattice constant
(a) and radius (r) of holes are kept at a = 900 nm and a ratio of r/a = 0.28. In
Fig. 4.7, when the slab thickness increases, the Fabry-Perot oscillation
background becomes more obvious in the infrared region, indicating increased

Fabry-Perot interference inside the slab.

96



1.0
0.8 m
0.6 -

0.4

0.2+

Q
| —
Normalized transmission

0.0

1.0 11 1.2 13 14 15 1.6

Wavelength (pm)

1.04

T
il

0.2 ”

0.0 T T T T T T T
1.0 11 1.2 13 14 1.5 1.6

(b)

Normalized transmission

Wavelength (pm)
1.0 W
0.84 [\

0.6

0.4

p—
) —
Normalized transmission

0'0 T T T T T T T
1.0 11 1.2 13 14 1.5 1.6

Wavelength (pm)

Figure 4.7: Simulated normal-incident transmission spectra of PhC slabs with various
slab thicknesses (a) 300 nm; (b) 700 nm; (c) 1500 nm. The lattice constant (a) and
radius (r) of holes keep the same value: a = 900 nm and a ratio of r/a = 0.28.

Fig. 4.7 (@) shows the transmission spectrum of a slab of 300 nm
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thickness with two sharp Fano resonant peaks in the wavelength range of 1200
nm to 1400 nm. When the slab thickness increases, a stronger Fano resonance
occurs, leading to a larger number of modes, as shown in Figs. 4.7 (b) and (c).
As the slab thickness decreases, the resonance moves to a slightly shorter
wavelength. It has been reported in [28] that decreasing a slab thickness leads
to an increase of the delayed length of the resonance, lowering the effective
index. Note that it is worthwhile to analyze the slab thickness dependence
because the fabrication method presented in this work allows tunability of slab
thickness by changing ion implantation energy. This method provides an
effective way to design the functionality of the PhC slabs for different
applications such as filters and sensors. For example, a tunable filter working
in the mid-infrared region can be created by choosing a large slab thickness

which leads to guided resonance modes with lower frequencies.
4.2.2 The effect of lattice types on transmission properties

Different types of lattices (square lattice or triangular lattice) will also affect
the transmission properties of PhC slabs. In this section we study how the
transmission spectra of PhC slabs change with lattice type. Fig. 4.8 plots the
transmission spectra for triangular and square lattices. We choose two groups
of structural parameters for square and triangular lattices: one has slab
thickness t = 800 nm, r = 80 nm and periodicity a = 800 nm (Fig. 4.8 (a)), and
the other has slab thickness t=800 nm, r = 250 nm and periodicity a = 800 nm
(Fig. 4.8 (b)). It is similar to the calculation domain of the square lattice except
for the unit cell geometry. The main difference between a triangular lattice and
square lattice is the air hole filling factor. The air hole filling factor of the

triangular lattice is higher than that of the square lattice.
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Figure 4.8: Comparison of simulated transmission spectra of PhC slabs for different
lattice types. The transmission spectra of PhC slabs with a square lattice are shown
with solid lines, while transmission spectra of PhC slabs with a triangular lattice are
shown with dashed lines. (a) The structure consists of a slab thickness t = 800 nm,
lattice constant a = 800 nm and the ratio of r/a = 0.1; (b) The structure consists of a
slab thickness t = 800 nm, lattice constant a =800nm and the ratio of r/a = 0.31.

It can be seen that with both groups of structural parameters, fewer
resonance modes can be excited at near infrared wavelengths in the triangular
lattice compared with the square lattice. In square lattices, as the operating
wavelength increases, more spurious high order modes are generated. In
addition the line shape of the triangular lattice shows sharp peaks, resulting in
a higher Q factor than the square lattice. For example, we estimated the Q
factor from the full-width at half-maximum in Fig. 4.8 (b). The calculated Q
factor at resonance peak in the wavelength of 1166 nm is approximately 51 for
the square lattice and 134 for the triangular lattice. By using the triangular
lattice, the Q factor has been improved by 62%. Moreover, from Fig. 4.8 (a) it
can be seen that there is a sharp resonance peak at a wavelength of 1014 nm
with a Q factor of ~218 for a triangular lattice but no peak for the square

lattice. These features of the triangular lattice make it more suitable for optical
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switches and modulators due to the lower number of resonance peaks within a

certain wavelength range.
4.2.3 The effect of radius of air holes on transmission properties

The dimensions of the PhCs like radius of air holes will influence the
transmission properties of PhC slabs significantly. In addition, the designed
radii of air holes may be altered after many fabrication steps. Consequently it
is worthwhile to study the effect of radius of air holes. To demonstrate this, we
plot the transmission spectra with ratio r/a varying from 0.1 to 0.31, as shown
in Fig. 4.9 (a)-(d). The other parameters are identical (a triangular lattice with
slab thickness t=800 nm). From Fig. 4.9 we can see that as the radius increases,
more Fano resonances are generated and a smooth Fabry-Perot oscillation
feature splits into more sharp peaks. Compared with Fig. 4.9 (a), four more
Fano resonance peaks are generated in the wavelength range 900 nm to 1200
nm in Fig. 4.9 (d). Note that the resonance modes have a blue shift as the
radius increases. For example, in Fig. 4.9 (a) it can be seen that there is a
resonance peak at the wavelength of ~1020 nm (highlighted with an arrow).
As the radius increases, the wavelength of this peak shifts to the region of
~850 nm. Furthermore, it is evident that a decrease in the radius leads to the
line shape becoming sharper, resulting in a higher Q factor. For the resonance
with the arrow in Fig. 4.9 (a)-(d), the Q factor varies from approximately 218
at r/a = 0.1, to 78 at r/a = 0.31.The reason why the Q factor decreases as the
radius of holes increases is that strong in-plane scattering happens in the slab
with a large hole radius, resulting in a short photon lifetime. Consequently one
can realize filters with a very high Q factor by simply decreasing the radius of

air holes. Note that to realize a filter, the slab thickness must be comparable to
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the wavelengths of interest in order to minimize the density of resonant modes
[21]. Without the coupling of nearby modes, a high Q factor can be obtained to
meet the requirement of a filter. On the other hand, a broadband reflector with
high reflectivity could be realized by enlarging the radius of air holes, as

reported in [22].
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Figure 4.9: Comparison of simulated transmission spectra of triangular lattice PhC
slabs with a radius of (a) r/a=0.1; (b) r/a=0.153; (c) r / a=10.26; (d) r / a =0.31.
The lattice constant (a) and slab thickness (t) are kept at: a =800 nm, t =800 nm.

4.2.4 The effect of polarization of incident light on transmission

properties

In Si and other common materials, due to rotational symmetry at normal
incidence, the transmission spectra would be independent of polarization.
However, an x-cut LiNbOj3 crystal, which has negative uniaxial anisotropy,
does not show rotational symmetry at normal incidence. In addition, when the

rotational symmetry of the structure is reduced in LiNbOs, many unique
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polarization dependent devices can be created. Consequently, it is worthwhile

to study the polarization dependence of LiNbO3; PhC slabs.

In LiNbOs, the birefringence creates an index difference between
y-polarized and z-polarized light of 0.0762 at a 1064 nm wavelength [29]. In
the coordinate system of the crystal slab, light polarized in the y direction
(y-polarized) will see the ordinary refractive index while light polarized in the
z direction (z-polarized) will see the extraordinary refractive index. In
calculation we use the ordinary index (n,=2.227) for y-polarized light

modeling and extraordinary index (ne=2.149) for z-polarized light modeling.
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Figure 4.10: (a) Comparison of simulated transmission spectra of polarized light
normally incident on a LiNbO3; PhC slab. The transmission spectra of y-polarized
light are shown with solid lines, while the transmission spectra of z-polarized light
are shown with dashed lines. The structure consists of a square lattice with a slab
thickness t of 800 nm, a lattice constant a of 800 nm, and a radius r of 150 nm. The
inset (b) shows the coordinate system of the slab. The inset (c) also shows the
comparison of simulated transmission spectra of polarized light on a different
structure, which consists of a triangular lattice with a slab thickness t of 800 nm, a
lattice constant a of 800 nm, and a radius r of 250 nm.
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Figure 4.10 (a) shows a comparison of the transmission spectra of
polarized light normally incident on a LiNbO3; PhC slab. The structure we
simulated consists of a square lattice with a slab thickness t of 800 nm, a
lattice constant a of 800 nm, and a radius r of 150 nm. The coordinate system
of the slab is shown in Fig. 4.10 (b). A significant shift (~25 nm) for different
polarizations can be observed in Fig. 4.10 (a). A resonant mode at around the
1250 nm wavelength range is observed for y-polarized light while nearly 100%
transmission is observed for z-polarized light. It is concluded that y-polarized
light will lead to more resonance modes than z-polarized light. This is also in
agreement with [30] that lowering the slab refractive index will reduce the
number of modes in a PhC slab generally. This is predicted by the empty
lattice approximation.

In order to confirm the phenomenon of polarization dependence in
LiNbO3; PhC slabs, we simulated another structure with different parameters (a
triangular lattice with slab thickness of 800 nm, lattice constant of 800 nm and
radius of 250 nm), as shown in Fig. 4.10 (c). The result also shows good
correspondence with the previous one. This unique property of LiNbO3; PhC

slabs has many potential applications such as polarization selective filters.

425 The effect of asymmetrical structures on transmission

properties

In previous sections we considered the case of symmetrical PhC slabs. The
slabs were assumed to be free-standing membranes surrounded by infinite air
regions. However, as we showed in Chapter 3, the structures fabricated by ion
implantation and wet etching are suspended above LiNbO;3 substrates.

In order to investigate the effect of the substrates, in this section we study
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a structure consisting of periodic air holes that are patterned on a LiNbO;
membrane and suspended a certain distance above a LiNbOj substrate, as
shown in Fig. 4.11, which is a more realistic model.

The comparison of the transmission spectra between a free standing
membrane and a slab over a substrate with only a 200 nm air gap is shown in
Fig. 4.12. The small air gap between the membrane and substrate weakens the
Fano line shape significantly, resulting in a smooth oscillation. It may be due
to the fact that the guided resonance confined within the slab leaks into the
LiNbOs substrate causing short life time for these modes. This effect could be
avoided in the fabrication process by using multi energy implantations to

increase the air gap thickness.

Simulation
Domain

Source / o Monitor 2

Figure 4.11: Side view of 3D FDTD simulation layout for the asymmetrical structure
in a LiNbO; PhC slab.
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Figure 4.12: Comparison of the transmission spectra between a free standing
membrane and a slab over a substrate with only a 200 nm air gap.

4.3 Fabrication of free-standing LiNbO3; PhC slabs

X-cut LiNbO3

Air/gap

Figure 4.13: Fabrication process of free-standing PhC Slabs. 1. The x-cut LiNbO;
wafer; 2. He implantation with multi-energy; 3. Focused ion beam milling to pattern
PhCs; 4. Wet etching by immersing the wafer into acid. The acid reaches the damaged
layer through the air holes to form the suspended PhC slabs.
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The fabrication steps are shown in Fig. 4.13. The LiNbO3; samples used
in our experiments were x-cut with two sides polished. Firstly, He™ ions with
different beam energies over an area of 1 cm X1 cm were implanted on the
surface of bulk LiNbO3; samples. Then the PhCs were patterned as square
arrays of air holes on the implanted samples with a FIB. The beam current
used in our experiment was 100 pA and the acceleration voltage was 30 KV.
Before milling, a 20 nm Au layer was evaporated on top of the LiNbO;
substrate in order to avoid charging effects. In order to complete wet etching
step, the air holes were milled thicker than the slab. In our case, approximately
1.5 pm etch was sufficient to remove the damaged layer. After that, wet
etching was performed by immersing samples into an acid (65% HNO3 : 49%
HF =2:1). Acid will go through the air holes patterned by FIB and reach the
damaged layer. A very high etching rate of the damaged layer (~100 nm/min)
can be obtained. Compared with the damaged layer, the top layer with lower
damage shows a very low etching rate which can be neglected. Consequently
after wet etching the suspended structures with air gap were formed. To
confirm whether the damaged layer has been removed completely, we added
trench on one of fabricated structures, as shown in Fig. 4.14. It can be seen
that the fabricated PhC slab is fully undercut and the sidewalls of etched holes
are smooth and vertical. Au particles remaining on the surface of LiNbO;

substrate are also obvious.
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2um

Figure 4.14: SEM image showing a cross section of free-standing PhC slabs. An air
gap formed by wet etching is clearly visible.

We successfully fabricated free-standing LiNbO3 PhC slabs with different
radii of air holes and slab thicknesses. Fig. 4.15 shows two examples of
fabricated PhC slabs. In Fig. 4.15 (a) and (b), the structure consists of a 750
nm thick slab patterned with a square lattice of air holes. The PhC consists of a
lattice constant a = 800 nm and r/a = 0.308. The air gap between the slab and
LiNbO3 substrate is approximately 500 nm. In Fig. 4.15 (c) and (d), the
structure consists of a 800 nm thick slab patterned with a square lattice of air
holes. The PhC consists of a lattice constant a = 1000 nm and r/a = 0.15. The air

gap between the slab and LiNbO3 substrate is approximately 250 nm.
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Figure 4.15: SEM images of the fabricated free-standing PhC slabs in LiNbO; 1.
Square lattice with lattice constant a = 800 nm and r/a = 0.308 (a) view with a tilt
angle of 45°; after wet etching the air holes become slightly elliptically shaped instead
of circularly shaped; (b) Side view; 2. Square lattice with lattice constant a =1000 nm
and radius of r/a = 0.15 (c) view with a tilt angle of 45°; (d) Side view.

It is worthwhile to point out that our procedure is different from the one
described in ref. [31], which is usually used in fabrication processes. In their
procedure a free-standing membrane was firstly fabricated, followed by
patterning of PhCs and selective etching. In such etching of slabs, the etching
proceeds laterally inwards from a vertical cutline along the damaged layer.
However, the material close to the exposed area is attacked longer by the
etchant than material further in. This causes a lateral wedge-shaped undercut

etch, which can be seen in Fig. 4.16 (a); the undercut is not uniform laterally.
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Additionally, a long etching time was required to form large area membrane.
By contrast, in our procedure PhCs are firstly patterned. The air holes also
serve as trenches which provide access for acid to etch the damaged layer.
Consequently, a uniform suspended slab can be obtained, as shown in Fig 4.16
(b). In addition, because only small areas between holes in the damaged layer
are required to be removed, large area PhC slabs can be fabricated within a

short etching time.

Figure 4.16: (a) Side view of the etching profile in a suspended membrane. The

thickness of membrane is not uniform; (b) Side view of PhC slabs fabricated in our
procedure. The uniform slab thickness is obvious.

4.4 Optical characterization

4.4.1 Measurement setup

Optical characterization of the suspended PhC slabs was performed using a
UV-Visible-NIR  microspectrophotometer (CRAIC Tech Ltd.). The
measurement setup and principle of reflection measurement in the
micro-spectrophotometer is shown in Fig. 4.17 (a) and (b). A lamp was used to
generate a broadband light of wavelength range from about 800 nm to 2000

nm.
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Figure 4.17: (a) microspectrophotometer; (b) Schematic for reflection measurement.

The reflected beam passed through a beam splitter and a mirrored
aperture then was detected by a CCD detector. In our experiment a small
aperture of 6 pm diameter was used to improve the measurement accuracy.
Firstly a reference sample without any pattern was measured to make sure the
spectrum is source independent. Then samples with PhC slabs were measured

and final results are reflectance spectra relative to the reference.

4.4.2 Measurement results of free-standing LiNbO; PhC slabs with

different dimensions

The measured reflectivity for normal incidence is plotted in Fig. 4.18 (the
solid line). The reflectivity spectrum shows a smooth slope instead of a sharp
peak because of the small air gap between the membrane and substrate. FDTD
simulation was performed to compare with the measured data (the dashed line
in Fig. 4.18). The structural parameters for simulation were estimated from the
SEM image (Figs. 4.15 (c) and (d)) after fabrication, which consist of a square

lattice of air holes with a lattice constant a =1000 nm and r/a = 0.15, a slab
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thickness t = 800 nm and an air gap g = 250 nm above the substrate.

In the experiment an x-cut sample and an un-polarized light source were
used. Consequently we calculated the reflection spectrum by using the
ordinary and extraordinary indices for the same structure respectively and
averaging the spectra. From Fig. 4.18 it can be seen that the calculated
spectrum agrees well with the measured one. Because the spectra shift for
different indices, it seems the guided resonance peaks are “smoothed” and
broadened in the average spectrum. In addition, two Fano resonance peaks can
be observed in the wavelength range 1400 nm to 1500 nm. It shows excellent
agreement with the two wide dips in measured spectra.

In order to investigate the radius dependence of our PhC slabs, the
reflection spectra of two PhC slabs which have the same initial design
parameters except for the radius of air holes are measured and plotted in Fig.

4.19.

1.0

—-=- Simulated data
Measured data|
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Figure 4.18: Reflection spectra of un-polarized light incident normally on a fabricated

PhC slab. Red solid line—measured reflection spectra. Blue dashed line—simulated
reflection spectra.
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Figure 4.19: (a) Comparison of measured normal-incidence reflection spectrum of the
fabricated PhC slabs with square array of holes with different radii: 260 nm and 330
nm.The lattice constant for both structures is the same: a =1000 nm; (b)SEM images
of the two PhC slabs viewed with a tilted angle of 60°.

SEM images in Fig. 4.19 (b) show that both structures consist of a square
lattice with a lattice constant a =1 jm, a slab thickness t =770 nm and an air
gap g =520 nm above the substrate. After fabrication processing the average
hole radii of the two structures are 260 nm and 330 nm, respectively. As
predicted by simulations previously, the measured reflection spectra of the
structure with a larger air hole radius shows more resonance peaks (three dips
at A=1130 nm, 1245 nm and 1660 nm, which are not obvious in spectra with
r/a = 0.26). In addition, it can be seen that a slight shift in the spectra happens
in Fig. 4.19 (a). This agrees with simulation results that the resonance modes
have a blue shift as the radius increases.

Fig. 4.19 (a) also indicates that the overall reflectivity of the structure
with r/a = 0.33 is higher than the one with r/a = 0.26. It should be noted that
for the PhC slab with a larger radius, the reflectivity of the peak at the center

of the spectrum is higher than 1 (the highest reflectivity is 2.1). It means that
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Figure 4.20: (a) Measured normal-incidence reflection spectrum of the fabricated PhC
slabs with square array of holes with a lattice constant of 1.2 pm and radius of 300

nm; (b) SEM images of the PhC slab viewed with a tilted angle of 45°.

the PhC slab has a higher reflectivity than a bulk LiNbO3; sample due to the
guided resonances. This feature of PhC slabs makes them useful for the

devices in which high reflectivity membranes and mirrors are needed.

In order to investigate the variation of the lattice constant of the PhC
slabs, we also fabricated a PhC slab which consists of a square lattice of air
holes with a lattice constant a =1.2 pm and radius r =300 nm (r/a = 0.258), as
shown in Fig. 4.20 (b). The measured reflection spectrum is shown in Fig 4.20
(a). It can be seen the reflectivity spectrum shows a smooth slope instead of a
sharp peak. This result indicates that the variation of the lattice constant has a

significant influence on the shape of the reflection spectrum.

4.5 Conclusion

In conclusion, the transmission characteristics of monolithic free-standing
LiNbO3; PhC slabs based on Fano resonances have been systematically
analyzed numerically and experimentally demonstrated for the first time. The
simulation results show that the optical properties of PhC slabs are very

sensitive to geometrical variations like slab thickness, radius of air holes and
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lattice type. We demonstrate that by decreasing the slab thickness or using a
triangular lattice, a lower number of modes will be generated, leading to better
performance for filter and modulator applications in LiNbOs. In addition, the
quality factor of these resonances can be improved by decreasing radius of
holes. Furthermore, polarization-dependent transmission properties were also
investigated and the results show that in x-cut LiNbOg3similar spectra can be
obtained for different polarizations but there is around a 25 nm blue shift for
z-polarized light. Our LiNbO3 PhC slab provides a greater flexibility for
controlling the polarization dependence of the reflectance. These
investigations will give guidance in the design of PhC slabs in LINbOs.

Then free-standing monolithic LiNbO3; PhC slabs with different
dimensional parameters are successfully fabricated by a simple method
combined with ion implantation and FIB milling. Our ability to form such
structures as reported here is important not only for traditional photonics
applications, but for potential quantum optical information processing
applications. Optical measurements of slabs over a broad spectral range of
900-1600 nm indicate that more guided modes can be excited with larger radii,
which verify the simulation results. The measured results also show high
reflectivity over a 200 nm band in the near infrared region. Moreover,
excellent agreement was obtained between measurement results of the
reflection spectra and simulation analysis results from 3D FDTD.

Our results shows that free-standing LiNbO3; PhC slabs based on Fano
resonances have potential applications for various photonic devices like
tunable optical filters, sensors, and quantum optics applications where a high

quality, single crystal LiINbO3; may be useful.
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Chapter 5 LINbO; PhC waveguide

5.1 Introduction

Integrated optical devices based on waveguides have received considerable
attention due to the rapid expansion of optical communication systems. PhCs,
which can provide PBGs, are one of the most promising tools to reduce the
size of optical components and realize condensed PICs. Light in PhC
waveguides can be very effectively guided, resulting in 100% transmission
through sharp bends [1]. In addition, by incorporating PhC waveguides into an
MZI configuration, modulators with interaction length on the order of
hundreds of micrometers can be accomplished [2, 3].

However, such PhC waveguides are mostly fabricated on SOI [4] and
GaAs [5]. These materials show low EO coefficients and/or slow responses.
Consequently, it is important to apply PhCs in active and nonlinear materials,
which offer the ability to tune the PhC properties flexibly. Moreover, the
incorporation of nonlinear materials into PBG structures is important for the
enhancement of nonlinear light-matter interaction. In order to accomplish
these aims, fabrication know-how must be mastered yet it remains relatively
uncharted for LiNbOs.

In this chapter we demonstrate PhCs in APE LiNbO3; waveguides
produced by FIB milling. The thickness and the composition profiles of the
APE waveguides were measured using the secondary ion mass spectroscopy
(SIMS) method. Then experimental characterization of the PhC waveguides

was performed.
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5.1.1 APE technique

LiNbO3; waveguides have been traditionally fabricated by the Ti indiffusion
method. This method is a preferred fabrication technique and is widely used to
produce commercial modulators. However, problems still exist: 1. The
indiffusion process requires high temperatures (normally > 1000°C) and long
diffusion durations (usually > 10 hours). In addition, during the high
temperature process, Ti indiffusion is usually accompanied by Li,O
outdiffusion. This outdiffusion gives rise to an increase of extraordinary
refractive index, leading to the formation of an additional planar waveguide
when a channel waveguide is chiefly desired. Moreover, Ti indiffused
waveguides have a low photorefractive damage threshold, which means
irradiation with even a low power beam can induce the index changes. This
phenomenon is a nonlinear optical effect and is caused by the titanium which
is considered as an ionizable impurity. As a result, Ti indiffused waveguides
can only work with incident light of only a few microwatts power at A =633
nm. These drawbacks lead researchers to investigate other fabrication
techniques.

An alternative method is the APE technique in which only a low
temperature less than 250°C is required. In the 1980s Jackel et al. investigated
metal exchange in LiNbO3 and concluded that hydrogen entering into a wafer
gave rise to the formation of waveguides [6]. After this breakthrough work the
first PE waveguide was fabricated by using benzoic acid [7]. The
measurement results showed that after the PE process the refractive index
profile of LiNbO3 near the surface was step-like and the extraordinary index

change was Ane.= 0.12 at A =632.8 nm. For a longer wavelength, the
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refractive index change became smaller. As reported in [8], the index change
was Ane=0.096 at A = 1150 nm.

The depth of the PE waveguide can be given by the standard diffusion
relationship:

d=2/D(T) xt (5-1)
where d is the waveguide depth, D(T) is the diffusion coefficient which is
dependent on the temperature (T), and t is the exchange time. By using the
normalized step index equations Clark et al. calculated the diffusion
coefficient and found that it obeyed Arrhenius’ Law [9]:

D(T) = Dye~Fa/(kT) (5-2)
where D, is the diffusion constant, E, is the activation energy in electron
volts, T is the exchange temperature in degrees Kelvin, and k is Boltzman’s
constant. Many measured data showed that the x-cut diffusion coefficient is
larger than the z-cut coefficient [7, 10]. This is due to the low activation
energy in the x-cut LiNbO3; which leads to a faster reaction. It indicates that
PE waveguides can be fabricated more easily on x-cut samples with lower
temperature and shorter exchange time compared with z-cut samples.

The PE technique is only applied on the x and z-cut LiNbO3; samples due
to a surface damage problem occurring in y-cut LiINbO3;. However, researchers
found that the refractive index of such PE waveguides was not stable and the
EO and nonlinear coefficients were reduced. After PE, the exchange region
became a cubic lattice structure which exhibited little EO property. To solve
these problems, two methods have been developed. One is to use benzoic acid
diluted with lithium benzoate which can slow the PE reaction [11]. Another
method is to use post thermal annealing at a suitable temperature after the

exchange process. As reported in [12], post annealing can reduce the index
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instabilities and restore the EO and nonlinear coefficients. In addition, post
annealing can reduce scattering and insertion loss. After annealing, the
step-like index profile of such APE waveguide becomes a graded index
profile.

The APE technique only increases the extraordinary index, while the
ordinary index is left virtually undisturbed or even decreased. Consequently
APE waveguides are polarizing waveguides: only TE modes are supported in
x-cut APE waveguides and TM modes are supported in z-cut APE waveguides.
Although a lot of work has been carried out on APE waveguides, it is clear
that fabrication imperfection strongly affects waveguide performance and this

created the need for further research to fabricate practical devices.
5.1.2 PhCs in APE waveguides

The fabrication of PhCs on LiNbO3; is a crucial task toward practical
PhC-based active photonic devices. However, PhC structures are very hard to
realize on LiNbOj3 substrate due to its well-known resistance towards standard
machining techniques. Many etching techniques are applied to patterned
LiNbO;3 such as wet etching by HF based etchants [13], ICP [14], and FIB
milling. FIB milling is one of the most attractive techniques for fabricating
micro and nano patterns with a high aspect ratio [15]. It can define patterns
directly on most dielectrics without using any mask. Recently PhC structures
on APE waveguide have been realized by the FIB method [16-18]. It has been
demonstrated theoretically as well as experimentally that PhC-based devices
realized in LiNbO3; show numerous interesting effects.

In 2005, Baida’s group fabricated 2D PhCs on a LiNbO3 substrate by FIB

milling [19]. An APE waveguide was realized through PE at 180°C for 1.5

122



hours and annealing at 333°C for 9 hours. They showed that a PBG with an
extinction ratio of 12 dB was observed in the transmission spectrum. Based on
this work, the first EO tunable PhC in LiNbOs has been realized, as shown in
ref. [16]. However, in these demonstrations, the depth of etched air holes was
much smaller than the broadly distributed optical modes in APE waveguides.
As a result, holes did not reach the center of the optical mode and the contrast
of allowed band and prohibited band was quite low. Besides the PhCs with
perfect lattice, PhCs with nanocavities also have been fabricated in recent
years. Bernal et al. realized a PhC with a line defect on an x-cut LiNbO;
substrate [20]. A guided mode was successfully observed by near field
characterization.

Recently, in order to overcome the problem of small overlap between the
shallow PhC and the buried optical mode, thin film LiNbO3; was used to
fabricate PhCs and better transmission properties were obtained. Based on the
CIS technique a single-crystalline LiNbO; film patterned by triangular air
holes was fabricated with a BCB barrier layer [21]. Experimentally measured
data showed a broad transmission dip between 1300 nm and 1550 nm with an
extinction ratio of 15 dB. Very recently, the EO tunability of a 1D PhC with a
defect in the middle fabricated on a LiNbOs3 thin film was investigated [22].
The transmission band could be shifted by 1.2 nm by applying 30 V but the
extinction ratio was less than 2 dB and no distinct PBG was observed. In
addition, the CIS technique requires expensive high energy ion implantation
engineering, which increases the fabrication cost.

Besides the CIS technique, some other methods have been demonstrated.
For example, in a recent work a 380 nm thin film LiNbO3 was deposited on an

MgO substrate by pulsed laser deposition [23]. Due to the almost vertical
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sidewall of the etched holes, a photonic stop-band edge sharpness was
improved and a wavelength shift of only 3 nm was necessary to go from stop
band to transmitted band. However there were many drawbacks like poor
extinction ratio and a rough surface. Moreover, the deposited LiNbO3 layer
was polycrystalline and the EO and nonlinear properties were worse than in
the bulk material.

In this Chapter we demonstrate PhCs in APE waveguides produced by
FIB milling. The refractive index and the thickness of the waveguide layers
can be well controlled in the PE process. The composition of the PE layers is
investigated by SIMS. To characterize the performance of the PhCs, the
optical transmission spectra of the PhC waveguides are measured and a PBG

with clear gap edge is observed.

5.2 Fabrication procedures

In this work, we chose benzoic acid for our PE process because it was less toxic
and the required temperature for exchange was low. The LiNbOssamples used
in our experiments were x-cut with two sides polished. It is well known that 754
is the highest EO coefficient in LINbOs. TE polarized light propagating along
the y axis is always parallel to the z axis so r35 can be utilized. Fig. 5.1 shows a
schematic for fabricating the APE waveguides and the PhCs. Firstly, a Cr film
with thickness of 100 nm was deposited on the samples by electron beam
evaporation. Then a positive photoresist (AZ5214E) was spin-coated onto the
surface and the channel waveguide pattern was transferred to the photoresist by
standard photolithography. After that, an Ar ion milling was performed to etch
the Cr film and form a metal mask for the PE process. The samples were

mounted on a stage held at 180< which rotated over the duration of the etching.
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This led to a uniform etch and smooth sidewalls. Subsequently, photoresist was
removed by immersing samples in acetone using an ultrasonic bath for 3
minutes. Then the PE process was performed in molten benzoic acid at 235<C
for 5 hours. The process was followed by an annealing of the optical
waveguides at 300<C for 2 hours in order to reduce propagation loss. After the
channel APE waveguide was formed, the Cr layer was been removed by a
commercial Cr etchant. Finally, the samples were cleaved perpendicular to the

waveguides, and FIB was used to polish facets at both ends of the waveguide.
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(a) LiNbO:3
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Figure 5.1: Hlustration of the process steps to create PhC in an APE waveguide. (a) Cr
deposition; (b) Photolithography; (c) lon milling; (d) PE process; () PhC milled by

FIB was used to mill PhCs consisting of a 13X 11 square array of air holes
on the surface of the channel waveguides. The beam current used in our
experiment was 100 pA and the acceleration voltage was 30 KV. The large
current used in this experiment could help to reduce the milling time, which

caused the reduction of re-deposition of material onto the sidewalls that would
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lead to conical holes. After some calibrations we found that a large current
could lead to a larger etching depth, which reached the central location of
guided more easily in the APE waveguides. Consequently we decided to etch
air holes with large depth because performance strongly depends on the
vertical confinement of the propagating guided mode. The total milling time
was 26 minutes and the measured etching depth was 2 pm (measurement was
performed on a reference sample with the same FIB parameters; a cross section
was cut after milling for this). Before etching, a gold layer was coated on the
samples for charge dispersal. The designed PhC consists of a lattice constant a

=650 nm and r/a = 0.308 (r is the radius of the air hole).

Waveguide (6 um)

Figure 5.2: SEM image of a fabricated squared lattice PhC on a 6 um APE waveguide.
Light propagates along the y direction of the LiNbOj; crystal.

Figure 5.2 shows the SEM image of a PhC structure milled on an APE
waveguide. It can be seen that this type of LiNbOs PhC illustrated in Fig. 5.2
was fabricated without serious defects. It can be observed that the width of the
patterned PhC is slightly larger than the APE waveguide with a width of 6 pm.

The reason why we fabricated APE waveguides with large width is that: as
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reported, the large width of an APE waveguide could expand the optical mode
in the horizontal direction, leading to a confinement of the mode in the vertical

direction [17].
5.3 Composition characterization by SIMS

SIMS has already been successfully used to measure H* and Li* profile
simultaneously in a PE LiNbO3z sample [24]. SIMS performs a direct
observation of the ion concentration profile as a function of depth and
determines the dimensions of a proton exchanged waveguide. In the SIMS
analysis, a LiINbOs; wafer is bombarded with heavy ions and a mass
spectrometer is used to measure the sputtered ion clusters. In SIMS hydrogen
IS not sensitive to detection but lithium, niobium and oxygen can be observed
directly.

In our experiment, before SIMS measurement a gold layer was coated to
prevent charging. Also, in order to prevent charging problems, an electron
beam was used to achieve charge compensation. The depth profiles of Li and
Nb elements were obtained as shown in Fig. 5.3. It can be seen that an estimated
waveguide depth of 3 um was obtained. From Equation (5-1), the diffusion
coefficient which can be estimated in our experiment is 0.45 pm%hour for
x-cut LiNbO3 which is very close to the value in the reference [25]. From the
SIMS curve we can see the Li depletion profile is nearly step-like. There is a
small surface peak which is caused by the SIMS equilibration process in the
first few nanometers. The Li concentration is quite low near the sample surface
and demonstrates a rapid change after the depth of 2.75 um. Note that the
profile is obtained before annealing treatment. Normally after post annealing,

the depth of the PE layer will be extended.
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Figure 5.3: SIMS profile of the concentration of Li and Nb vs depth, obtained after
PE at 235°C for 5 hours without annealing.

5. 4 Optical characterization

5.4.1 APE waveguide measurement results

In order to measure the spectral transmission of the APE waveguide we used the
experimental setup described in Fig. 5.4. A white light source (NKT Photonics
Ltd.) was coupled to the APE waveguide through a linear polarizer and a 20 X
objective lens. The output beam of white light source contained a broad
spectrum ranging from 500 nm to 2000 nm with the peak output power

occurring at 1064 nm. A digital microscope was placed on top of the sample to
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Figure 5.4: Schematic of the transmission spectra measurement.

obtain a top view of the waveguides. It is well known that an x-cut proton
exchanged waveguide can only support a TE mode while a z-cut waveguide can
only support a TM mode. The polarizer was used to make sure the incident light
was TE polarized.

Figure 5.5 (a) and (b) show top view of light incident into APE
waveguide with a width of 6 pm. It can be seen from Fig. 5.5 (a) that TE
polarized light can be strongly coupled into the waveguide. By contrast, a
weak coupling occurs between TM polarized light and waveguide, as shown in
Fig. 5.5 (b). Firstly the near-field image of waveguide output was observed by
an infrared camera through an objective lens. Fig. 5.5(c) shows the output
image from the APE waveguide. A good confinement was observed in the
channel waveguide. In order to obtain broadband transmission spectrum, the
transmitted light was collected in an optical spectrum analyzer (Agilent 8614A)

using a lensed fiber, as shown in Fig. 5.5(d).
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Figure 5.5: (a) Light of TE mode propagates a 6 pm APE waveguide; (b) light of TM
mode incidents to the APE waveguide and a weak coupling occurs; (c) CCD image of
the APE waveguide illuminated at a wavelength of 532 nm; (d) the output of
waveguide is collected using a lensed fiber.
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Figure 5.6: Transmission spectra of the APE channel waveguide before and after
thermal annealing.
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Figure 5.6 shows the broadband transmission characteristics of the APE
channel waveguide before and after thermal annealing. From Fig. 5.6 we can
see a considerable difference in the transmitted power. After thermal annealing,
the propagation loss of the APE waveguide was significantly reduced. At a
wavelength of 1064 nm, the transmitted power was increased from -47.9 dBm
to -39.8 dBm. Annealing affects the transmission characteristics stronger in the
longer wavelength range (1200-1500 nm) than in the shorter wavelength range
(900-1000 nm). It can be concluded that in order to achieve good waveguide
performance, thermal annealing is necessary in APE waveguide fabrication
processes. Not that the oscillations in the spectrum may due to the Fabry—

Pé&ot resonances reflected at the polished facets of the sample.
5.4.2 Transmission spectrum of PhC waveguide

Figure 5.7 (a) shows the top view as TE polarized light propagates through a
PhC waveguide. It can be seen that a large scattering loss is introduced due to
the PhC. Fig. 5.7 (b) shows the measured transmission spectra for the APE
waveguide before and after milling PhC. A PBG can be observed clearly in the
PhC waveguide, which does not appear in the transmission though the standard
APE waveguide. It can be seen from Fig. 5.7 (b) that a sharp PBG edge is
obtained. This result indicates that the performance of PhCs can be improved
by enlarging the depth of air holes and widening the width of the APE
waveguide. An extinction ratio is estimated from Fig. 5.7 (b) to be
approximately 15 dB.

From Fig. 5.7 (b) it can also be seen that the milled PhC causes additional
propagation loss compared with a standard APE waveguide. This is mainly due

to the weak optical confinement of the APE waveguide. The curve in Fig. 5.7 (b)
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shows low contrast between the photonic permitted and forbidden bands, and
the stop band is very narrow. This is due to the effects of finite hole depth and
non-cylindrical hole shape. It is reported that conical holes of any depth fail to
produce well defined stop-bands in the transmission spectra unless the sidewall
angle is within 0.5 of vertical [26]. However, it is very hard to realize in a

standard LiNbOssubstrate by FIB milling.
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Figure 5.7: (a) Light of TE mode propagates through a PhC waveguide; (b) Measured
optical transmission spectra through the PhC (red line) and through a standard APE
LiNbO; waveguide (black line).
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5.5 Conclusion

In this work we successfully fabricated and measured PhCs patterned on a
LiNbOs APE waveguide. SIMS data indicate that after 5 hours exchange time
a PE layer of 3 um can be obtained. The depth of holes was 2 um by applying
a large milling current. We presented experimental characterization of the PhC
waveguide and a well-defined PBG was observed from the transmission
spectra. An extinction ratio was estimated to be approximately 15 dB. Optical
transmission results indicate that deep air holes can lead to a sharp band edge.
This PhC waveguide is a good candidate for further development of an

ultra-compact, low-voltage LiNbOs modulator.
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Chapter 6 Conclusion and Future Work

6.1 Conclusion

In this thesis, different fabrication methods have been explored and developed
toward the goal of PICs on the LiNbO; platform. Three main types of
structures, deep anisotropic ridges, free-standing structures and PhCs were
successfully fabricated in bulk LiNbOj3 substrates.

In order to fabricate ridge waveguides, which would be key components
in future compact integrated devices, ICP etching properties of LiNbO3; were
investigated. It was found that surface roughness can be avoided significantly
by carefully choosing etching conditions like metallic mask and gases. Deep
and highly anisotropic ridge structures with ultra-smooth surfaces and vertical
sidewalls were achieved. In order to achieve sidewall smoothness of etched
ridges, Ar GCIB irradiations were employed in the post etching process and
ridges with both smooth surfaces and sidewalls were obtained. The
significance of the GCIB method is that it provides a powerful tool to reduce
sidewall roughness, which is a major problem in LiNbOj3 etching techniques.
These results are of considerable importance since they provide low loss deep
ridge waveguides, which are crucial to fabricate LiNbO3; modulators with low
driving voltage and compact size.

This study also developed a novel monolithic approach to fabricate
suspended LiNbO3 structures by employing ion implantation and selectively
wet etching. SRIM simulation was used to design implantation profiles and
results were in good agreement with fabrication results. Suspended slabs with

different thicknesses were obtained by choosing different implantation
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energies. An air gap with thickness over 1 pm between suspended slab and
substrate was achieved by multiple energy implantations, which was good for
optical isolation. By incorporating FIB milling into the monolithic approach,
complicated optical components including suspended waveguides and
microdisks were realized in bulk LiNbO3;. One major contribution of these
suspended structures with smooth surfaces is that they have high refractive
index contrast and unique functionalities, which allow more flexible design of
PICs on LiNbOj; platform instead of only waveguides.

In addition, another important contribution of this monolithic method is
that it allows the realization of cylindrical holes with vertical sidewalls, which
is important for PhC devices but is hard to obtain by standard FIB milling.
Thanks to this, free-standing LiNbO3; PhC slabs with controllable thickness
and vertical PhC profile were successfully fabricated. The out-of-plane
properties of such slabs under free-space illumination were theoretically
analyzed using 3D FDTD simulation. It was found that the transmission
spectrum of such slabs show some interesting peaks because of the Fano
resonance and can be controlled by varying design parameters such as radius
of holes, slab thickness and polarization of incident light. Optical
measurements of fabricated free-standing LiNbO3; PhC slabs with different
dimensional parameters were carried out and the results were in agreement
with simulation. This study is the first one to demonstrate Fano phenomena in
LiNbO3; PhC slabs theoretically and experimentally. These findings are
significant since they suggest a new perspective of the application of LiNbO3
in free-space tunable devices and provide a new platform to study nonlinear
light-matter interaction.

Since photonic crystals have a great potential to reduce the size and
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increase the functionality of PICs, we also performed an exploratory study on
in-plane transmission properties of photonic crystals in conventional APE
LiNbO3; waveguides. Fabrication procedures were demonstrated and it was
found that annealing is a critical issue to obtain low loss APE waveguides.
Measurement of transmission spectra of PhC waveguides was performed and
photonic band gaps of PhC were observed. The significance of PhCs in APE
waveguides, in view of its slow light effect, is that it provides a new strategy
to reduce the interaction length of LiNbOs; modulators, allowing the

realization of modulators in micrometer scale.

6.2 Future Work

Based on the experimental results obtained from this study, some potential

areas for further investigations are highlighted below.

6.2.1 Extended research on free-standing PhC slabs

A direct extension of this work is to introduce point and line defects into PhC
slabs and to exam their optical performance under free-space illumination. In
order to obtain accurate measurement results, large area PhCs need to
fabricated. However, such PhC slabs with large area would be broken easily
due to lattice defects introduced by implantations. To address this problem,
further fabrication methods need to be explored. For example, thermal
annealing after implantations may be a good choice.

One of the most important features of LiNbO;3; is its EO response.
However, being a preliminary study, this work only showed passive
measurements on free-standing LiNbO3z; PhC slabs. Thus further research is

needed to investigate the EO tunability of such slabs. To achieve this, more
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fabrication steps like photolithography and electrodes deposition are required.
Because the free-standing slabs are fragile, a possible solution is to deposit

electrodes prior to the formation of suspended slabs.

6.2.2 Optical microcavities fabrication in APE waveguides and

nonlinear effect investigation

Since the fabrication methods for different structures in micrometer and
nanometer scales in LiNbO3; have been developed well in this thesis, one
interesting avenue for future work is to realize optical microcavities embedded
in APE waveguides. Such optical cavities at the micrometer scale volume
could provide a strong optical resonance in LiNbO3;, which is expected to
enhance nonlinear light-matter interactions [1]. For example, SHG in LiNbO3
could be enhanced greatly. One possible strategy to explore is to create a
Fabry—Perot cavity by two Bragg gratings. Another method is to introduce a
point defect in 2D PhCs. In both ways resonance modes could be confined to
the interior of the cavities by Bragg reflection in the lateral direction and APE
waveguiding in the vertical direction.

The first step towards this exploration has been carried out in this study.
SHG was demonstrated in an APE waveguide in z-cut LiINbOj3 substrate. The
waveguide was fabricated by immersing LiNbOj3 substrates in melted benzoic
acid at 230 °C for 3 hours, followed by annealing at 330 °C for 2 hours. A light
with the peak output power occurring at 1064 nm was coupled into the
waveguide and green light was generated, as shown in Fig. 6.1. By employing
optical microcavities, the conversion efficiency of such SHG could be greatly

improved.
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Figure 6.1: Optical microscope image showing SHG in an APE LiNbO;waveguide.

6.2.3 Ring resonators used in microwave photonics

Although APE waveguides have been studied for many years, there is still
much work that can be done to develop new devices, like ring resonators. Ring
resonators, which have compact size and good wavelength-selective properties
[2], are promising components to be embedded in PICs. They have been
realized in a variety of materials including SOI [3], GaAs [4] and polymers [5].
However, few ring resonators have been realized in LiNbO;. Ring resonators
in LiINbO;3 allow direct electrical control, leading to an ultrafast modulation
response. Additionally, LiNbO3 ring resonators promise to become important
components in mm-wave modulation with simultaneous RF and optical
resonances [6, 7]. Moreover, such resonators also provide a straightforward
way to couple between optical and microwave fields, enabling potential
quantum information processing capabilities [8].

To demonstrate the possibilities of further research in this area, a ring
resonator was fabricated in x-cut LiNbO3 substrate by the APE method. A Cr

film which served as a hard mask was deposited by electron beam evaporator.

142



Waveguide

Output Width=2 pm Input

Gap =2 um / 1

Width=2 um
Ring 1 mm
resonator

Figure 6.2: Configuration of a ring resonator in LiNbO3.

A ring structure and bus waveguide were patterned by electron beam
lithography. After the channel waveguides were formed, the Cr film was
removed by a commercial Cr etchant. Fig. 6.2 shows the racetrack
configuration of the ring structure and bus waveguides. The width of ring and
bus waveguide was 2 pm. The coupling gap between the ring and the bus
waveguide was also 2 um. After thermal annealing, the width of channel APE
waveguides was increased so the coupling gap was probably less than 2 pm.

A white light source was used to couple light into the ring resonator. The
output beam of the white light source used has a broad spectrum ranging from
500 nm to 1600 nm with the peak output power occurring at 1064 nm. A
digital microscope was placed on top of the sample to obtain a top view of the
waveguides. The transmitted light was collected into an optical spectrum
analyzer using a lensed fiber. Fig. 6.3 shows the top view of the coupling area
when light passed through the waveguide. It can be seen that the light is well
confined within channel waveguides and efficient coupling occurs between the

bus waveguide and the ring structure.
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Figure 6.4: (a) Measurement setup to test EO tunability of the LiNbOj; ring resonator;
(b) Optical microscope image showing the two probes.
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In order to test device tunability via the electro-optic effect, we left part
of the Cr film on the coupling area to serve as two electrodes. A source meter
was used to apply a DC voltage via two probes. The active measurement setup
is shown in Fig. 6.4 (a) and (b).

We examined the tunability in a wavelength region from 741 nm to 751
nm, as shown in Fig. 6.5. The measured extinction ratio is approximately 13
dB when no external voltage is applied. It can be seen that the resonance is
blue shifted when a voltage of 150 V is applied. We have measured the shift
for different resonance peaks and estimated the tuning rate for this ring
resonator is about 2 pm/V. It can be also seen that the blue shift becomes
stronger at longer wavelengths. We believe the ring resonators in LiNbO3 can

play an important role in the quantum optics experiments.
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Figure 6.5: Normalized transmission spectra of the ring resonator before (red line) and
after (green line) applying voltage (150 V).
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