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Abstract

This thesis describes the fabrication and characterization of visible-range hollow Bragg
waveguides. A wafer bonding method was first utilized to fabricate tapered hollow Bragg
waveguides, which can function as the dispersive element of an integrated spectrometer. Etched
channels coated with Bragg reflector claddings enabled three-dimensional guiding. These
prototypes were used to assess the spectroscopic sensing capability of the waveguides, and in
particular their potential for integration into microfluidic sensing systems. The emission spectra
of fluorescent microspheres were extracted, with an experimentally determined resolution as low
as 0.9nm, and the results were shown to be in good agreement with measurements made by a
commercial spectrometer.

Hollow waveguides were subsequently fabricated by controlled thin film buckling.
Lithographically patterned areas of a low-adhesion material were embedded between matching
Bragg reflectors. Heating the samples induced the buckling of the compressively stressed upper
cladding over the regions defined by the low-adhesion layer. Ta,Os/SiO, multilayers combined
with a fluorocarbon-based low-adhesion layer were found to produce buckle features consistent
with the morphology predicted by elastic buckling theory. Device yield was as high as 60% and
waveguide loss was as low as 2.6dB/cm at 543nm wavelength. These devices have potential

applications in optofluidic microsystems as well as in fundamental physics studies.
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Chapter One: Background and motivation

1.1 Introduction

Optical sensing is one of the most widely used analysis techniques for a variety of fields
including biology, chemistry, environmental monitoring and toxicology. In recent years there has
been a strong shift to develop integrated on-chip sensing solutions [1]. This is motivated by a
desire for cost-effective, portable and efficient methods for in-situ analysis of small volume
samples. To reach this ultimate goal, there is a need for integrated optical components, such as
hollow waveguides, that allow for light propagation and sensing in gases and liquids. The
development of such a hollow-waveguide-based platform might allow for fully integrated
sensing solutions, and is a key theme within the field of optofluidic microsystems [2].

Some of the most compelling applications for integrated hollow waveguides, such as
fluorescence detection and fundamental physics studies, are typically performed in the visible or
near-visible wavelength range [3—6]. Previous work by the DeCorby group on integrated hollow
Bragg waveguides has shown promise to address some of these applications [7,8]. However,
earlier results were limited to the near infrared wavelength range. The main objective of this
thesis was to develop a fabrication process for realizing hollow core Bragg waveguides in the
visible range. Towards this goal, waveguides were first fabricated using a wafer bonding
method, in order to produce proof-of-concept devices for fluorescence sensing. Subsequently,
hollow waveguides operating in the visible range were fabricated using a buckling self-assembly
method. This chapter provides an overview of some important applications, typical operating
schemes, and current fabrication trends for hollow waveguides. An outline of the thesis is

provided at the end of the chapter.

1.2 Applications of integrated hollow waveguides

Hollow waveguides offer distinct advantages over their solid-core counterparts, including a

significant reduction in nonlinear effects, dispersion, absorption and scattering [9], as well as the



ability to simultaneously confine light and an analyte within the same volume. These
characteristics make hollow waveguides a perfect fit for many sensing applications.

Kumar recently proposed hollow Bragg waveguides as a tunable platform for a variety of
photonic network applications [10]. Those devices (see Fig. 1.1(a)) consist of matching
distributed Bragg reflectors (DBRs) with an air-gap spacing that can be mechanically controlled
using either a piezoelectric or MEMS actuator. That platform has potential for realizing
components such as dispersion and polarization manipulating devices and, when integrated with

an optical amplifier, can potentially be the basis for a tunable semiconductor laser platform.
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Figure 1.1 - (a) A tunable hollow waveguide consisting of Bragg reflector claddings
separated by an air gap spacer. Tunability is provided by MEMS displacement. Adapted
from [10]. (b) A schematic of an integrated optofluidic chip for sensing applications,

adapted from [11].

The ability to fill the core with a liquid analyte has also made hollow waveguides of
interest for optofluidic sensing applications. In recent years, advancements in microfluidics has
led to integrated devices combining valves, mixers and pumps, which can enable complex
chemical analysis on a chip [12]. Ongoing research seeks to eliminate the reliance of these
systems on bulky off-chip components and push for smaller device footprints. Co-integration of
fluid channels and optical waveguides is one promising approach. A variety of optical sensing
mechanisms can be used in optofluidic devices, including: refractive index, fluorescence, Raman
scattering, absorption and polarization based detection modalities [1]. These techniques can be
used individually or in combination, and offer rapid sensing of small volumes with high
sensitivity, in some cases even enabling single molecule detection [2,13]. A schematic of an

optofluidic chip containing integrated solid and hollow core waveguides and liquid reservoirs is



shown in Fig. 1.1(b). Research fields such as chemistry, toxicology, environmental monitoring
and biosensing are all expected to benefit greatly from further advancements in optofluidic
devices [14].

Another emerging application for hollow core waveguides is the study of fundamental
quantum coherence effects. Hollow waveguides, on their own or combined with other optical
elements such as resonant cavities, have the ability to analyze and sense fundamental light-matter
interactions on an atomic scale [4—6]. Optical microcavities are among the most important tools
in the study and manipulation of quantum mechanical interaction between light and matter [5]. It
is desirable to integrate such cavities with photonic elements such as hollow waveguides, which
can be used to transfer signals and supply gas molecules [5]. The small core cross sections in
hollow waveguides allow for the enhancement of optical intensity and maximize the nonlinear
optical effects necessary to observe and sense these light-matter interactions [4]. Further
advancements will allow these devices to be the basis for compact magnetometers, atomic clocks

and complex quantum networks [4].

1.3 Confinement mechanisms for hollow waveguides

The most common optical waveguides, such as optical fibers or those used in silicon
photonics platforms, consist of a higher index core, n;, that is surrounded by a lower index
cladding material, n,. As depicted in Fig. 1.2(a), light is confined to the high index core by total
internal reflection (TIR) at the core-cladding boundaries, the condition for which is defined as:

0, >sin"'(n,/n)=0,, (1.1)
where 0, is the critical angle for TIR. Solid state waveguides based on TIR can transport a signal
over long distances with extremely low losses [15]. However, for waveguides designed for light
confinement in a gas (e.g. air, n,; = 1) or liquid (e.g. water, no = 1.33) core, finding suitable
low index cladding materials is challenging [2]. While using TIR for a gaseous core is not
possible at this time, there are several clever methods used for guiding within a liquid medium.
Teflon AF (n = 1.29) is one such material that provides a sufficiently low index to adequately
guide light in an aqueous core waveguide. Integrated hollow waveguides fabricated with Teflon
AF claddings have been shown to have loss on the order of a few dB/cm, and fluorescence

detection has been accomplished using both silicon and PDMS based platforms [16,17]. The



adhesion of Teflon AF remains a challenging aspect to the fabrication of these devices, along
with precise control over the cladding thickness.

An alternative method to reach the TIR conditions is to add nano-sized air pores to a high
index material in order to reduce its effective index to be lower than that of the guiding region.
Devices fabricated using this method have been shown to have propagation losses ~6dB/cm [18].
A particular advantage of this approach is the ability to tune the index contrast between the core
and cladding, which can potentially enhance the fluorescence collection efficiency of these
devices over those fabricated using Teflon AF claddings [18,19]. However, only planar, one-
dimensional confinement has been demonstrated at this time. Provided that a pathway to two-

dimensional mode confinement can be developed, this looks to be a very promising technology.
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Figure 1.2 - Schematics of various waveguides. (a) The propagation of light in a waveguide
based on TIR. (b) A side view of an ARROW, adapted from [20]. (¢) A side view of a
waveguide with Bragg reflection claddings, adapted from [21]

In order to guide light in a gaseous core, TIR is not generally possible and an alternative
guiding mechanism must be used. Typically, this can be accomplished using interference-based

multilayer claddings. In this case, the hollow core is surrounded by a dielectric multilayer. An



incident electromagnetic wave undergoes reflections at each dielectric interface, and these partial
reflections are made to interfere constructively in order to maximize the overall reflectance. This
enables low-loss (but leaky) propagation modes to exist within the hollow core.

One such example of an interference based waveguide is the anti-resonant reflecting
optical waveguide (ARROW). First proposed by Duguay et al. in 1986 [22], these devices
utilize an antiresonant condition to confine light within the core. The cladding material is chosen
to be higher index than the core material, such that a light wave incident from the core is
refracted into the cladding layer. The thickness of the cladding is chosen carefully to create an
antiresonance condition of the equivalent Fabry-Perot cavity for the design wavelength. This
thickness for the cladding material, dj, to achieve the anti-resonance condition, can be expressed

approximately as [22]:

1/2 1.2)
A n’ 12 (
d>2oN+p1=te 2|
' 4n4( ){ n’ 4n.2df}

where n; and n, are the cladding and core refractive indices, respectively and N is an integer
representing the antiresonance order. A side view of a simple ARROW is presented in Fig.
1.2(b). The anti-resonances of a Fabry-Perot cavity are relatively broad, which in turn allows for
a broad low loss transmission band [22]. Additionally, loss can be reduced further by adding
more layers that satisfy the antiresonance condition [2]. Devices have been fabricated using
both wafer bonding and sacrificial etching techniques [2], with hollow core loss on the order of
~10dB/em [11,23]. A significant advantage of ARROWs is that the layers do not need to be
periodic or even of the same material, which affords significant design flexibility. Further to this,
careful layer design can allow for wavelength selectivity, allowing for built in wavelength
filtering, an attractive characteristic for fluorescence sensing and Raman spectroscopy [24].
Researchers have recently demonstrated integrated ARROW waveguides as part of optofluidic
chips that are capable of single molecule detection [25].

Another type of interference-based waveguide employs Bragg reflection claddings. In
this case, guiding is achieved by constructive interference of an electromagnetic field reflected
from a cladding composed of a periodic structure of alternating high and low index materials.

The periodic structure of a Bragg reflector results in a photonic bandgap that corresponds to the

range of wavelengths for which propagation through the multilayer is forbidden. This in turn



determines the wavelength range for which low loss guided modes are supported by the
waveguide structure [26]. A schematic diagram depicting the propagation through a Bragg
waveguide structure is shown in Fig. 1.2(c). Similar to ARROWSs, hollow Bragg waveguides
have been shown to provide broadband transmission and can exhibit low propagation loss [27].
Bragg waveguides have been studied extensively be the DeCorby group [27-30], and are the
basis for the hollow waveguides discussed in this thesis. An analytical treatment of the Bragg

waveguide is presented in Chapter 2.

1.4 Fabrication techniques

1.4.1 TIR-based hollow waveguides

As mentioned, the fabrication of hollow waveguides for liquid sensing has proven difficult, due
to the limited options available for the low index cladding. Che et al. flowed a Teflon AF
solution through fabricated PDMS microchannels (see Fig. 1.3(a)) [17]. Excess solution was
removed during a vacuum step. The thickness of the Teflon AF cladding is determined by the
vacuum force, which counteracts the adhesion of the Teflon AF to the PDMS sidewalls. Smooth
cladding walls were successfully fabricated in a PDMS chip with various geometries.

Motivated by the poor collection efficiency of Teflon AF based TIR waveguides (due to
the limited index contrast), nanoporous claddings have also been investigated. Risk et al.,
selectively removed the organic macromolecular phase in a hybrid organic/inorganic polymer

[19]. The pores produced were on the scale of ~10-15nm, much smaller than the wavelength of
visible light, enabling an effective medium approach to be used in assessing the cladding index.
As depicted in Fig. 1.3(b), two nanopore substrates were then held in close contact with a water
"core" between them. Although limited to one-dimensional confinement, optical losses as low as
~1dB/cm were reported. Gopalakrishnan ef al. presented an alternative approach (see Fig.
1.3(c)), whereby a polymer with etched nanopores is exposed to UV light in specific regions,
which alters the hydrophobicity of the material and defines the regions where liquid can flow

[18]. Planar waveguides with solid-liquid hybrid cores were successfully fabricated, with losses
on the order of 6.2dB/cm. Regions of the solid-liquid core were exposed to air, however, limiting
the integration time as the liquid is susceptible to evaporation. To support 3D guiding, a wafer

bonding step is likely required.
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Figure 1.3 - (a) Fabrication steps to create TIR based waveguides with Teflon AF
claddings, adapted from [17]. (b) Cross section of a hollow waveguide with a liquid core
and nanopore claddings, adapted from [19]. (¢) Fabrication steps to create a TIR based

waveguide with solid-liquid hybrid cores with nanopore claddings, adapted from [18].

1.4.2 Wafer bonding

In order to fabricate hollow core waveguides that are suitable to facilitate gas- and liquid-based
sensing and related applications, wafer bonding is one of the most common approaches reported
in the literature. A typical wafer bonding process can be outlined in three steps, as depicted in
Fig. 1.4. First, channels are etched into a planar substrate to define the core region. Second,
matched claddings are deposited on the etched substrate and another blank substrate. Last, the
two separate substrates are bonded together, creating hollow core waveguides having the

geometry of the etched channels.
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Figure 1.4 - Generalized fabrication steps used to create hollow waveguides using the wafer

bonding technique, adapted from [21].

Examples in the literature include the use of metallic mirrors [21], Bragg mirrors [9], or
ARROW based claddings [31]. Typically, the channels are formed using dry etch methods to
provide deep trenches with smooth sidewalls. Chemical vapour deposition (CVD) is often
necessary to ensure good sidewall coverage in the etched channels. Bonding is typically
facilitated by silicon nitride bonding [31], or mechanical pressure [21]. Waveguide losses as
low as 1.7 dB/cm have been reported [9]. The wafer bonding method, however, is highly
susceptible to film non-uniformities, surface roughness, and particulates that can result in gaps
(see Fig 1.5). The demanding alignment tolerances for small-core hollow waveguides presents

challenges in fabricating fully enclosed hollow waveguides using this method.
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Figure 1.5 - SEM image of the cross section of a hollow waveguide fabricated using the

wafer bonding technique, adapted from [9].

1.4.3 Sacrificial etching

Another traditional approach for fabricating hollow waveguides is to use sacrificial etching
methods. This approach has been used extensively by Hawkins and Schmidt [32], and relies on
dielectric claddings that surround a sacrificial material, which is in turn selectively removed to
create the hollow cores. A representative fabrication process is shown in Fig. 1.6(a). First, the
bottom cladding is deposited using plasma enhanced CVD (PECVD) or sputtering. Next, the
sacrificial material is patterned, using lithography and etching, to define the geometry of the
waveguide. The top cladding is then deposited using PECVD or sputtering, enclosing the core.
The sacrificial material is then selectively etched, producing hollow cores surrounded by
dielectric claddings.

Metals and photosensitive resins (SU-8) have both been used as the sacrificial material
[14]. The ARROW based cladding materials have been typically SiO, combined with either SiN
or Ta,Os [11,32]. Losses as low as ~11dB/cm and ~13dB/cm have been reported for the SiN and
Ta,Os-based multilayers, respectively. Complex devices, complete with solid and liquid core
interconnects and liquid reservoirs, have been fabricated and were used to demonstrate

fluorescence sensing and single molecule detection [13].
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Figure 1.6 - (a) Fabrication steps used to create hollow core ARROWSs using the sacrificial
etching technique, adapted from [14]. (b)) An SEM of the end facet of a fabricated
ARROW, adapted from [11].

1.5 Summary of thesis

This thesis details the fabrication and optical testing of hollow core waveguides operating in the
visible wavelength range. The devices are an extension of prior research done by the DeCorby
group [7,27,28] and are based on interference-based guiding, facilitated by Bragg reflector
claddings.

Chapter 2 details the theoretical background of Bragg reflection and describes the
operation of hollow waveguides with Bragg reflector claddings. The use of controlled thin film
buckling to produce hollow cavities is introduced, and the conditions needed to produce low-loss
hollow waveguides are examined.

The optical characterization of tapered hollow waveguides, fabricated using a wafer
bonding technique, is described in Chapter 3. Those devices served as a proof of concept for
fluorescence sensing and microfluidic integration using hollow Bragg waveguides. Performance,
as well as limitations of the wafer bonding technique, is described.

Expanding the versatility of the wafer bonding technique, Chapter 4 describes the design,
fabrication and optical characterization of a tunneling bandpass filter. The characteristics of the
concept (air gap tunneling layer embedded between dielectric thin film stacks) complements
many of the concepts discussed in Chapter 2 and borrows the wafer bonding technique in

Chapter 3 and deposition techniques detailed further on in Chapter 5.

10



Chapter 5 provides the in-depth development of the fabrication platform used to create
buckled hollow waveguides operating in the visible region. The reactive sputtering of optical thin
films, control of thin film stress, optimization of the release mechanism, and morphology of the
resultant buckles are discussed in detail.

Refined devices with improved optical characteristics, fabricated using the platform
developed in Chapter 5, are presented in Chapter 6. The morphology and optical performance of
the refined devices is presented along with a brief outlook for future applications.

Chapter 7 serves to summarize the thesis and provide a framework for future work.

11



Chapter Two: Theoretical background

2.1 Introduction

This chapter discusses some background and theory relevant to subsequent chapters. I begin by
describing the basic theory and design of distributed Bragg reflectors. Omnidirectional reflectors
are discussed next, including theory regarding the operation of hollow waveguides clad by
omnidirectional reflectors. Finally, theory pertaining to thin film stress and elastic buckling

mechanics is described.

2.2 Bragg reflectors

Reflecting devices, or mirrors, are amongst the most prevalent of all optical devices. For many
applications metal- based mirrors have adequate performance. Moreover, they provide relatively
high levels of reflectance over a broad range of wavelengths and for nearly all incident angles.
However, for some demanding applications, such as laser cavities and transmittance filters,
higher-performance mirrors are necessary. This is due to the lossy nature and limited reflectance
of metallic materials. Aluminum based mirrors, for example, peak at ~91% reflectance, with
several percent of the incident light being absorbed by the film [33]. Mirrors based on stacks of
dielectric materials, on the other hand, can provide reflectance as high as 99.999% in extreme

cases [34].

2.2.1 Quarter Wave Stacks

A particularly important type of dielectric mirror is the distributed Bragg reflector (DBR). A
DBR consists of alternating layers of high and low index materials, in which the thickness of
each layer is tuned to be a quarter of a wavelength thick for some centre wavelength, Ag.qqg.
Consequently, these structures are also commonly called quarter wave stacks (QWS). The
quarter-wave condition is expressed as:

ﬂ’Bragg = 4nldl = 4n2d2 s (2 1)
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where n; and n, are the indices of refraction and d; and d, are the thicknesses of the alternating

layers 1 and 2, respectively.
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Figure 2.1 - Constructive interference interpretation of a distributed Bragg reflector based
on the quarter-wave stack condition with alternating layers 1 and 2 with indices n1 and n2.

Adapted from [33].

A light wave incident on a DBR will have partial reflections at each boundary within the
multilayer (see Fig. 2.1). Using the QWS condition, the partially reflected waves will all be in
phase as they exit the multilayer and therefore combine constructively, enabling high reflectance.
The peak reflectance of a QWS multilayer with an even number of layers can be expressed in

closed form as [35]:
(2.2)

Bragg =

2N
— n{) n2 =

For a QWS with an odd number of layers, the analogous expression is:
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where n, and n, are the indices of the incident and substrate materials and N is the number of

>

Bragg =

periods in the stack. With an appropriately large index contrast and high number of periods Rpaqe
rapidly approaches unity. Reflectance values as high as 0.99999 have been reported in the
literature [34].

Bragg reflectors exhibit high reflectance for a range of wavelengths in the vicinity of
ABrage. The spectral width of this range, or stopband, at normal incidence can be expressed as

[36]:

A prage =

_ 2.4
A i arcsin{u} . ( )
V1

Bra,
8 n, +n

The stopband width represented by eq. 2.4 scales directly with the index contrast of the two
constituent materials. Thus, for a given application careful selection of materials is paramount to

ensure operation over the required wavelength range.

2.2.2 Omnidirectional dielectric reflectors

Metallic mirrors provide nearly omnidirectional reflection, that is, high reflectivity for nearly all
polarization states and incident angles. Historically, Bragg reflectors have only achieved high
reflectance for one polarization and/or a specific range of incident angles. Past attempts to
expand the reflectance range for all incident angles or polarizations involved special high index
materials or a cumbersome combination of several multilayer stacks [37,38]. This limitation has
been addressed with the development of omnidirectional dielectric reflectors (ODRs) which can
be realized by augmenting the QWS condition discussed above with an additional set of
conditions on the layer indices. First, the index contrast between the two dielectric materials
needs to be adequately large and second, the index of the incident medium must be relatively
small compared to that of the dielectric materials [39]. These structures can be viewed as one-
dimensional photonic crystals, since they possess a ‘complete’ photonic bandgap (PBG) for light
waves incident from the external medium. Analogous to the electronic bandgap in crystalline

materials, photons that lie within the PBG of a photonic crystal cannot propagate through the
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structure. Joannopoulos et al. has provided a complete analysis of the photonic crystal treatment

of ODRs, including band structure [40].
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Figure 2.2 - Numerically solved band structure for a QWS with n; = 1 and n, = 2.
Horizontal dashed lines indicate the bandgap at normal incidence. Solid diagonal lines are
the light lines @ = ck,. Diagonal dashed line indicates the Brewster angle for p-polarized
light. Circled region on the Brewster angle denotes the band overlap and collapse of the
band gap. Adapted from [41]

To illustrate these structures, we will refer to the example in the previous section; a
multilayer film, periodic in the y-direction, consisting of two materials with indices n; and n, and
layer thicknesses d; and d, such that a = d,+d». Figure 2.2 depicts the band structure of a quarter
wave stack with n;=1 and n,=2, obtained using a numerical solution of the Maxwell's equations

[42] for an incident electromagnetic mode in the x-y plane with wavevector k. Consider only the
regions above the light lines, w=ckx (solid diagonal lines), thereby limiting the analysis to the
case of plane wave propagation in the incident medium (assumed to be air n,=1). The greyed
regions indicate supported modes within the multilayer while the white gaps represent the
forbidden regions. For a given angle of incidence, the PBG is the range of frequencies between
the two grey regions. For example, the dashed horizontal lines indicate the PBG for normal

incidence (k,=0). It can be seen that the band gap vanishes (since the two grey regions overlap as
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indicated by the circle in Fig. 2.2) for p-polarized light at a particular incident angle, indicating
that there is no range of frequencies for which there exists a band gap. This overlap occurs at the
Brewster angle, ,=arctan(n,/n;), in which case there is zero reflection for p-polarized light at the
interface of the dielectric materials (indicated on Fig. 2.2 by the dashed diagonal line). By
making the Brewster angle inaccessible to light originating from the incident medium,
omnidirectional reflection can be achieved. By applying Snell's Law this condition can be

expressed as:

arcsin(n, /n,) <0, (2.5)

Thus, by choosing dielectric materials with indices that are sufficiently larger than that of the
incident medium, the Brewster angle becomes inaccessible [39].

Next consider a quarter wave stack structure with a larger index contrast, for example
n1=1.7 and n,=3.4. Figure 2.3 depicts the band structure for this case, with the solid diagonal
lines representing the light lines, the dashed diagonal line representing the Brewster angle and
the dashed horizontal lines indicating the band gap at normal incidence. In this case a PBG can
be seen to exist for both polarizations and at all angles of incidence. The width of the
omnidirectional band gap is the range of frequencies between the open circle at normal incidence

and the solid circle at glancing angles for p-polarized light.
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Figure 2.3 Numerically solved band structure for a QWS with n; = 1.7 and n, = 3.4 with the

same conventions as Fig. 2.2. Adapted from [41].
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2.2.3 Hollow waveguides clad with DBRs

Let us now consider a hollow core slab waveguide clad with distributed Bragg reflectors. Due to
fabrication limitations, perfect dielectric mirrors are a theoretical abstraction; there will always
be losses due to surface roughness, finite number of layers, and layer absorption. In general,

these structures can therefore be viewed as leaky dielectric waveguides.

Figure 2.4 Ray optics illustration of a hollow waveguide clad with distributed Bragg

reflectors.

With reasonable accuracy, these devices can be analyzed using a simple ray-optics model
[29,43], as depicted in Fig. 2.4. Assuming hard boundary conditions the bounce angle for
supported modes can be approximated as:

o5, ) - r;z_j’ 2.5)

where ¢,, is the bounce angle for mode m, d is the core thickness and A is the wavelength within
the core medium A=A,/n. In the case of perfectly reflecting mirrors the modes can be solved for
using the phase-consistency equation [44]:

2k d—®p —®y=m-2r, (2.6)
where @7 and ®p are the phase shifts on reflection due to the top and bottom mirrors,
respectively. As mentioned previously, perfectly reflecting mirrors are a theoretical abstraction.
Real waveguides will have sub-unity reflectance at the claddings. As such, a self-consistency

condition for leaky modes is necessary, and can be expressed as [45]:
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rrrg exp(—j -2k, d)=1, (2.7)
where 77 and rp are the amplitude reflection coefficients of the top and bottom mirrors, for a
given ray incident angle. k, is the transverse propagation constant and must be complex to satisfy
Eq. 2.7. Although analytic expressions exist for the amplitude reflection coefficients [46] they
can be cumbersome to compute. Computational methods utilizing the transfer matrix method are
best used to calculate these values [47,48]. Solving Eq. 2.7, one can determine the modal

propagation constants as:

b = -k =, = 29

where £k, is the free space wavenumber, f,, is the mode propagation constant, and a,, is the
intensity attenuation coefficient. Taking into account the number of reflections that a guided
mode undergoes per unit length, the attenuation coefficient can be estimated as [49]:

__ In(R;Ry) (2.9)

am >
2d tan(g,,)

Where Rr and Rp are the reflectance of the top and bottom Bragg claddings for a given
wavelength, A,, and incident angle ¢,,. Furthermore, loss of the waveguide can be expressed in
dB/cm as [30,50]:

54 2.10
azd_QIOgIO(RTRB)- ( )

As expressed in 2.9 and 2.10, the loss scales logarithmically with the reflectance of the mirrors,
indicating that low loss require that Ry and R are sufficiently large for the bounce angle of the
particular mode. This implies that for low-loss guidance, rays associated with the guided mode

must fall within the PBG of the cladding mirrors.

2.3 Thin film stress and defect formation

Fabrication of optical coatings, such as the distributed Bragg reflectors described above, relies
on vacuum coating technologies and is subject to the capabilities and limitations of thin film
deposition techniques. In this section we will look specifically at thin film stress, which can have

profound consequences on multilayer structures.
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2.3.1 Thin film stress

Thin film stresses, in general, fall into one of two categories: intrinsic and extrinsic stresses [51].
The former describes stresses that arise during film growth. These include, but are not limited to
stresses caused by:

e incorporation of impurities

e surface and/or interface stress

e cluster coalescence

e grain growth, or grain boundary area reduction

e grain boundary relaxation

e vacancy annihilation

Extrinsic stresses, on the other hand, are stresses that arise from external influences after

growth. Some examples include:

e temperature change, where materials with different coefficient of thermal

expansion are employed
e chemical reactions
In the case of a thin film deposited on a substrate, the constraint of the substrate is the

underlying cause of stress. The confined dimensions of the substrate prevent the lateral
dimensions of the film from changing due to any process that would normally cause a volumetric
change in the film [52]. This relationship between film, substrate and stress was examined by
Stoney in 1909. He observed that a metal film deposited on a substrate was in a stressed state
with no external forces applied and as a result this would bend the substrate. This relationship is

expressed as Stoney's equation:

i _(L) d2w (2.11)
4 1-v 6R-df

Where oy is the film stress, for a film with Young's modulus Y, Poisson ratio v, and thickness dy
on a substrate with thickness ds and a radius of curvature of R. Many modern stress measurement

systems rely on Stoney's equation to accurately determine thin film stress [51].
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2.3.2 Buckle delamination of thin films

Films deposited under compressive stress, including many films deposited by sputtering, have
been known to blister or buckle from their substrate [53]. In conventional electronics and
optoelectronics this is a failure mode of fabricated devices. However, by controlling the regions
over which a film buckles it has been proposed that these delaminations could form the basis for
microfluidic channels and waveguides [30,54], as discussed further in Chapter 5.

Depending on conditions such as film stress, adhesion and thickness, the buckle
delaminations can take on various morphologies. These include straight sided 'Euler columns' as
well as telephone and varicose modes (see Fig. 2.5). The straight sided Euler modes are of
particular interest for the optical applications discussed in Chapter 5. Thus we restrict the present
discussion to the analysis of this morphology and to the conditions necessary for this mode to

predominate. A detailed analysis of the telephone-cord buckles can be found elsewhere [55].

Euler Varicose Telephone cord

Figure 2.5 The geometry of a buckled plate of constant width clamped along it's edges.
Adapted from [54]
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Figure 2.6 Cross sectional illustration of a Euler column of width 25, thin film thickness df,

and buckle height w(y).

To analyze the Euler buckles, consider a thin patterned strip of width 2b such that the
delamination buckle is confined to this region (see Fig. 2.6). The buckling behavior of a film
under equi-biaxial compressive stress can be modelled as a plate of the same width that is rigidly
clamped along its edges [51,54]. This approximation has been shown to be accurate in the limit
that the Young's modulus of the substrate is no less than about one tenth of the film's modulus

[56]. The critical compressive biaxial stress at the onset of buckling, o, for the Euler mode over

aregion of width 26 is [54]:

7z Y (dez (2.12)

o, =— o
121-v2{ b

where Y, vy and dr are the Young's modules, Poisson's ratio and thickness of the film

respectively. The shape of the buckle is defined by:
2.13
w(y) = % Wax [l + cos{%n , ( )

where wmax describes the peak buckle amplitude. For a film with a specific compressive stress,

0y, we can define the smallest half-width that will result in buckle formation, by, as

w7, (2.14)

b = 2 300(1—1//2-).

The film stress and buckle width are then related as
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o

oo (Y (2.15)
)

The peak buckle amplitude depends on the ratio of the compressive stress of the film, oy, and the

critical stress, o, which in turn relates to the buckle width as

p 5V (2.16)
. O, ' 0

It follows that in the range b>>b,, Eq. 2.16 reduces to
2d; p (2.17)

w, R —

mx ¥R
implying that the peak buckle height varies linearly with the buckle width. A plot of Eq. 2.16 can
be seen in Fig. 2.7. The region of validity for linear approximation predicted by Eq. 2.17 is
indicated on the figure.
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Figure 2.7 Plot of wuya/dy compared to b/by. In the range b>>by the relationship the

relationship is approximately linear.

The above analysis is restricted to the symmetric Euler column. However, depending on
specific conditions, the Euler column may become unstable leading to varicose or telephone-cord
growth. Determining the specific ranges for stable Euler column growth was the subject of work
by Moon et al. and Audoly [54,57]. It was found that when oy is much larger than o, (or,
equivalently, when b is much larger than by) the Euler mode becomes unstable and secondary

buckling occurs to lower the energy of the buckled state. At this point the sides of the
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delamination cannot remain straight and the secondary buckling manifests itself as axial
undulation, or a wave-like pattern. The results are summarized in Fig. 2.8. For values of the film
stress and critical stress such that 1 < gy / g, < 6.5 (or, equivalently when 1 < b/by > 2.5) stable
Euler column growth was prevalent. For values where oy / 6. > 6.5, varicose or telephone cord
buckles may form. The symmetric varicose mode only reveals itself within a limited range of
variables, in particular, when v, < 2.5 and 6.5 < gy / 0. < 7.5. Whereas telephone cord modes are
prevalent when vy < 2.5 and o9 / 0. > 7.5 or when vy > 2.5 and oy / o. > 6.5. Physical
interpretation of these results is aided by Eq. 2.15; for a given film stress, gy, that is larger than
the critical stress, o, there exists a critical width where the loading on the delamination front is
no longer uniform resulting in the secondary buckling that leads to the varicose or telephone
pattern.

Gy/C=5 6.5

v=(0.3

—

6,/0.=5 6.5

v=0.2 '

Figure 2.8 Contour plots of a buckled plate of constant width clamped along it's edges with
three different stress ratios and two Poisson's ratio. For oy / 6. < 6.5 the Euler mode is
dominant (left most column). For &y / 6. > 6.5 varicose (bottom middle) or telephone cord

(right column and top middle) buckling occurs. Adapted from [54].
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Chapter Three: Tapered air-core channel Bragg waveguides

3.1 Introduction

This chapter details the work to design, fabricate and test air-core ridge waveguides based on a
wafer bonding technique. In particular, these devices were designed to facilitate proof-of-concept
fluorescence detection with the potential for integration within lab-on-a-chip (LOC) systems.
The main building block is a tapered waveguide spectrometer which has been studied previously
by the DeCorby group [7,28,58,59]. Initial results, as well as design limitations, are presented
and discussed. This serves as a prelude to Chapter 5, where an alternative fabrication method
based on controlled buckling is described. Portions of this chapter where published in Frontiers

in Optics 2014 [60].

3.2 Background and motivation

Recently, lab-on-a-chip (LOC) devices have attracted a large amount of academic research.
These chips combine valves, pumps, mixers and channels to perform automated functions that
would typically require a full-scale laboratory [12]. The advantages these systems offer are
myriad, and include:

e Portability

e High sensitivity

e Reduced cost

e In situ analysis

Optical detection methods have many attributes that are attractive for LOC systems

including high sensitivity, and high resolution, as well as being non-invasive and offering real
time results. Typically, optical detection is accomplished using bulky off-chip components such
as filters, microscopes, imaging systems and commercial spectrometers. In order to align with
the goal of point-of-care-diagnostics, integrated (on-chip) optical sensing devices are of

significant interest.
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Fluorescence detection is widely used for biological and chemical analyses [61], and, as
a result, techniques for fluorescence detection are highly developed and are the most common
sensing modality in LOC and optofluidic microsystems [1]. Fluorescence systems typically
employ filters to suppress excitation light at the detector, and to isolate the emission from one or
more known dyes. While less common, the acquisition of spectrally-resolved fluorescence is a
more powerful and flexible approach, which can enable the study of native fluorescence and
provide insight into dynamic chemical and biological processes [62].

While many optical devices benefit from size reduction and integration, the
implementation of chip-scale spectrometers remains a difficult challenge. Compact
spectrometers can be realized by placing a linear variable filter (LVF) (ex. a tapered Fabry-Perot
cavity) in close proximity to an image sensor [63]. However, the traditional LVF spectrometer
has inherently low throughput and is not particularly compatible with point-source emitters.
Schmidt ef al. [64] proposed an alternative geometry that addresses some of these issues, by
integrating a hollow waveguide adjacent to the wedge filter. However, that system requires that
fluorescence be collected from a large volume or from a particle flowing at stable and uniform
velocity.

We have previously described [7,28] an instrument that can be viewed as a side-coupled
LVF, and which we’ll subsequently refer to as a tapered waveguide spectrometer (TWS). These
devices utilize omnidirectional Bragg reflectors as the claddings while the tapered core of the
waveguide provides the dispersive functionality. Here, we describe preliminary experiments that
illustrate the utility and advantages of the TWS for on-chip fluorescence spectroscopy in LOC

systems.

3.3 TWS concept and design

A schematic illustration of the TWS concept is shown in Fig. 3.1. Light emitted by a small
volume emitter (for example, a fluorescent particle) is collected into the hollow waveguide and is
spatially dispersed for collection and analysis using an image sensor and signal processing
techniques. A fluidic channel containing the liquid analyte would be closely integrated with the

tapered waveguide to ensure efficient collection of the emitted signal.
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Figure 3.1 - Cross-sectional schematic of the proposed spectroscopy system. A fluidic
channel would be closely integrated with the tapered waveguide spectrometer, to facilitate
efficient coupling of the emission (ex. from a fluorescing particle) into the hollow waveguide

modes.

One of the advantageous features the TWS possesses is its dispersion mechanism
afforded by the tapered core. Consider a tapered slab waveguide clad with distributed Bragg
reflectors. For wavelengths that lie within the omnidirectional band of the mirrors, light is well
guided until the mode approaches its critical cut-off thickness. At this point, the mode effectively
becomes a vertical cavity resonant mode. As discussed in Chapter 2, fabricated Bragg mirrors
have sub-unity reflectance, and as a result the light at cut-off is partially radiated out of the
waveguide in the near vertical direction (see Fig. 3.2(a)). Neglecting field penetration into the
mirrors, the core thickness that corresponds to the critical cut-off thickness for mode m (resulting
in the equivalent Fabry-Perot cavity) is given by:

_mi (3.1

2

dC
2

where 4 is the free space wavelength. As expressed by Eq. (3.1), the cut-off position is
wavelength dependent, allowing for the spatial dispersion of an input signal. Each unique

spectral component of a polychromatic signal can then be extracted based on its unique cut-off
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location. Wavelengths that undergo cut-off are subject to back reflection and standing wave
formation in the proximity of d. [7]. For wavelengths larger than the upper limit of the
omnidirectional band (see Fig. 3.2 (b)) modes are guided poorly at the waveguide input and
ultimately do not reach the detection point. For wavelengths shorter that the lower limit of the
omnidirectional band (see Fig. 3.2 (c)) modes are guided well at the taper input. However, as the
bounce angle becomes smaller, the guided modes begin to leak out at off-normal angles. These

modes do not reach the vertical cavity resonance condition.

Figure 3.2 - A ray optics representation of guided light within a tapered air-core Bragg

waveguide. (a) Guided modes within the omnidirectional band of the cladding mirrors are
transformed into vertical cavity resonant modes which radiate outward in the near vertical
direction. (b) Wavelengths that are longer than the upper limit of the omnidirectional band
are poorly guided at glancing angles and leak out. (c) Wavelengths that are shorter than
the lower limit of the omnidirectional band are guided well at glancing angles but begin to
leak out as the bounce angle becomes smaller. A low NA optic at the detection point can

filter out these wavelengths.

The off-normal radiation that is emitted through the structure from standing wave
formation and out-of-band wavelengths (particularly at shorter wavelengths) can cause
significant interference and cross talk problems. For use as a microspectrometer these effects
must be reduced or eliminated. Some strategies to address this issue include using a low-NA
optic at the detector location to suppress off normal light rays (see Fig. 3.1) or careful choice of
taper profile. In the case of fluorescence sensing, careful design can ensure the wavelength of the
excitation source lies outside the omnidirectional band of the DBRs so that when light is

collected using a low-NA optic, is effectively filtered out of the vertically radiated spectrum.
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For a taper spectrometer, where the off-normal radiation is suppressed, the wavelength

resolution can be approximated as [7,28]:

Z 3.2)
dl~—L+ 4 , (
D, mﬁ(ﬁ /(l —R))
where m is the vertical mode order (m=1,2,3...), Z, is the effective detector array pixel size
(accounting for magnification), and R is the normal incidence reflectance of the Bragg mirrors.

The spatial dispersion, Dz, imparted by the taper is given by:

(3.3)
p =A2_Azad (1 (Kﬂ),
AL Ad AL\ S, 2

where S7 is the absolute value of the taper slope, d is the air core thickness, and K is the phase
shift coefficient accounting for field penetration into the cladding mirrors at normal incidence
[65]. Furthermore, the free spectral range (FSR) can be expressed as:

A (3.4)

5ﬂFSRN—'
m+1

Analogues to the properties of a diffraction grating, higher ordered modes offer enhanced spatial
resolution and dispersion, but at the expense of reduced FSR. It should be noted that, depending
on the material choice for the Bragg mirrors and geometry of the taper, the omnidirectional band
can limit the operating range of the spectrometer, rather than the FSR [28].

In the description above, a slab model has been assumed. However, in many cases 3D
confinement is preferred. To achieve optical confinement in the lateral direction, an effective
index contrast can be induced by varying the core height to produce channels. Waveguides of
this nature are commonly called rib or ridge waveguides.

Figure 3.3 depicts a ridge waveguide clad by DBRs. Using the effective index
method [66], we can separate the structure into different regions corresponding to different core
thickness (Fig. 3.3 (a)). Each region can then be approximated by an equivalent planar slab
model that is used to obtain the effective index, 7., of the region. The ridge waveguide can thus
be viewed as a slab structure composed of layers with effective refractive indices, 7.t and #egp.
For a guided mode, m, with bounce angle, 8,,, the effective refractive index in a slab waveguide

with core thickness, d, can be expressed as:
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B A\ (3.5)

Ay = - =M, cos(@m)=nl. I-|— 1 ,
Tk 2d

where S, is the mode propagation constant, ky is the free-space wavenumber and »; is the

refractive index of the core region (assumed to be air, n; = 1). This expression illustrates that an

increase in core thickness corresponds to an increased effective index. By designing the ridge

thickness, d;, to be larger than the cladding region, d>, n.s becomes larger than nes, allowing

lateral confinement of guided modes within region 1.

Figure 3.3 - Effective index model of a ridge waveguide clad with distributed Bragg

reflectors. (a) Cross section of the ridge waveguide separated into region 1 with core height
d;, width w, and region 2 with core height d,, where d; > d,. (b) The ridge waveguide can be
viewed as a composite slab waveguide with regions 1 and 2 having effective indices n¢s and

N, respectively.

Propagation within the core can be single or multi-moded, depending on the dimensions
of the channel region. While intuitively, one would think that the single mode criteria would
mirror that of an equivalent slab waveguide, it has been found that that is not the case [67,68]. In
fact, it was found that the ridge waveguide may be multimode in the vertical direction, but under
certain geometric conditions, it can only support one low loss mode. These conditions are

expressed as:
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r (3.6)

r>0.5, (3.7)

where, neglecting field penetration into the claddings, » ~ d»/d, and ¢t ~ w/d;, where w is the width
of the ridge region. For a ridge waveguide that meets these conditions, only the fundamental
mode in the ridge region has a propagation constant that is higher than that of the fundamental
mode in the adjacent slab waveguide regions. This results in all modes of order m > 1 leaking out
of the ridge region. For tapered ridge waveguides discussed above, there are inherent
concessions that are made for single mode operation, namely a reduction in dispersion and
resolution. This reduced versatility makes multimode operation preferred for the concept
described.

The tapered waveguide based spectrometer described above possesses many key
characteristics that make it particularly well suited for optofluidic and LOC analysis. The tapered
channels provide in-plane collection of light from adjacent sources, the decomposed signal is
delivered in the out-of-plane direction (vertical), inherently compatible with direction integration
over a CCD or other image sensor, and lastly, the properties of the dispersive element (Bragg
waveguide) can offer intrinsic filtering and suppression of excitation light at the detector,

reducing the need for additional elements such as filters.

3.4 Fabrication

Proof-of-concept devices were fabricated using a wafer bonding method [28]. The general
overview of the fabrication process is provided in Fig. 3.4. First, ridges are etched in a fused
silica substrate using standard lithography and etching techniques. Next, a DBR is deposited on
the etched fused silica substrate as well as a matching DBR on a silicon substrate. SU-8 posts are
then patterned on the silicon substrate. Both substrate samples are then diced into appropriately
sized chips such that the posts are positioned along one edge of the silicon chips. Lastly, diced
pieces from the two substrates are bonded together, with the mirror surfaces facing one another.
The posts run across the front edge of the chips and the etched channels run length-wise
perpendicular to the posts along the chips perpendicular to the posts. In this way the posts prop

up the fused silica substrate at one end forming a tapered slope. It should be noted that the wafer-
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bonding technique described below was chosen specifically for its relative simplicity as a
method to test the sensing capabilities of the prototype platform. As a result, direct integration
with microfluidics or LOC devices would prove complicated and likely require a different
fabrication method. Nonetheless, prototype devices fabricated in this fashion illustrate the utility
of the concept. The detailed development of each step in the fabrication process is described

below.

Si substrate Silica substrate
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Figure 3.4 - Process flow for the fabrication of wafer bonded tapered Bragg waveguides.
Separate silicon and silica substrates are used. Posts are patterned on one edge of the
silicon substrate while channels are etched into the silica substrate. Both substrates are
deposited with identical Bragg reflectors and bonded together, with the mirrors facing each

other, such that the posts prop the silica substrate up on one end forming a linear taper.
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3.4.1 Development of low loss DBRs

Previously the DeCorby group has fabricated low-loss DBRs in the near infrared using
chalcogenide/polymer and Si/SiO, pairs [27,29]. For fluorescence detection, operation in the
visible range is typically required and therefore different materials were needed. As discussed in
Chapter 2, the operational characteristics (loss, bandwidth, etc.) of a Bragg waveguide are
determined by the optical properties of the materials comprising the structure. Required
attributes for the materials include:
e Low optical loss in the wavelength range of interest
e Large index contrast between materials
e Well understood and compatible deposition techniques
With these requirements in mind, TiO, and SiO, were chosen as deposition materials.
TiO, has long been used in the optical coatings industry due to its transparency in the visible to
near infrared region, high index (n~2.4), hardness, and excellent chemical and mechanical
stability [33,69-71]. SiO, is the natural low index counterpart to TiO, and shares many of the
desirable properties TiO; possess [33]. Due to the limited index contrast of the chosen materials,
the photonic band gap is expected to be narrow. If only TE-polarized light is considered,
however, the conditions for achieving omnidirectional reflection are relaxed considerably [41].
Extensive research has been performed into the various methods of deposition for TiO,
including electron-beam evaporation [71], reactive sputtering (RF and pulsed DC) [70,72,73],
and ion-beam assisted methods [74,75]. The properties of deposited TiO; films vary extensively
depending on the exact deposition conditions. The relationship has been shown to be extremely
complicated, with starting-material, substrate, pressure deposition rate, substrate temperature,
etc. all playing significant roles [71]. Due to variances between deposition methods and
machines, optimal processes must be developed in-house to suit a particular need.
Electron-beam evaporation is, in general, the most common deposition method for optical
films, and in particular, TiO, [33,69]. Owing to this, and prior familiarity with local electron-
beam systems, this was the deposition method chosen for the devices described in this chapter. A

schematic of a typical electron-beam evaporation system is shown in Fig. 3.5.
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Figure 3.5 - Schematic representation of a typical electron beam evaporation deposition
system. Using magnetic fields, an electron beam is guided onto the surface of the source
material. The material evaporates or sublimates and the vapour is deposited on the

substrate above.

Systems are generally housed in large chambers and connected to one or more vacuum
pumps. A high energy electron beam is generated by a thermionic source, such as a tungsten
filament, and directed toward the source material which is housed in a water cooled crucible. In
general, the filament is kept out of the line of sight of the source material to prevent
contamination. Strong magnetic fields are used to bend the electron beam so that it strikes the
source material. The collision of high energy electrons with the source material rapidly raises the
temperature of the source causing the material to evaporate or sublimate. The resultant vapour
then condenses on the surface of the substrate, which is placed above the source material. Using

modern technologies, the electron beam can be controlled to raster across the crucible in a
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programmed pattern to create uniform melts. In order to prevent potential contamination between
the source and crucible, the crucible must be made of a material with a higher melting
temperature than the source.

An electron-beam evaporation system equipped with a 6-pocket hearth (MDC e-VAP
4000) was used for depositions. A mechanical roughing pump was used to reduce the pressure to
~500mTorr after which a cryo-pump was used to reach the base pressure of ~5x107 Torr.
Pressure was monitored using an ion-gauge sensor and two quartz crystal monitors are used for
real-time film thickness monitoring. A programmable current sweep controller (MDC eVAP
programmable X-Y sweep) was utilized to control the beam position. A particular advantage of
this system was that no other users were accessing the system during the period of the
fabrication. Seemingly minor changes to the chamber between depositions can produce
inconsistent results from one deposition to another and is, by far, the biggest disadvantage of
multi-user systems. Having nearly exclusive use of the system proved invaluable during the
fabrication process.

Individual layers of TiO, and SiO, were initially deposited to calibrate the crystal
monitors and to determine physical and optical characteristics to be used in the subsequent
designing of the DBR. A 99.9% pure TiO, source (Lesker) was used for depositions. Depending
on the degree of oxidation, TiO; sources vary from white in colour to near black. The particular
source used for these depositions is black in colour, indicating an oxygen deprived source,
although white sources have been used in the past. A tungsten crucible was filled approximately
half full with 1-4mm sized pieces of the TiO, source and melted into a convex glob like shape.
This process was repeated until the domed source material filled two thirds of the crucible (see
Fig 3.6 (a)). This source preparation is extremely important to ensure high film quality. Any new
TiOx source will outgas and turn black once it has begun melting. During this process, the
pressure of the e-beam chamber was observed to increase from 3.6x10” Torr to 5x10™ Torr. A
uniform domed melt indicates uniform outgassing, ensuring that the same oxygen content is
present throughout the source and eliminating varying oxygen content in the subsequent films. A
non-uniform melt may also contain air pockets which can rise to the surface of the melt and

cause spitting, which in turn causes the deposition rate to vary [76].
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Figure 3.6 - Photographs of prepared e-beam sources in crucibles. The TiO; source (a) has
been melted down into a domed shape to ensure uniform film properties. This process
causes out-gassing resulting in a black material. The SiO; source (b) sublimates rather than
melts. In this case the e-beam must be rastered across the source material to ensure

uniform film properties.

Table 3.1 - Deposition parameters and film properties of e-beam deposited TiO, and SiO,

monolayer films

Material Base Deposition  Substrate Current Deposition nNss Kss0
pressure Pressure temperature rate (nm/s)
(Torr) (Torr) O
TiO, 5.2x107 1.010* 300 0.13 0.068 2.39 1x10°
SiO, 3.3x107 1.8x10° 300 0.04 0.178 1.46 ~0

Once the source material was properly prepared, the system was loaded with a piranha
cleaned silicon wafer and pumped down overnight. A summary of the deposition parameters can
be found in Table 3.1. As mentioned above, after the initial melt the TiO, source is oxygen
deprived, and therefore requires an oxygen partial pressure to ensure stoichiometry. This was
accomplished by introducing pure oxygen into the system by a valve located at the bottom of the
chamber. The oxidation of the TiOx vapour occurs on the substrate surface [33]. Due to the large
distance between the oxygen valve and substrate, a high partial pressure (1x10™ Torr) of O, was

necessary for the deposited films to ensure enough O, reached the substrate surface for the
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oxidation to occur. The substrate was kept at a temperature of 300°C to encourage the oxidation
of TiOyx at the substrate surface [77]. High temperature depositions have also been found to
increase film density resulting in a higher index of refraction [69,71,76,78], an attractive
attribute for maximizing the DBR stop-band.

The sample was allowed to cool to room temperature before subsequent venting and
unloading. A contact profilometer was used to confirm the thickness of the film and determine
the tooling factor for the crystal monitors. To test the optical properties of the film, a variable
angle spectroscopic ellipsometer (VASE, J.A. Woollam) was used to scan the reflectance of the
sample. From this, the VASE software can be used to fit the experimental reflection to various
models. A Cauchy fit of the from

B C 3.8
I’l(//i):A‘FF-F? ( )

b

was used where A, B, and C are fitting parameters. To account for absorption, an Urbach tail

model was used:

k) =ae [43) (3.9)

where o and f are the amplitude and exponent factor, respectively and are used at fitting
parameters and y is the band edge. The optical properties of the TiO, monolayer are provided in
Fig. 3.7 (a). along with the dispersion relation determined by Kim [79]. As expected, using a
high substrate temperature produced films with high index, nssp=2.39 and low loss, ksso<le-6
(see Table 3.1). Compared to the Kim model, the experimental index was found to be larger by
~0.08 over the visible wavelength region.

Monolayers of SiO, were deposited in much the same was as TiO,. A copper crucible
was filled approximately two thirds full of 1-5mm pieces of a 99.99% pure SiO, source (Lesker).
Minimal source preparation is required for SiO,, since the material tends to sublimate rather than
form a uniform melt (see Fig 3.6 (b)). However, to ensure that a hole is not drilled through the
source material, careful control of the beam location is required. Here, a small spiral pattern was
used and manually moved across the crucible to ensure uniform source consumption. The
complete summary of the deposition parameters can be found in Table 3.1. The deposition rate

was verified using contact profilometer measurements of the film. The resultant Cauchy fit using
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the VASE software can be seen in Fig. 3.7, with nsso = 1.46, comparing well to results previously

reported by the group [28].
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Figure 3.7 - Refractive index of electron beam deposited monolayers of (a) TiO, and (b)
SiO;. Results were obtained using a VASE measurement system and determined using

Cauchy fits.

The optimized monolayer films were subsequently applied to the fabrication of DBRs. A
6-period Ti0O,/S10, multilayer at centre wavelength, Az, = 550nm, was deposited on a piranha
cleaned silicon wafer. The system was pumped down overnight, achieving a base pressure of
3.2x107 Torr. The total multilayer stack was deposited at 300°C. The multilayer was allowed to
cool to room temperature before venting and unloading. To predict the stop-band for the
multilayer, transfer matrix simulations [47] were performed using the optical properties of the
individual layers determined above. Peak reflectance for TE-polarized light at 550nm and normal
incidence is predicted to be Rssp = 0.996. The experimentally determined reflectance
characteristics measured using the VASE system and the predicted stop-band are shown in Fig.

3.8. A stop-band (TE) spanning ~495-565 is observed, in close agreement with simulation.
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Figure 3.8 - Predicted (dashed lines) and experimentally determined (solid line) reflectance
characteristics of the electron beam deposited 6-period TiO,/SiO; mirror. Results are for

TE-polarized light at 20" and 75" incident angles.

A contact profilometer measurement indicated a total thickness of ~888nm, in close
agreement with the target thickness of 908nm. The ~2% discrepancy in thicknesses has been
observed to be typical for large multilayers. Variations in the reflectance values are attributable
to the slight variation in thickness, and to the fact that the model neglects details such as surface
roughness and index gradients at the interface between layers.

A matching 5.5-period DBR was deposited on a fused silica substrate, which had been
previously etched with arrays of channels with widths varying from 10um to 80um. The
channels were etched to a depth of ~2.5um using an inductively coupled plasma reactive ion
etcher (ICPRIE- Alcatel, AMS110). Due to the change in substrate from silicon to fused silica
the mirror was designed to start and terminate with the high index layer to increase the

reflectance [33], resulting in the odd number of layers in the DBR.

3.4.2 Manual assembly

Following successful deposition of the DBRs, the wafers were cleaned using an acetone
sonication bath and prepared for lithography. In order to create the required taper, a strip of posts

must be patterned long the edge of the chips (see Fig. 3.4). SU-8 (Microchem), a photosensitive
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polymer, was a natural choice as the material for patterning due to its chemical and mechanical
stability and the extensive literature on the material due to its prevalent use in MEMS devices
[80].

SU-8 is available in many different viscosities that can produce film thicknesses between
0.5-200um. For the devices described above, a film thickness of ~Sum was desired to ensure
multi-mode operation. In order to achieve the desired thickness, SU-8 2002 (% solids 29%) and
SU-8 2010 (% solids 58%) were mixed to form a series of solutions of varying viscosities. The
process involved adding the lower viscosity resist to a flask of the higher viscosity resist and
gently rotating the flask. Care was taken to prevent bubble formation within the solution, which
can be detrimental to the lithography process. Each mixture was spun cast at ~2000 RPM and
processed to determine its median film thickness. Figure 3.9 (a) shows the film thicknesses of the
various mixtures tested. From this curve, the mixture with a 2010:2002 ratio of 3:5 was selected
for use. Further refinement of this mixture was performed, the resultant spin speed vs. thickness
curve is shown in Fig. 3.9 (b). The lithography was performed on the silicon substrate DBR
producing a post height of 4.6um. A complete summary of the optimized process parameters
performed on the DBR are provided in Table 3.2. The SU-8 posts were found to be slightly
thinner than expected, a side effect of the reduced adhesion on the TiO, surface compared to the

Si surface used for the optimization process.
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Figure 3.9 - Summary of SU-8 film preparation. (a) The median film thickness of various

mixtures of SU-8 based on the estimated % solids present in each mixture. (b) The spin
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speed vs. thickness relationship for a 3:5 mixture (~40% solids) of SU-8 2010 and SU-8
2002.

Both the silicon and fused silica substrates were then diced into chips of size ~4mm x
10mm with an array of SU-8 posts positioned along the edge of the silicon pieces (see Fig. 3.10
(b)). A coating of photoresist (HPR 504) was soft baked onto the substrates prior to dicing to
protect the multilayer film from debris. This resist was removed using IPA after dicing. A silicon
and a fused silica chip were then aligned on top one another, mirror surfaces facing one another,
and clamped together. The SU-8 posts act to prop up the fused silica piece on one side (see Fig.
3.4) to produce an approximately linear taper with slop St = 1.15um/mm. A UV curable epoxy
(NOA 61) was then applied manually, using a needle tip, along the edges of the clamped chips to
bond the two pieces together. A fully assembled chip is shown in Fig. 3.10 (b).

Table 3.2 - Optimized recipe for 3:5 mixture (~40% solids) of SU-8 2010 and SU-8 2002
used to fabricate posts of height ~4.6pm.

Step Details

(1) dehydration e 200°C for 300s
(2) Coating e Spread: 500/5/5
(RPM/time/acceleration) e Spin: 1700/30/4
(3) Soft bake e 65°C for 300s

e 95°C for 120s

(4) Exposure e 6.7s (105 mJ/cm?)
(5) Post exposure bake e 65°C 240s
e 95°C600s
e 65°C60s
(6) Development e 60sin SU-8 developer

e 10sIPA rinse

(7) hard bake e 200°C for 300s
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Figure 3.10 - (a) Image of the quartz wafer following dicing. The protective layer of
photoresist is present on the sample. (b) Fully assembled tapered waveguide. The etched

channels are visible as narrow vertical lines.

3.5 Results

To characterize the devices a 532nm laser source, 543nm laser source, and broadband super-
continuum source (Koheras SuperK Red) were utilized. The sources were either fibre coupled or
free-space coupled to the wide end of the tapered channels. In the latter case, an objective lens
was used to focus on the taper input. A CCD camera (Coolsnap ES, Photometrics) affixed with a
low NA optic (Edmund optics, 0.7x - 4.5x with NA < 0.9) was adjusted above the chip to collect
the out-of-plane radiation pattern from the channels. The general experimental setup is shown in

Fig. 3.11.
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Figure 3.11 - Schematic of the general experimental setup. An example of a typical

radiation streak emitted from a tapered channel (inset) is provided.

3.5.1 Resolution

The two green laser sources were used to determine the experimental resolution of the device.
The lasers were launched in the wide end of the tapered channels and images were taken of the
out-of-plane radiation of the lowest ordered modes. Figure 3.12(a) depicts the resultant radiation
pattern from the 543nm source. Cut-off for modes guided in the channel can be seen as dots
while cut-off for light guided in the slab region is seen as bright lines. Imaging software was
used to determine the pixel intensity along the channel region which facilitated plotting the pixel
intensity versus distance (see Fig. 3.12 (b)). Column-wise pixel averaging was employed to
reduce noise, and the images were scaled using photolithographic features of known size. The
experimental resolution can be determined from the FWHM of the laser dots as dA ~ dz / (Az/A4)
[28], where dz is the FWHM of the laser dot, Az is the distance between the peaks of the laser
sources, and A4 = 11nm is the wavelength difference between the lasers. Figure 3.12(b) depicts
the pixel intensity versus distance along the channel for mode m=8 with dA estimated as 1.5nm.
Equation (3.2) predicts a resolution of 0.30nm mode m=8. The discrepancy between
experimental results and theory is a result of several factors. Namely, the theoretical result

assumes a reflectance of 0.996, which neglects surface roughness and index gradient at the
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transition between layers. The model also neglects to incorporate standing wave effects which
act to broaden the radiation pattern near cut-off [7]. This broadening can be observed in Fig.
3.12(b) where, although a low NA optics is used, secondary peaks are present on the left of the
primary peak. Nonetheless, as predicted by Eq. (3.2) resolution was found to improve with mode

order where dA = 0.9nm for mode m=10.
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Figure 3.12 - (a) 543nm laser light radiated in the near-vertical direction from the taper
and collected using a low NA optic and CCD camera. Bright dots along the tapered channel
indicate cut-off positions for the laser. Cut-off modes in the slab region are also visible as
bright lines outside the channels. (b) Column-wise pixel averaging of mode, m = 8, for
532nm and 543nm laser light within the channel region. A low NA optic was used, however,
secondary peaks to the left of the primary, indicating standing wave formation and back

reflectance, are still present.

3.5.2 Operating Range

As mentioned previously, the devices have a finite operating range that is limited by the width of
the stop-band or the FSR. Chips were fabricated with 4.6pm SU-8 posts and an channel etch
depth of 2.5um. At the narrow end of the taper, assuming no gap, the etched channels limit the
minimum core thickness possible. In the case of the fabricated chips, an etch depth of 2.5um

yields ~9 vertical modes, producing a limited FSR of ~55nm for 550nm light. Using transfer
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matrix simulations, the omnidirectional band is expected to span ~70nm indicating that the
fabricated devices have an operating range limited by the FSR. Figure 3.13 shows the light from
the super-continuum source radiating from the taper. As evident from the image, there does not
appear to be distinct modes present in the channel indicating mode overlap, and confirming the

FSR limited operating range.

Figure 3.13 - Image of a ~4mm long tapered channel illuminated with the super-continuum
source. The bright spot on the left indicates the wide end of the taper, while the bright edge
on the right indicates the narrow end. It is expected that m=8 is the lowest ordered mode
undergoing cut-off in the channel region. As a result, the modes from the broadband source
overlap creating a uniform green streak. In contrast, there are several isolated modes in the

slab region above and below in the tapered channel due to the decrease in core height.

Attempts were made, however, to determine the spectral response of the chips by
analyzing the modes in the slab region which have a vanishing core thickness. In brief, the
543nm and 532nm lasers were launched into the slab region of the tapered waveguide and their
cut-off positions recorded. This allows pixel-to-wavelength mapping along the length of the
taper enabling the extraction of the spectrum of the broadband source. In this case a white LED
(Digikey) was coupled to the wide end of the taper and the m=2 mode was analyzed. The raw
spectrum of the LED extracted from pixel-to-wavelength mapping of the taper is depicted in Fig.
3.14(a). The shape of the LED spectrum obtained from using a commercial spectrometer (Ocean
Optics, USB4000) is plotted for comparison.

As for any spectrometer, the 'instrument response' of the taper must be considered.
Complete calibration of the extracted spectrum must take into account both the taper response
and the collection optics and image sensor. The 'instrument response' in the case of the tapered

spectrometer devices can be modeled as a correction factor defined as:
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S.(A) (3.8)
Sp(A)’

C(A) =

where S¢()) is the reference spectrum and St(A) is the raw spectrum obtained from the pixel-to-
wavelength mapping of the source. Using the spectra from Fig. 3.13(a) the experimentally
determined correction factor is presented in Fig. 3.14(b). The operating bandwidth spans
~500nm - 570nm, in close agreement with the expected TE-polarized stop-band determined from
the mirror properties. The device has a relatively flat response between ~510-550nm with peak

sensitivity at ~530nm.
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Figure 3.14 - (a) Spectrum of the white LED (solid line) radiating in the near-vertical
direction from the taper using pixel-to-wavelength mapping. The shape of the LED
spectrum obtained using a commercial spectrometer (dashed line) is included for
comparison. (b) Resultant correction factor for the tapered waveguide obtained from the
LED source.

3.5.3 Fluorescence sensing

To assess the fluorescence sensing capabilities of the prototype, a thin film of fluorescent
microspheres (Fluospheres, Invitrogen) were deposited on a glass slide and positioned at the
wide end of the taper. A focused 474nm laser was used to excite a small area of the microsphere
film, whose emission was directed into guided modes in the tapered channels. To cover the
operating range of the tapers yellow-green Fluospheres (505nm excitation, 515nm peak
emission) and orange Fluospheres (540nm peak excitation, 560nm peak emission) were tested.

The characteristic radiation streaks for modes m=8,9,10 of the yellow-green and modes m==8,9
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for the orange Fluospheres are depicted in Fig. 3.15(a,b). Using the same imaging setup
described above, and wavelength calibration technique using the 532nm and 543nm lasers, pixel-
to-wavelength mapping of the emission of the microspheres was performed with the raw
spectrums depicted in Fig. 3.15(c,d). The spectrum of the microsphere films obtained using a

commercial spectrometer, and for the same excitation conditions, is also plotted for comparison.
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Figure 3.15 - Characteristic out-of-plane radiation streak of (a) yellow-green and (b)
orange fluorescent microspheres captured by low NA optics and CCD camera. (c,d) The
resultant spectrums of the m = 8 modes, extracted from the taper using pixel-to-wavelength
mapping by the known cut-off positions of the 532nm and 543nm laser lines. Reference
spectrums of the microspheres obtained using a commercial spectrometer are shown for

comparison.

The raw data from the tapers for the 505/515 Fluospheres follows the general trend of the
reference spectrum, with peaks matching closely. The discrepancy between spectra at the short
and long wavelength side is due to the limited FSR of the m = 8 mode analyzed (FSR~60nm).
For example, 4 = 500nm of mode m = 8 overlaps with 4 = 545nm of mode m = 7 where the
Fluosphere has appreciable emission. Raw data from the tapers for the 540/560 Fluospheres also
follows the general trend of the reference spectrum. Discrepancies on the right at long
wavelengths are due to the limited operating range afforded by the DBR's. As mentioned above,
the operating range at long wavelengths is limited to ~570nm. This aligns closely to the

discrepancies observed for A>570nm in Fig. 3.15(d).
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Figure 3.16 - Corrected taper spectrum of the m = 8 modes for the (a) yellow-green and (b)
orange fluorescent microspheres. Near the edges of the operating range where the
correction factor changes rapidly, or where significant mode overlap occurs, the spectrum
begins to diverge. Reference spectrums of the microspheres obtained using a commercial

spectrometer are shown for comparison.

In an effort to improve the spectrums extracted from the taper, the correction factor
determined from Eq. (3.8) and presented in Fig. 3.14(b) were applied to the raw spectrums of the
Fluospheres. The resultant spectrums are presented in Fig. 3.16. Results from the yellow-green
Fluospheres shifted to shorter wavelengths, aligning more closely with the peak from the
reference spectrum collected using the commercial spectrometer. Discrepancies close to A =
500nm are the result of the proximity to the operating range limit where the correction factor
beings to vary rapidly. The corrected spectrum for the orange Fluospheres shifted to longer
wavelengths and proved to be a poorer fit to the reference spectrum. At long wavelengths near
the edge of the operating range, A = 570nm, the taper correction factor begins to change rapidly
resulting in the dramatic shift of the taper spectrum to longer wavelengths. This is compounded
by mode overlap at this range where 4 = 570nm of mode m==8 overlaps with A = 525nm of mode

m =9 where the Fluosphere has non-negligible emission.

3.6 Conclusions

Prototype spectroscopic sensing devices were fabricated and their fluorescence sensing

capabilities were tested. With the use of low-NA collection optics, resolution as low as 0.9nm
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was achieved within an omnidirectional band of ~70nm. Emission from two types of fluorescent
microspheres were coupled into the devices and the spectrum extracted. Raw spectra agreed
reasonably well with those collected from the sources using a commercial spectrometer. Results
deviated from the reference spectrum close to the edges of the operating range of the TWS, and
where significant mode overlap was present as a result of limited FSR. In an attempt to improve
the extracted spectra, a correction factor was applied to remove the 'instrument' response of the
system. The correction factor improved the taper response within the operating range, however,
results began to deviate rapidly close to the edges of the taper operating range and where mode
overlap was obvious. As a result, the correction factor is only reliable in ranges where there is no
overlap between adjacent modes and for wavelengths that are well within the device operating
range. To improve the operating range it is necessary to use more complex multilayer systems, or
higher index contrast material combinations such as GaP and SiO, [81]. The limited FSR can be
addressed by reducing the etch depth of the ridge region and reducing the SU-8 post height. In
order to realize a fully integrated solution, compatible with microfluidics, an alternative
fabrication method, such as controlled thin film buckling discussed in Chapter 5 and 6, is likely a

more promising approach.
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Chapter Four: Air gap resonant tunneling bandpass filter
and polarizer

4.1 Introduction

This chapter describes the application of the wafer-bonding technique used in Chapter 3 to the
fabrication of a bandpass filter and polarizer. While not directly related to hollow waveguides,
the bandpass filter employs many of the concepts discussed in Chapter 1 along with the
fabrication techniques detailed in Chapter 3 (bonding) and Chapter 5 (sputter deposition). The
device is based on resonant tunneling through an air layer in the frustrated total internal
reflection regime. Experimental results are reported for Si/SiO;-based devices exhibiting a
polarization-dependent pass band with bandwidth on the order of 10 nm in the 1550 nm
wavelength range, peak transmittance on the order of 80%, and optical density greater than 5
over most of the near infrared region. The contents of this chapter were published in Optics

Letters [82].

4.2 Background

Band-pass filters (BPFs) are essential components in many branches of optics and photonics
[83]. A BPF is characterized by its pass-band shape and spectral bandwidth, peak transmittance
(i.e. insertion loss) within the pass-band, polarization dependence, out-of-band rejection (often
expressed in terms of optical density, OD), and out-of-band blocking range [33]. With the
recent development of laser-based supercontinuum sources [84], there is an emergent need for
BPFs that provide high power-handling capability and good rejection over the ~400 to ~2500 nm
wavelength range. Ideally, the filter should also maintain the beam characteristics of the input
light in both reflection and transmission [85].

Conventional BPFs are thin-film Fabry-Perot (FP) cavities with dielectric quarter-wave-
stack (QWS) mirrors, and are designed to operate at near-normal incidence. Filters with
multiple-coupled-cavities [33] are of great commercial importance, because they can provide an
improved pass-band shape (e.g. a flat top) and superior out-of-band rejection in the wavelength

regions adjacent to the pass-band. However, the inherent blocking range of any FP filter is
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limited to the stop band of its QWS mirrors. Monolithic filters with extended blocking range can
be implemented, but usually involve a complex thin film stack with an extremely large layer
count [86]. To avoid this complexity, commercial FP filters are sometimes packaged with
discrete blocking filters. In a typical implementation, separate filters for short wavelength
blocking (e.g. colored glass filters) and long wavelength blocking (e.g. metal-dielectric filters
[87]) are combined in a single enclosure with the BPF, using epoxy bonding techniques. The
absorptive nature of these blocking filters can be problematic for applications that involve high
power densities.

Frustrated total-internal-reflection (FTIR)-based BPFs, with one or more tunneling
layers, had been extensively studied by the late 1960s [88]. One of their main attributes is
excellent out-of-band rejection over a wide blocking range. Fundamentally, this derives from the
fact that TIR conditions are essentially wavelength-independent (i.e. a TIR interface can behave
as a very broadband mirror). However, some properties of tunneling filters, such as their large
polarization and angular dependences compared to conventional FP filters, were historically
viewed as fatal flaws [88]. Furthermore, the traditional use of solid tunnel layers such as MgF,
or SiO; necessitates high-index coupling prisms, inconveniently high angles of incidence, and
large substrates, resulting in high scattering loss and significant pass-band broadening due to
spatial convolution effects arising from film non-uniformities.

It i1s important to note that much has changed since the early work on tunneling filters.
With progress in techniques such as ion-beam sputtering, dielectric thin film stacks can now be
deposited with extreme thickness accuracy and vanishingly small absorption and scattering
losses [89]. Also, with the emergence of laser-based supercontinuum sources characterized by
low beam étendue [84], an angular dependent response is less problematic in some applications,
and can even be exploited as a tuning mechanism [90]. Finally, as discussed by Li ef al. [91],
the use of an air tunneling layer makes it possible to employ standard glass coupling prisms and
convenient incident angles near 45 degrees, while, however, introducing a new set of fabrication
challenges. Here, we describe a design procedure and experimental results for a BPF based on a
single embedded air layer. Due to a large admittance contrast at the air layer, these filters can be
designed to provide a polarization-dependent pass-band and strong rejection of the orthogonal

polarization over a very wide range.
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4.3 Device details

The proposed filter structure is illustrated in Fig. 4.1(a). A central air layer is embedded
between two nominally identical thin film stacks, comprising alternating layers of two relatively
transparent and high-refractive-index-contrast materials. Here, we use amorphous silicon (a-Si)
and SiO,, which provide a transparency range from ~900 nm to ~2500 nm, but other material
combinations are possible. As depicted in Fig. 4.1(b), the thin films are typically quarter-wave-
stack (QWS) Bragg mirrors at a specified angle of incidence, terminated with non-quarter-wave
‘phase matching’ layers adjacent to the air gap. Light is incident onto the filter structure at some
angle (6,) that would normally result in TIR, and thus the fields are evanescent inside the air
layer. As shown below, with proper design of the thin film multilayer stacks, efficient
transmission can nevertheless occur within a narrow range of wavelengths and for a particular

state of polarization.
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Figure 4.1 - (a) A schematic diagram of the air-gap tunneling filter is shown. The air-gap is
sandwiched between nominally identical thin film stacks. (b) A more detailed view of a
representative thin film structure is shown, where npy = ny or n;. The central three layers
including the air gap can be replaced by a single layer with wavelength-dependent effective

admittance 7.5 and effective phase thickness 5.4

Alternative but complementary theories can be invoked as the physical basis for the

band-pass transmission. From one point of view [92,93], the pass-band is associated with
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resonant tunneling mediated by surface states [46] at the air interfaces. Since each interface of
the air gap supports a surface state, the transmission band can be made to resemble that of a
traditional dual coupled cavity filter [33], with a flat top and relatively steep pass-band edges.
Alternatively, the filter can be viewed as the ‘single tunneling layer’ filter described several
decades ago [88], but in that case employing a solid tunneling layer. Properly designed thin film
stacks provide an admittance match, and thus a pass-band, for a desired combination of incidence
angle, polarization, and wavelength.

Consider the representative structure shown in Fig. 4.1(b), which depicts part of a
nominally symmetric thin film stack coupled at the input and output by identical prisms (see Fig.
4.1(a)). For off-normal incidence, it is convenient to describe the film properties using the
concept of tilted admittance [94]. To simplify the analysis, we assume lossless materials with
real refractive indices. In that case, the tilted admittance 7; for TE and TM polarized light in
medium j can be expressed n;cos6; and nj/cosd; , respectively. Here, n; is the refractive index, 6,
= sin’! {(nix/nj)sin@,} is the propagation angle from Snell’s law, and n;, and 6, are the refractive
index and angle in the incident medium. Furthermore, the phase thickness of a given layer is
given by & = (2n/A)nidicosd, where A is the free-space wavelength and d; is the physical
thickness of the layer.

For &, > sin'l(l/nin), the electromagnetic fields are evanescent in the air layer, and the

2 1t follows

effective angle is complex with a purely imaginary cosine: cos 8 = -i*(1;,"sin> 6,-1)
that both the admittance and phase thickness are purely imaginary in this case, making the air
tunneling layer strictly analogous to a lossless metal layer [88,95]. Thus, we can adapt well-
known design procedures for metal-based induced-transmission (IT) filters to the design of the
air-gap tunneling filter. While various strategies exist for the design of IT filters, we choose to
employ the principle of equivalent layers [96]. Consider the 3 central layers of the filter,
comprising the air gap bounded by identical ‘phase matching’ films. At a given wavelength, and

as depicted in Fig. 4.1(b), this 3-layer structure can be replaced by an equivalent layer of

effective phase thickness d,5and effective admittance 7.4, given by [95]:

sin 26, cosh i, =% Y,, c0s20,, sinh p, —3Y,sinh g,

JA 4.1)
sin 28, cosh 11, —1Y,, c0s26,, sinh u, +1Y, sinh ,LlA} ’

Ny = nPH{
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Here, Yy = (x4/ npu-npe/ k4) and Yp = (k4/ nprtnpa/ k4). Furthermore, 7,=ix4 and 9=y, are the
imaginary admittance and phase thickness of the air layer, respectively, and 77py and opy are the
real admittance and phase thickness of the phase matching layers, respectively.

As discussed by MacLeod [95], a condition for transmission through this 3 layer system
is that 7,5 must be real. Thus, the role of the phase matching layers is to transform the imaginary
admittance of the air layer into a purely real value at some desired wavelength. When this
condition is achieved, it is possible to have admittance-matched tunneling (i.e. a resonant pass-
band) centered at this wavelength. For a given set of A, 6, 7, and 7py, the required thickness
for the phase matching layers can be expressed dpy = OpyA/(2nnpycosBpy), where opy = (n-£)/2
and [16]:

£= tan_l{ 211114 (COSh 2, _1) } ‘ (4.2)
(77j _77;241 )Sinh 2u,+1, (773 + U;HX477 d-Cy /ﬂ')

In this expression, C4 = cos> 6, or 1 for TM- and TE-polarized light, respectively, and the tangent
should be evaluated in the first or second quadrant.

Once the required thickness d,, is obtained, Eq. (4.1) can be used to evaluate the resulting
real effective admittance at the design wavelength. As illustrated by the examples below, the
effective admittances solved for TE and TM polarization (i.e. with the other parameters fixed)
are typically very different. Specifically, with phase matching layers adjusted according to Eq.
(4.2), we typically find 7., << 1 for TE polarization and 7.7 >> 1 for TM polarization. This
implies that if a thin film stack is designed to admittance-match light of one polarization state
(TE or TM), it will be highly mismatched for the other polarization state. This furthermore
suggests that the filters should be highly polarizing, with efficient reflection of the ‘off’
polarization state, a fact that is confirmed by the results below.

The role of the remaining layers in the thin film stack is to transform 7;, into a value as
close to 7.4 as possible. The analysis is simplified greatly when the matching stack is a quarter-
wave stack (QWS), because a quarter-wave layer of admittance 7, added to a structure with
admittance 7;,, transforms the front surface admittance to a value 77j2/ nin [33]. Consider for
example the QWS constructed from alternating high (77y) and low (77;) admittance layers. If we
assume a substrate admittance 7, and start with a high admittance layer, then the front-surface

admittance evolves as (77 i), (11> Tin | 1), (i 1. 1), (01 1 1 1), etc., as successive
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quarter-wave layers are added. This implies that the admittance will alternate between
increasingly high and low values with increasing numbers of layers, and for termination by a
high or low admittance layer, respectively.

For a given pair of QWS materials and a given prism index, only a discrete and limited
set of values for the transformed admittance is possible at a given incident angle and wavelength.
However, excellent matching to the central tri-layer can generally be achieved by using an
iterative design approach. Specifically, d, and 8, can be adjusted to change the 7, 1n one step,
and the number of periods in the QWS can be adjusted in a second step. This can be iterated
until an acceptable admittance match is achieved.

As a first illustrative example, consider a filter designed to exhibit an admittance-
matched pass-band for TE polarized light at 1550 nm wavelength, for an incident angle 6,, = 48
degrees, and using an air layer thickness dy = 3 um. Furthermore, assume that the ambient
media have refractive index n;, = 1.44 (representing fused silica substrates and prisms), and that
the thin film materials have refractive indices ny = 3.7 and n; = 1.46 (representing sputtered a-Si
and SiO, layers, respectively). Finally, assume that the lower index material is also used for the
phase matching layers (i.e. npy = nz). Using (4.1) and (4.2), we find 7.5 = 0.0064, for phase
matching layers with thickness dpy = 90.9 nm. This effective index can be very well matched

using a two-period QWS; i.e. (1.* 7in / ni") = 0.0062.
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Figure 4.2 - The plot shows predicted transmittance spectra for TE polarized light, and
with incidence angle varied (in half-degree increments, as indicated). The layer structure is

described in the main text.

The resulting filter structure is {HLHLLpyALpgLHLH}, where H and L denote high- and

low-index quarter-wave layers (at the specified angle of incidence), Lpy denotes the low-index
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phase matching layers, and A denotes the air layer. Transfer matrix simulations of transmittance,
with material dispersion taken into account, are shown in Fig. 4.2. As expected, a resonant
tunneling pass-band is predicted for TE polarized light incident at ~48 degrees. Furthermore,
this pass-band has a flat top, which can be understood as arising from the resonant coupling of
the surface states at each side of the air gap [92]. For slightly lower angles, these states are
over-coupled, and the single transmission band splits into a pair of pass-bands associated with
symmetric and anti-symmetric couplings of the surface states. For slightly larger angles, the
surface states are under-coupled and the transmission pass-band has a reduced bandwidth and
sub-unity transmittance. The angular shift of the center wavelength is ~ 50 nm/degree. Clearly,
angular convolution effects can only be avoided through the use of a highly collimated input
beam. On the other hand, angular tuning of the filter pass-band and bandwidth is possible in that
case.

The polarizing and rejection properties of the filter are illustrated in Fig. 4.3(a). The
simulated range is restricted to wavelengths above 800 nm, since a-Si becomes highly absorbing
for shorter wavelengths. For TE polarization, the out-of-band rejection is better than ODS5 for
wavelengths more than ~100 nm removed from the center wavelength. For TM polarization, the
thin film stack does not provide an admittance match, and no resonant pass-band is observed.
However, non-negligible transmission of TM light is predicted at the long wavelength end of the
spectrum, where the wavelength is on the order of the air gap thickness. This ‘leakage’ can be
suppressed by designing the filter with a larger air gap, although this also impacts the bandwidth
and other parameters.

The design procedure can be applied just as easily to achieve a TM polarized pass-band,
in which case TE polarized light is strongly rejected. As above, consider using a-Si/SiO;
matching stacks with SiO, phase matching layers. For air gap thickness d4 = 3.1 um and
incident angle 6, = 48 degrees, a TM tunneling band centered at A = 1590 nm can be achieved
for dpy = 174.6 nm, in which case 7.,y = 234. Furthermore, a 3.5 period QWS (starting and
ending with a high index layer) results in a transformed admittance (75" / 7, 17.°) = 239. The
resulting filter structure is {HLHLHLHLpyALpyHLHLHLH}, where the symbols have the same
meanings as above. The predicted transmittance for this structure is plotted in Fig. 4.3(b). As

expected, a flat-top resonant pass-band is observed for 6, = 48 degrees and TM polarized light.
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The filter provides extremely good rejection of the TE polarized light across the entire range, but

as above the rejection of TM polarized light is reduced at longer wavelengths.
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Figure 4.3 - (a) The plot shows the predicted transmittance at 48 degrees incident angle for
the sample described in Fig. 4.2, and for both TE and TM polarized light. (b) The plot
shows the predicted transmittance at 48 degrees incident angle, for a sample designed to

provide a pass-band for TM-polarized light (see main text).

4.4 Fabrication

Prototype devices were fabricated by bonding a pair of nominally matched multilayer
samples, with lithographically patterned stand-offs defining the air gap between them. The a-
S1/S10, matching stacks were magnetron sputtered [8] onto a piranha-cleaned fused silica
substrate, using deposition time to control film thickness. Optical lithography was then used to
pattern strips of SU-8 (a photosensitive resin) on parts of the wafer. The substrate was
subsequently diced into chips ~10mm x 20mm in size, with SU-8 strips (~3 um in height and
~50 pm in width) running along the perimeter of half the chips. To create the air gap tunneling
filters, an un-patterned chip was clamped on top of a patterned chip. Resonant tunneling
efficiency is particularly sensitive to the degree of matching between the phase matching layers
on either side of the air gap [92]. Thus, care was taken to bond chips diced from adjacent
regions of the substrate. From ellipsometric measurements, we estimated film thickness non-
uniformities less than 1% between locations separated by ~20 mm.

Permanent bonding was facilitated by applying pressure to the samples and heating above

the SU-8 glass transition temperature [97]. Samples were placed on a hotplate at ~200°C for 1
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hour, while pressure was applied using a custom press. Following the SU-8 reflow bonding, a
UV curable optical adhesive was placed along the sides of the chips to ensure permanent contact
between the pieces and to seal the air-gap tunneling layer from the external environment. The
fabricated filters were then sandwiched between a pair of fused silica prisms (Thorlabs PS610),
using a refractive index matching gel (Cargille 06350). The assembled structure (see Fig. 4.1(a))

was mounted in a custom holder attached to a precision rotation stage.

4.5 Experimental results

Experimental transmission scans were obtained using a fiber-coupled supercontinuum
source (Koheras SuperK SCB-RED) with spectral content spanning the ~600-1700 nm
wavelength range. The light from the source was collimated by a fiber collimating lens, and then
passed through a broadband Glan-Taylor polarizer. The broadband polarized light was delivered
to the filter/prism structure, and transmitted light was collected with another fiber collimating
lens and delivered to an optical spectrum analyzer (Yokogawa AQ6370B). In order to estimate
the absolute transmittance, experimental power scans were divided by base scans obtained
without a sample in the path. Measurements over such a broad spectral range are complicated by
the spectral dependence of the optical components [85], so care was taken to optimize the
transmission by adjusting the collimator alignment during each measurement. Excellent
repeatability between multiple measurements was achieved.

For the results described here, target layer thicknesses were those of the TE-polarized
pass-band example shown in Fig. 4.2 (i.e. dy = 110 nm, d; = 390 nm, dpyy = 91 nm, and d, = 3
pm). Ellipsometric measurements were performed on single multilayers prior to wafer bonding,
from which the as-deposited films were estimated to be slightly thicker than the target values.
Furthermore, profilometer scans of fabricated SU-8 strips indicated a height of ~2.7 pm.
Experimental transmission spectra for TE polarized light and several different incident angles are
shown, for a typical sample, in Figure 4.4. The angles shown are those inside the fused silica
input prism, calculated from the external angle in air using Snell’s law. The data is in excellent
agreement with theoretical fits obtained using dy = 116 nm, d; = 395 nm, dpy = 94 nm, and d, =
2.7 um. Strong rejection of TM-polarized light across the entire measured range (T < 107), in

keeping with the predictions from Fig. 4.3, was also verified (not shown).
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Figure 4.4 - Experimental (blue solid lines) and simulated (red dashed lines) transmittance
for TE polarized light is plotted versus wavelength, at various incident angles (inside the
prisms): (a) 46.7 degrees, (b) 48.2 degrees, (c) 48.9 degrees, and (d) 50.3 degrees. The layer
parameters used for the fitting are described in the main text. In (a)-(c), the peak

experimental transmittance is ~0.8, while in (d) it is ~0.65.

The slight discrepancy in layer thicknesses compared to target values, especially the error
in dpy, causes the pass-bands to be shifted to slightly longer wavelength for a given incident
angle. The lower air gap thickness compared to the target value causes stronger coupling of the
surface states, and thus a broader pass-band, for a given angle. Otherwise, the filter behaves as
expected from the discussion above. Experimental peak transmission exceeded 85% in many
cases. From numerical simulations (not shown), this indicates a mismatch of less than 1% in the
phase matching layers on either side of the air gap, as well as low residual scattering and
absorption by the thin film layers. Other sources of loss are likely to include thickness non-
uniformities and beam divergence. The experimental out-of-band rejection is limited by the
dynamic range of the instrumentation, especially near 600 and 1700 nm wavelength, where the
source has limited power spectral density. Nevertheless, rejection on the order of OD6 or better
is suggested by the data in Fig. 4.4. Secondary transmission peaks, such as at ~1200 nm in Fig.

4.4(b), were identified as experimental artifacts, likely due to scattering at the optics interfaces.
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4.6 Conclusion

In summary, we have described a design procedure, fabrication process, and experimental
results for a resonant tunneling filter and polarizer with an embedded air gap layer. Filters with
flat-top pass-bands ~10 nm wide and out-of-band rejection on the order of OD6 were
demonstrated. Narrower bandwidth and higher rejection are possible, in principle, with the use
of higher period count matching stacks, although the layer thickness tolerances will become
more demanding in that case. A key attribute of these filters is their strong rejection (i.e.
reflection) of one orthogonal polarization state over a broad range of wavelengths. This is much
preferable to the polarization-dependent transmission pass-bands exhibited by conventional
tunneling filters [88], and could allow novel optical systems that separate both wavelength and
polarization. These filters could be particularly well suited to applications involving highly

collimated, broadband supercontinuum sources.
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Chapter Five: Development of visible-range buckled
waveguides

5.1 Introduction

This chapter details the development of a set of processes for the fabrication of hollow
waveguides utilizing a guided buckling technique. An analogous process has previously been
used to create hollow waveguides operating in the near-IR range, employing
chalcogenide/polymer or Si/SiO, materials [27,29]. As detailed in Chapter 3, hollow
waveguides operating in the visible range were initially fabricated using a wafer bonding
technique [28,60]. The wafer bonding approach, while based on standard microfabrication steps,
has many disadvantages. Specifically, the platform has limited versatility and the hybrid
integration process is reliant on the skill of the assembler. To address these shortcomings, the
successful adaptation of the guided-buckling technique to devices operating in the visible range
was a major goal of the thesis work. Structures fabricated in this fashion have been shown to
form low-loss waveguides [27], are the basis of a micro-spectrometry platform [7], provide a
sensing platform for wavelength interrogation [98], and have produced high finesses optical
cavities [8]. Adapting the buckling process into the visible region might enable applications to
fluorescence sensing in LOC systems, as well as other hollow-core integrated optics applications
such as cavity quantum electrodynamics (cQED) studies with alkali atoms [4-6].

The essential details of the Buckling-based fabrication process are shown in Fig. 5.1.
First, a distributed Bragg reflector is deposited on a substrate (typically silicon). A low adhesion
layer (LAL) is then patterned on top of the bottom mirror. A matching mirror is then deposited
under compressive stress, embedding the LAL between the two reflectors. Lastly, an
experimentally optimized release step is used to further reduce the adhesion between the LAL
and mirror surfaces, in order to induce buckling of the top mirror. Buckle delaminations form
over the patterned LAL regions, and can form a variety of air-core structures including uniform
waveguides, tapers, s-bends and domes. To facilitate the fabrication of waveguides operating in
the visible range, it was necessary to adapt the process to the use of new material combinations

providing low loss at visible wavelengths. This required the optimization of each fabrication
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step, to accommodate the new material system. The following sections provide a detailed

overview of the development of these newly optimized processes.

| Substrate |

Deposit bottom mirror

| Substrate |

| Pattern low adhesion layer |

| Substrate |

Deposit top mirror

| Substrate |
||

| Heat to induce buckling |

| Substrate |

Figure 5.1 Process flow for the fabrication of hollow waveguides formed by guided
buckling. A low adhesion layer is patterned between matching distributed Bragg reflectors,
with the upper mirror deposited under compressive stress. An optimized release step is
used to induce buckling by further reducing the adhesion between the mirrors and the
LAL.

5.2 Sputtering

The process of guided buckling is reliant on the top multilayer being deposited under
compressive stress. Furthermore, to form low-loss waveguides, the stress must be tuned such that

straight-sided 'Euler columns' (see Chapter 2) are the dominant buckling modality, for a given
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range of buckle widths of interest. Therefore, in order to fabricate low-loss buckled waveguides,
the deposition process must enable a high degree of control over thin film stress, while also
being capable of depositing low-loss optical thin films. Sputtering is a natural choice, since film
stress can be optimized by adjusting the deposition parameters [99]. Furthermore, modern
advancements in sputtering systems have enabled the high-rate deposition of low-loss optical

coatings [100].

substrate

Worki — ©) ® /plasma L—— , Vacuum
orking gas _ﬁ , O ﬁ_ pumps

target

Power supply

Figure 5.2 Schematic of a typical sputtering system.

Figure 5.2 depicts a schematic of a typical sputtering system. A conducting source
material, called the target, and the substrate are placed in a vacuum chamber, which is pumped to
low pressure to remove contaminants. A heavy inert gas, typically Ar, is introduced into the
chamber and voltage is applied with the target material acting as the cathode and the substrate as
the anode. A glow discharge forms in the region between the electrodes, and as the Ar atoms
ionize they are driven toward the surface of the conducting target material. This bombardment of
ions causes a cascade effect, where momentum transfer causes atoms of the target material to

become dislodged and ejected, while secondary electrons are produced and help to fuel the glow
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discharge. The ejected atoms travel with high energy through the glow discharge and strike the
substrate, forming a film.

The simple sputtering process described above is known as diode sputtering, and suffers
from several limitations. Ejected target atoms must travel through the plasma, causing large
amounts of scattering. Atoms that reach the substrate surface have their kinetic energy
significantly reduced. This ultimately leads to a low deposition rate and low film density. In
diode sputtering, the plasma is also subject to low ionization efficiencies, and electrons within
the plasma can produce unwanted heating of the substrate [101]. To address these
shortcomings, magnetron sputtering was developed, whereby magnetic fields are used to trap
secondary electron movement close to the target surface. The strong electron confinement
substantially increases the ionization efficiency of the plasma and thus radical formation within
the plasma, which in turn increases ion bombardment of the target surface, leading to higher
sputter and deposition rates. Target consumption is localized to the areas directly below the
densest regions of the plasma; this produces an erosion pattern commonly termed the "racetrack"
region. In addition to higher deposition rates, the heavily efficient and localized plasma allows
operation at pressures which are an order of magnitude lower than those of diode sputtering,
significantly increasing the mean free path of the ejected target atoms [101]. The highly
energetic nature of this deposition technique produces dense, compressively stressed films
[51,102]. The impact of this technology has been profound, and has been regarded by some as
the most important technology for the deposition of thin films [103].

5.2.1 Bipolar pulsed DC magnetron sputtering

To produce many of the oxide films used as optical coatings (TiO,, Ta,Os, SiO,, AlO;, WOs3,
Zr0,, etc.), a process called reactive sputtering is required. A conductive metal target is sputtered
in the presence of a reactive gas to form a desired compound. In the case of optical coatings, O,
is often used in conjunction with Ar gas. The addition of oxygen into the system, however,
introduces a host of problems. The first issue is target poisoning, whereby the compound forms
on the surface of the target, eventually covering it. Besides a dramatic reduction in deposition
rate, sputtering from a poisoned target can produce sub-optimal films. The insulating compound
forming on the racetrack area of magnetron systems is typically removed by the plasma.

However, dielectric buildup occurs on the centre and edges of the target. The dielectric layer
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creates a capacitive effect, leading to charge buildup on the target surface. This can give rise to
dielectric breakdown in the form of an arc. Arcing is extremely disadvantageous: large chunks of
the target material can bombard the substrate producing poor quality films. Moreover, fragile
targets, such as Si, can fracture due to arcing [104]. Arcing is one of the most challenging
aspects to reactive sputtering and reducing or eliminating its occurrence is crucial to producing
high quality optical coatings [105].

Dielectric build-up occurs not only on the target surface but also on every exposed region
of the chamber. For many sputtering systems, the anode can be the chamber walls, substrate
holder, or target shield, and the gradual buildup of dielectric material on these surfaces reduces
their effectiveness. This can lead to the disappearing anode effect, which can extinguish the
glow-discharge and halt the deposition.

Historically, radio-frequency (RF) sputtering has been used to address these issues. RF
diodes electrically reverse the anode and cathode, effectively eliminating charge build-up on
dielectric surfaces [104]. Although RF sputtering can produce high quality films, its adoption
has been limited due to slow deposition rates, the need for expensive impedance matching
networks, and poor scalability [101,106]. More recently, pulsed DC magnetron sputtering has
been developed and has become the de facto technique for deposition of high quality dielectric
films [100,101,103,107,108].

A schematic for the operation of pulsed DC power on a target is shown in Fig. 5.3(a). The
voltage applied to the target alternates at kHz frequencies between normal operating values
(negative) during the pulse-on time, 1,,, to some positive value during the pulse-off time, T,
During the on-time, Ar' ions build up on the dielectric film forming on the target surface. In the
off-time, the polarity is reversed from, for example, -400V to +100V, driving electrons to the
surface and charging it to a value of +100V. When the cycle switches back to the on-time, the
effective voltage across the dielectric build-up region becomes -500V compared to -400V for
regions without any buildup. This allows the preferential sputtering of the dielectric material,
eliminating target poisoning and eventual arcing [107]. Electrons have significantly higher
mobility compared to the Ar' ions, so the pulse-off voltage only needs to be ~10-20% of the
pulse-on value [101]. High electron mobility also allows the duty cycle, defined as 1.,/ ( Ton +

To5), to be quite high enabling deposition rates comparable to that of standard DC sputtering
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[101,107]. The use of pulsed DC power compared to standard DC power is illustrated in Fig. 5.3
(b-c).

Normal Sputtering Reverse Voltage Charge Scrub

(©)

Figure 5.3 - (a) Schematic of the target surface during bipolar pulsed DC magnetron
sputtering (adapted from [109]). During the pulse-on time positive charge build-up occurs
on the target surface. During the pulse-off time electrons are attracted to the target surface
to counteract the positive charge buildup. SEM micrographs of Al,O; films deposited by
(b) standard DC reactive sputtering and (c) pulsed DC reactive sputtering (adapted from
[110]).

The physics behind pulsed DC sputtering is complex, with power, frequency, duty cycle,
gas pressure, temperature, and chamber geometry all playing a role in the resultant film
properties. Due to these complex relationships, in-house recipes must be developed for a specific
deposition system and for each material of interest. Nonetheless, dielectric films deposited using
pulsed DC power have been shown to be dense, defect-free, stoichiometric, and repeatable

[100,101].
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Depicted in Fig. 5.4 (a) is the sputtering system employed for the fabrication of the
optical thin films in the present work. It is a 3-gun commercial magnetron sputtering system
(Kurt J. Lesker) equipped with pulsed DC power supplies for reactive sputtering (AE Pinnacle
Plus), and a mass flow controller (MKS 647C) to supply multiple reactive gases. The system is
capable of substrate heating up to 150°C and can achieve base pressures < 2x10° Torr for a
pump time of ~1 hour via a cryo-pump (Cryo-Torr®). Working gas pressure during depositions
is monitored by a Baratron® gauge (MKS). Targets are loaded in 3" water-cooled copper guns
located at the bottom of the chamber and fastened using a screwed-on retaining ring. Substrates
are loaded on a rotating substrate holder ~20cm above the guns. A cross-sectional view of the
sputter gun is pictured in Fig. 5.4 (b). The system is housed in the Nanofab at the University of

Alberta and receives moderate use from a variety of users.

Retalning
ing

powersupply

(b)

Figure 5.4 - (a) The sputtering system used for the deposition of thin films. (b) A cross-

sectional schematic view of a typical sputter gun. Targets are placed in a recessed water-

cooled copper holder and clamped down using a retaining ring that is affixed with screws.

5.2.2 Control of stress in sputtered films

As discussed above, sputtering was chosen because it provides the ability to modify deposition
parameters to achieve the desired level of compressive stress, as needed for the buckling process.
While, in general, most films deposited by sputtering are inherently compressive [51], there

exists a transition region whereby the stress of the film moves from compressive to tensile or
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vice versa [99]. The transition is abrupt and the precise conditions depend on a variety of factors
and vary from machine to machine. There are, however, principles that can be used to guide the
experimental process towards the desired stress result.

It has been found that films that are formed from more energetic atoms are typically more
dense and compressively stressed [99]. Therefore, by modifying conditions which increase or
decrease the energy of sputtered atoms, the stress can be modified to the desired level. Thornton
and Hoffman, for example, found that a relatively low deposition rate at low pressures increased
the magnitude of compressive stress in films [99]. Morton et al. found that most optical films
became more compressively stressed when the pressure or power supplied is decreased [100].
These results can be explained by a general increase in mean-free-path of the sputtered atoms,
reducing the number of collisions they undergo, which in turn minimizes energy loss. Other
parameters, such as sputtering frequency and duty cycle, also play a role in determining film
stress. To produce the desired buckle morphology, deposition parameters must be selected to
produce stress that lies within the range for Euler-column formation (see Fig. 2.8). Films must
also be deposited to minimize optical losses. Obtaining a balance between stress and optical

losses proved to be a critical part of the development work in this thesis.

5.2.3 Sputtering of monolayer samples

The development of the low-loss, high stress DBRs began with the deposition of monolayer
samples to determine the optical and mechanical properties of prospective high- and low-index
materials. Each material underwent an in-depth optimization process to determine ideal process
parameters. Optical properties were determined by fitting raw data acquired using a VASE
measurement system (J.A. Woollam) as discussed in Chapter 3. Stress values were determined
using a Flexus measurement system. Following this, multilayer samples were developed for

buckling.
5.2.3.1 Sputtering of SiO;

Selecting Si0; as the low-index material for the DBRs was a natural choice as it is one of the
few low-index materials capable of being deposited by sputtering [106]. Regrettably, sputtering
Si0, proved to be one of the more challenging aspects of the project due to issues with arcing

(see above).
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Films were reactively deposited onto piranha cleaned silicon substrates using a 99.999%
pure n-type Si target (Lesker). The system was pumped down to 1.0x10® Torr prior to all
depositions. The bipolar pulsed DC power supply and an O,/Ar atmosphere were used for all
Si0; depositions. In an effort to improve stoichiometry, films were deposited at 150°C (the
maximum temperature for the system) [111]. Efforts focused on improving process repeatability
and optimizing film characteristics. Two recipes were ultimately developed: the first favours
high stress at the cost of higher optical loss, as is required for the upper mirror, while the second
provides reduced stress but improved optical characteristics, as is more optimal for the lower
mirror. Table 4.1 provides the complete recipe details. Parameters for high stress stemmed from
high power depositions (200W) at low oxygen flow rate (3.2sccm) and at moderate pressure
(4mTorr). Decreasing the power or pressure, or increasing the oxygen flow rate, which
consequently reduced the deposition rate, tended to reduce the compressive stress of the films.
Bhatt and Chandra postulate that a reduction in deposition rate allows the adatoms to have
sufficient time to migrate to low energy positions before being trapped by incoming atoms
[112], resulting in lower stress. Conversely, for improved optical characteristics, higher oxygen
flow rate (4sccm) at lower power (150W) proved to be the optimal combination of deposition
parameters. The optical constants from films produced by both recipes over the wavelength

range of interest are presented in Fig. 5.5.

Table 5.1 Deposition parameters for sputtered SiO; films

Film Power Freq. Duty Target 0,/(0,+  Pressure  Dep. Nssg Kksso Film
(W) (kHz) Cycle Bias (V)  Ar) flow (mTorr) rate Stress
(%) ratio (nm/s) (MPa)
ﬁ)‘;‘s" 150 150 88 464 0.07 4.0 0.18 1.46 8x10°  -120
High
200 150 38 487 0.06 4.0 0.29 1.49 0.003 -200

stress
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Figure 5.5 - (a) Index of refraction and (b) extinction coefficient of reactively sputtered
SiO; films. Results were obtained using a VASE measurement system and determined

using Cauchy fits.

As alluded to previously, arcing proved to be a major obstacle in the refinement of the
process and film recipes. Silicon targets are particularly susceptible to the effects of arcing due to
their relatively fragile nature. The Pinnacle Plus power supplied used has built in arc suppression
that extinguishes hard arcs within 200us. However, during this time target pitting can occur. The
pits can turn into hairline fractures and eventually the target can break. In many cases, it is
impossible to tell whether a target has completely fractured during a deposition. Several targets
were damaged during the early stages of the work, but the problem was eventually addressed
through a series of process refinements summarized briefly as follows:

o [nstallation of aluminum ring: The primary location of arcing was found to be along the
sides of the target, which are exposed to the chamber atmosphere (see Fig. 5.4(b)). The
arcs would cause chipping along the target sidewalls and within a few depositions lead to
complete target fracture. To alleviate this, an aluminum ring was placed around the
exposed area of the target, isolating it from the chamber atmosphere.

o Uniform tightening of the retaining ring: The uneven clamping of the retaining ring over
the target was also a source of target fracture (see Fig. 5.4(b)). As the target is bombarded
by ions during sputtering it begins to heat up and expand. If the clamping is uneven it can
cause unwanted stress in the vicinity of a screw which can also lead to target fracture.
Careful control of the tightness of the screws can ensure proper room for the target to

expand during depositions.
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o Using bonded targets: In the latter stages of the work, targets were purchased with an
elastomer-bonded copper back plate to extend the usable life of the target. The backing
plate acts to improve target cooling by transferring heat more effectively to the water
cooled gun while also improving the structural rigidity of the target, allowing use even
after a crack or fracture develops. Target fracture has yet to occur on the bonded targets,
and replacement has only been necessary after targets have been fully consumed.

e Long power ramp: To further reduce the chance of thermal shock on the target, a long
power ramp (600s) was added to the process. Equally important was the ramp down (also
600s) from the deposition power.

e Using a clean or pre-conditioned chamber: In a multiuser reactive sputtering system,
many materials of varying properties (e.g. Al,O3, AIN, ITO, etc.) get deposited. These
materials can significantly alter the chamber conditions during deposition leading to
irregular results. In some cases, dielectric buildup on the chamber surfaces can occur,
which increases the likelihood of an arc or disappearing anode. Cleaning all removable
chamber pieces (e.g. target separator, dark space shield, retaining rings) as well as pre-
conditioning the chamber (depositing titanium to cover the chamber surfaces prior to

deposition) helps to ensure reproducible results.
5.2.3.2 Sputtering of TiO;

For much the same reasons discussed in Chapter 3 (high index, hardness, chemical and
mechanical stability), TiO, was an ideal candidate as the high index material. Furthermore, it has
been shown that high quality TiO, films for optical applications can be deposited using pulsed
DC sputtering techniques [70,113,114]. Sputtered films have been shown to have higher index,
lower loss, and provide improved adhesion and wear resistance compared to films deposited
using other methods.

A 99.995% pure titanium target (Lesker) was used to reactively sputter thin films onto
piranha-cleaned glass or silicon substrates. Similar to the SiO, case, an in-house recipe was
developed to meet the requirements of low loss and adequate stress. The use of a relatively low
frequency setting for the power supply has been shown to produce higher indices, for example as
high as n = 2.5 for TiO, films [113]. This an advantageous characteristic for maximizing the

stop band of a Bragg mirror. In keeping with this, optimal pulsing parameters were found to
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correspond to a supply frequency of 60 kHz with an 80% duty cycle (see Table 5.2). Other
strategies found to maximize the film index include elevated deposition temperature [70], and
reduced deposition pressure [115]. The elevated index is a result of a more densely packed film,
which also increases the compressive stress of the film [74,116]. The O, flow rate can have
complicated consequences on the film index and stress, which are related to the chemistry in the
plasma and on the target surface. Initial attempts to deposit TiO, at low pressure consistently
resulted in the plasma being extinguished. The source of the instability was the target and
chamber surfaces, which were found to be completely oxidized after removal from the chamber
(see Fig. 5.6 (a)). Attempts to reduce the oxygen flow up to 25% showed no improvement to
stability. At even lower oxygen flow rates, the resultant films were found to be lossy and to have
high tensile stress. It was speculated that the proximity of the particular gun used to the O, gas
inlet was part of the reason for the instabilities. Tests proceeded on a sputter gun positioned
farther from the inlet. The relative transparency of TiO, films deposited on this gun at different
oxygen flow rates can be seen in the image shown in Fig. 5.6 (b). The changes mentioned above
yielded a relatively stable process that produced low loss films, the parameters of which are

provided in Table 5.2.

(b)

Figure 5.6 - (a) A heavily oxidized Ti target, shown following a deposition. (b) TiO; films
sputtered at varying oxygen flow rates (as labeled) are shown. The relative transparency of

the films is a visual indicator of their loss.
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Table 5.2 - Deposition parameters for sputtered TiO; films

Film Power Freq. Duty Target 0,/(0O,+  Pressure  Dep. Nsso Ksso Film
W) (kHz) Cycle Bias (V)  Ar) flow (mTorr) rate Stress
(%) ratio (nm/s) (MPa)

TiO, 300 60 80 430 0.11 2.0 0.11 2.46 7x107 -130

Optical properties of the resultant films are shown if Fig. 5.7. Films exhibited high index
(ns5p = 2.46) and low loss (kssp = 7x107) in the visible region. Film stress was found to become
more compressive with decreasing pressure, with optimal films having typical stress values of -
130 MPa. Interestingly, multiple samples were found to be highly compressive ( > -300MPa) for
identical deposition parameters. Optical characteristics were found to be invariant across

multiple tests, however. The reasons for the variation in the stress is the subject of ongoing work.
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Figure 5.7 - (a) Index of refraction and (b) extinction coefficient of reactively sputtered
TiO; films. Results were obtained using a VASE measurement system and determined

using Cauchy fits.

5.2.3.3 Sputtering of Ta,05

Tantala was also investigated as a high-index material. Ta;Os is a commonly used high-index
material [75,102], and is often combined with SiO, to form extremely high reflectance
"supermirrors" reported in the literature [34,89]. Similar to TiO,, Ta,Os possesses many
desirable characteristics, such as strong adhesion to glass [117], low absorption, high index

(albeit, slightly less than TiO;), and good controllability for thin film deposition [75].
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Single-film depositions were performed using a 99.95% pure Ta target (Lesker) onto
silicon and glass substrates, and were used to assess the optical and mechanical characteristics.
Depositions were performed at 150°C to be compatible with the deposition of SiO, layers. An
elevated deposition temperature can be detrimental to the stoichiometry of Ta;Os films.
However, for thin films ( < 1um) the effect is predicted to be negligible [118]. Parameters such
as frequency, reactive gas flow rate, power, and deposition pressure were varied to determine
optimal parameters. A combination of high power deposition (300W), low frequency (20kHz),
and low pressure (2mTorr) produced the highest index (7550 = 2.21) and extremely low loss (kss¢
< 1x10) films, consistent with results reported in the literature [100]. Stress was moderate (-
170MPa) and the deposition rate was quite high (~0.5nm/s). Often, high deposition rate is
considered to be an advantageous characteristic. However, for optical thin films, where precise
control over layer thickness is critical, a lower more controlled deposition rate is preferred.
Taking this into consideration, subsequent films were deposited at lower power to reduce the
deposition rate. The optimized deposition parameters at lower power are presented in Table 5.3.

The resultant film, as expected, had a slightly lower index (ns559 = 2.18) but a more
controllable deposition rate. The film also had slightly higher stress, a beneficial consequence,
consistent with conclusions reached elsewhere [100]. The optical constants for the optimized

film parameters are depicted in Fig. 5.8.

Table 5.3 - Deposition parameters for sputtered Ta,;Os films

Film Power Freq. Duty Target 0,/(0,+  Pressure  Dep. Nssg Kksso Film
(W) (kHz) Cycle Bias (V)  Ar) flow (mTorr) rate Stress
(%) ratio (nm/s) (MPa)

Ta,0s 200 20 90 540 0.33 4.0 0.18 2.18 <1x10°  -230
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Figure 5.8 - (a) Index of refraction and (b) extinction coefficient of reactively sputtered
Ta,0s films. Results were obtained using a VASE measurement system and determined

using Cauchy fits.

5.3 Development of the low adhesion layer

Along with high quality optical films, the development of a suitable low adhesion layer was a
crucial component needed to realize buckled waveguides. Several methods exist to reduce the
adhesion of thin films, but most fall within one of two categories: surface treatments [119,120]
or a thin film coating such as diamond-like carbon [121] or metal layers such as aluminum or
silver [30,54], to alter the surface properties. If a thin film coating is used, the layer must possess
certain characteristics in order to be a suitable choice. Namely, the layer must be easily patterned
using lithography techniques, be optically transparent in the wavelength range of interest, be
capable of surviving the deposition of the upper mirror (high vacuum, 150°C), provide good
uniformity with controllable deposition rates, and provide low enough adhesion to the high index
layer to facilitate buckling.

One material that is of particular interest is polytetrafluoroethylene (PTFE), better known
by its trade name Teflon®. Teflon is commonly used for non-stick coatings in consumer goods
and possesses excellent thermal, chemical and electrical properties, some of which are listed in
Table 5.4. Fluorocarbon (FC) thin films used in microfabrication can be seen as PTFE-like and
share many of characteristics of bulk PTFE, including low dielectric constant, high
hydrophobicity, low friction coefficient, high chemical inertness, biocompatablilty, high

corrosion resistance, good temperature stability and good transparency in the visible range
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[79,122—126]. Furthermore, FC films have been shown to have low surface energy due to long
carbon chains with CF, groups [127]. These characteristics have made FC films an attractive
option as an anti-stiction material for MEMS. As a result, there are many reports that detail the
optimization of the anti-adhesive properties of this material [128—131]. Fluorocarbon thin films
can be deposited by RF sputtering of a PTFE target [123], electron beam evaporation of bulk
PTFE [128], spin coating a solution of FC722® and FC40® [126], and plasma polymerization
of various precursor gases [122,128]. Of the various deposition methods, plasma polymerization
is intriguing and has been shown to outperform bulk PTFE under certain conditions [132]. For
these reasons plasma polymerized FC films were investigated in detail in this work, as the LAL

for the buckling self-assembly process (see Section 5.1).

Table 5.4 - Selected properties of bulk PTFE (Teflon). Adapted from [128].

Contact angle Maximum Melting Point ~ Refractive Optical
with water Temperature Index Transmission
108° 225°C 327°C 1.4 >95%

The plasma polymerized FC films used in this work were based on the material deposited
during the passivation cycle of the Bosch process. The Bosch process is used to achieve deep
vertical etching on substrates by alternating plasmas of SFs and C.F, feed gases. The layer
produced during the C4F, passivation cycle protects the sidewalls from etching in the subsequent
SFg etching cycle. FC films produced using this method have been shown to have low pin-hole
density, low surface energy, and sufficient mechanical robustness to survive subsequent
patterning and sputter deposition [8,129,131,133]. In order to verify material compatibility and
adequate film properties, an optimization study of the plasma polymerized FC films was

performed.

5.3.1 LAL experimental detail

Polymer films were deposited using a commercial inductive coupled plasma reactive ion etch
system (ICP-RIE, Alcatal AMS110) housed in the class 100 cleanroom of the Nanofab at the
University of Alberta. The system provides user control over a variety of processing parameters

including deposition pressure, gas flow rate, RF coil power, as well as chuck bias, position and
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temperature. The system has an automatic load lock which keeps the chamber under vacuum and
reduces contamination. Initially, piranha-cleaned Si wafers were used as substrates, allowing a
direct comparison of film properties to those of similar films reported in the literature. Samples
were typically cleaved into quarter-wafers and mounted on a 6" wafer using double sided
vacuum tape. Prior to deposition on the wafers, the system undergoes two conditioning steps: a
10 minute O, plasma clean is performed followed by a 30s FC film deposition to coat the
chamber side walls. Samples were then subjected to the passivation step of the Bosch cycle with
C4Fg as the precursor gas. Parameters that were varied to determine optimal film properties
include deposition pressure, coil power, and gas flow rate.

Following deposition, the samples were characterized using a variety of equipment. Film
thickness and optical properties were determined using a VASE (J.A. Woollam). The samples
were scanned at 65° between 400 and 800nm at 2nm increments. Collected data was fit using
Cauchy fitting parameters with an Urbach tail, as discussed previously in Chapter 3. Thickness
measurements were corroborated with a contact profilometer (Alphastep IQ, KLA Tencor).
Decomposition tests were also performed in air using a hotplate and, to simulate deposition
conditions, under vacuum using the sputtering chamber employed for thin film deposition.

To assess hydrophobicity, contact angle measurements were performed with deionized
(DI) water using a commercial system and accompanying software (First 10 Angstroms). Values
reported represent an average of a minimum of five measurements per sample using droplets of
the same size. Direct measurement of the adhesion of a film can be difficult and time consuming.
However, indirect measurements, including liquid contact angle measurements, have been shown
to be directly related to surface energy and correlate to the adhesive properties of FC films

[131,133].

5.3.2 Low Adhesion Layer Experimental Results

Initially, deposition parameters were chosen to match the default passivation recipe for the Bosch
cycle used in the system. This recipe, denoted as "Default", is characterized by high power
(1000W), high pressure (53mTorr), and high C4Fg flow rate (300sccm). The recipe had a
deposition rate of 2.8nm/s and films were found to be hydrophobic (contact angle 101.07°) and

of high index (nsso = 1.50). The contact angle and refractive index were significantly different
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than that of bulk PTFE (see Table 5.4) and of anti-stiction FC films reported in the literature,
where index values of n = 1.37 and contact angles >108° are typical [122,124,131].

The properties of FC films have been shown to be dependent on the F:C ratio present in
the film [134]. Higher Fluorine concentrations are indicative of higher CF, species which, in
general, correlate to higher hydrophobicity and lower surface energy [129,130]. Furthermore,
Labelle found that low F:C ratio films tend to have higher refractive indices than bulk PTFE
[135] which suggests, coupled with the low contact angle, that the Default recipe likely
possessed a low F:C ratio. Coil power and deposition pressure were found to have the most
direct influence on the F:C ratio of the resultant film, with a combination of low pressure and
high power favouring high F:C ratio films [135]. Although other variables such as substrate
temperature and flow rate have been investigated, they appear to have less pronounced
influences on the film properties. In order to assess the optimal recipe for the system, a series of
depositions were performed at low pressure and increasing coil power from 300W to 600W in

100W increments. The complete set of non-variable parameters is listed in Table 5.5.

Table 5.5 - Fixed parameters used for FC films deposited with variable source power.

Film Pressure  C,4Fy Chuck Chuck Chuck
(mTorr)  flow rate  temp. bias (W)  position
(sccm) (°C) (mm)
FC 5 60 10 0 120

As shown in Fig. 5.9, the deposition rate was found to increase with power, from 1.3nm/s
at 300W to 2.5nm/s at 600W. This can be explained by an increase in the number of reactive
agents present in the plasma available to polymerize and form the FC film [130,135]. The
Default recipe at a power of 1000W had the highest deposition rate. For the series of films
deposited at low pressure, the contact angle was also found to increase with deposition power in
accordance with results in the literature [122,135]. Labelle surmises that the combination of low
pressure and high power produces plasmas with a high concentration of fluorine species and
highly fragmented carbon species (e.g. C, C,), leading to a two phase deposition process

favouring CF, formation and thus increasing the hydrophobicity of the resultant film [135]. The
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large increase in contact angle from 300W to 400W can be explained as the transition into the

high power/ low pressure regime that favours high F:C ratio films.
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Figure 5.9 - The (a) deposition rate and (b) contact angle of fluorocarbon films deposited at
low pressure (circles) and various coil powers. The results of the Default recipe (high

pressure) are also indicated on the graphs as red diamonds.

The refractive index and extinction coefficient of the deposited films are listed in Table
5.6. It can be seen that, in general, increasing coil power results in a decreasing index of
refraction. Indices were between 1.359-1.395 with relatively low extinction coefficients for the
400W, 500W and 600W recipes while the 300W recipe showed a significantly higher index and

extinction coefficient. The higher index, extinction coefficient, and low contact angle
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measurement of the 300W recipe indicate a sub-optimal stoichiometric composition of the film,

likely the result of a low F:C ratio.

Table 5.6 - Optical constants at 550nm of various thin FC films deposited using the

passivation cycle of the Bosch process in a RIE.

Coil Power 7550 ksso
(W)
300 1.775 0.149
400 1.395 0.017
500 1.385 0.019
600 1.359 0.019
Default 1.500 0.020
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Figure 5.10 - The rate of decomposition of the fluorocarbon film produced at 600W.

Profilometer measurements were performed after 10min of exposure at each temperature.

Based on the results above, the 600W recipe was selected for further testing to ensure
process compatibility. First, a sample was placed in the sputtering system described in Sec. 5.2.1
and pumped down with the substrate heater set to 150°C, which is the temperature used for thin
film deposition. The sample was then held at this temperature for 2h. Film thickness was

measured before and after and was found to vary +10%. The step profile, however, was found to
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be much smoother in the annealed sample. The thermal stability of the FC film was further
examined by measuring the film thickness after 10min of exposure on a hot plate, at 50°C
increments. The results are presented in Fig. 5.11 showing an increase in decomposition rate as
the temperature is raised, agreeing well with results reported in other works [133]. Patterned
features could not be visually located after exposure at temperatures above 250°C, indicating a
rapid decomposition rate.

Fluorocarbon films deposited using the 600W recipe have characteristics, including
hydrophobicity and refractive index, which closely match those of bulk PTFE. Furthermore, the
thermal stability was measured and was predicted to be adequate for these films to survive the
subsequent deposition of the top mirror. Moreover, the films are expected to decompose at
moderate temperatures, an advantageous characteristic that allows a mechanism for further
adhesion reduction during the buckling process [27]. This recipe was thus selected for full

process testing, including patterning, upper mirror deposition and buckling experiments.

5.4 Buckling experiments

Following the optimization of both the low adhesion layer and optical thin films, full samples
were prepared for buckling experiments, in order to test which high index material would
produce the best results when combined with SiO,. The full buckling procedure (see Fig. 5.1)
using T10,/Si10; and Ta,0s/Si0, based mirrors was performed in parallel to reduce experimental
variation between the samples and to allow a direct comparison of results.

The bottom claddings were deposited onto piranha-cleaned Si wafers using the optimized
recipes developed in Sec. 5.2.3. The mirrors were designed using the QWS criteria with a centre
wavelength of 4., = 550nm. In order to reduce fabrication time and complexity, 5-period
mirrors were used in initial experiments. The mirrors were subsequently analyzed to determine
the stress of the multilayer and to confirm optical characteristics. Samples were then sonicated in
acetone to clean the surface before proceeding to the deposition and patterning of the

fluorocarbon thin film.
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5.4.1 Fluorocarbon Patterning

Fluorocarbon patterning was achieved using standard optical lithography and liftoff with the
photoresist known as HPR-504. The mask used contains arrays of waveguides of various widths
from 10pum to 80um, as well as circles (which form buckled domes) and tapered sections (which
produce tapered waveguides). Samples were spin-coated with the resist using a two step
spread/spin cycle as detailed in Table 5.7, after which they were allowed to remain in
atmosphere for 15 minutes to allow rehydration. Hexamethyldisilazane (HMDS), a compound
used to promote adhesion between the substrate and photoresist, was found to cause the resist to
adhere too well to the substrate. This led to the need for long processing times in order to
adequately remove the resist, and resulted in poor quality features, such as those shown in Fig.
5.11 (a) and (b). Patterns in this case were observed to have rough edges or unwanted artifacts
which significantly reduced device yield. Thus, the remaining samples described here were
prepared without HMDS, which produced much improved results and had to no observable
detriments. After hydration, samples were exposed using an ABM mask aligner which uses both
i-line (365nm) and h-line (405nm) emission. Following exposure, samples were developed using
Microposit 354 developer and then rinsed with DI water and dried using compressed No.
Features were examined using an optical microscope and the resist thickness was measured using

a contact profilometer to ensure consistency.

Table 5.7 - Spread/spin cycle for the HPR-504 photoresist.

Spread Spin
RPM 500 4000
duration 10s 40s

Samples were then loaded into the ICP-RIE system and, after chamber conditioning, a
thin FC film was deposited using the optimized 600W recipe detailed in Sec. 5.3. The wafers
were then sonicated in an acetone bath for 1 hour to remove the remaining photoresist, leaving
behind the patterned FC layer in the shape of waveguides, circles, and tapers. These features
define the shape of the buckling region and thus the geometry of the resultant waveguides. The

wafers were then rinsed with DI water and dried with compressed N,. Features were examined
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carefully to ensure complete removal of the photoresist and assess the quality of the FC film. Fig.
5.11 (c) is an image of the patterned FC features, revealing smooth edges after liftoff. Fig. 5.11
(d) shows an entire wafer during the DI water rinse. The hydrophobic properties of the FC film
are readily apparent as the water is seen beading into the regions void of the FC film. Inspired by
results from Gnanappa et al. [124] some samples were annealed at 100°C for 1h to improve the
stability and uniformity of the layer. Following patterning, the samples were loaded back into the
sputtering system and a matching top mirror was deposited, embedding the FC layer between the

two mirrors.

(a) (®

(©)

Figure 5.11 - Images of the patterned fluorocarbon thin film. (a-b) Poor quality features as
a result of using HMDS to promote adhesion of the photoresist to the substrate. (c) Good
quality features with straight edges. (d) A full wafer with the patterned FC film during the
rinsing process. Water is filling the region void of the FC film, outlining the patterned

regions and highlighting the hydrophobicity of the material.
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5.4.2 TiO/SiO, sample

A summary of the processing parameters for this sample are presented in Table 5.8. A sputtered
five-period TiO,/SiO; distributed Bragg reflector was used as the bottom cladding. The low-loss
recipe was chosen for the SiO; (see Sec. 5.2.3.1). The TE stopband of the bottom cladding is
shown in Fig. 5.12. A ~30nm thick FC layer was patterned, and then a 4 period DBR was
deposited as the upper waveguide cladding. For the upper mirror, the high stress SiO; recipe was
used, and the multilayer was capped with a thick (~250nm) TiO, layer. The decision to cap the
upper mirror with a thick TiO, layer was based on monolayer stress measurements, which
yielded values > -300MPa for TiO,, indicating that the addition of such a layer would increase
the stress compared to using SiO; (see Table 5.1). The resultant stress of the top cladding was
found to be -107MPa, which is somewhat lower than expected from an effective medium

estimate based on the stress measured for single films.

Table 5.8 Processing parameters for the TiO,/SiO, sample.

Bottom cladding Top cladding Top cladding stress ~ FC film thickness T, (°C)
thickness (nm) thickness (nm) (MPa) (nm)
750 840 -107 30.2 317
1.0 N
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Figure 5.12 - Experimentally determined reflectance characteristics of the sputtered 5-
period TiO,/SiO; mirror with the (TE) omnidirectional band indicated. Results are for TE-

polarized light at 20° and 80° incident angles.
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The sample was subsequently cleaved into sections of size ~2.5cm” and prepared for
buckling. Several methods were explored as a means to induce buckling, including the ‘scotch
tape’ test [reference], sonication in an acetone bath, baking in a vacuum oven, and heating using
a conventional hotplate. The hotplate proved most effective and was subsequently used for all
other pieces. It is speculated that the heating begins to decompose the FC film, which further
reduces the adhesion between the layer and the claddings [27]. The first sample was heated at a
rate of ~ 25°C/min in an effort to determine the temperature for the onset of buckling, 73, of the
material combination. This was found to be ~317°C. To optimize the release mechanism, other
samples were heated at varying rates such as 50°C/min, 100°C/min or placed on a preheated
hotplate at the buckling temperature, 7.

All samples were found to buckle to some degree, however, no defect-free pieces were
obtained. Samples buckled by being placed on a 350°C preheated hotplate produced the most
promising results, with long portions of waveguides appearing to buckle completely. The sample
remained on the hotplate for 10 minutes during which time waveguide buckling continued on the
smaller width waveguides while many of the larger width waveguides had features that
completely delaminated and popped off. Upon further inspection it was found that the upper
waveguide cladding had cracked and fractured in a wave pattern along the length of the buckled
waveguides (see Fig. 5.13). The 60um and 80um waveguides were found to delaminate from the
substrate as shown in Fig. 5.13 (¢).

The cracking of the buckled film indicates a shift from compressive stress to tensile stress
that causes strain on the film [136]. Figure 5.13 (d) presents a high magnification image of a
cracked waveguide, along with micro fractures on the unpatterned regions of the Ti0,/Si10; film.
A possible explanation for the film cracking is the following two step process. First, at high
temperatures the compressive stress of the film can be baked out [27], leaving the sample with
little, if any, compressive stress after initial buckling. Following this, the subsequent cooling
back to room temperature can increase the tensile stress on the film and potentially cause the film
to crack [136].

As discussed, the stress of the upper cladding was quite low (-107MPa), much less than a
value of ~250MPa predicted using an effective medium analysis with stress values of 300MPa

for TiO, and 200MPa for SiO,. This discrepancy is likely the result of the variability of the TiO,
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film stress, which makes predicting the buckling results incredibly difficult. In view of this,

consistent results using Ti0,/Si0, may not be feasible using the sputtering deposition equipment
described.

Figure 5.13 - Microscope images of TiO,/SiO, buckled waveguides. (a) 40pm and (b) 20pm
wide buckled waveguides with wave-like fractures. (a) 60pm wide waveguides with the
upper cladding completely delaminated in some areas due to prolonged exposure to high
temperatures. (b) High magnification image of a 60pm waveguide that has cracked. Micro

fractures are also present in the film in the unpatterened regions.

5.4.3 Ta,05i0, sample

The Ta,0s/Si0, sample was prepared in much the same way as the TiO,/SiO, sample. The low-
loss SiO; recipe was used for the 5-period bottom cladding. This was coupled with a patterned

~20nm thick FC film and topped with a 4.5-period upper cladding. A thick (~500nm) SiO, layer
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was used to cap the top cladding in an effort to increase mechanical stability and prevent features
from popping. Prior to the fluorocarbon patterning, variable angle spectroscopic ellipsometry
(VASE) was employed to confirm the properties of the bottom mirror as shown in Fig. 5.14. The
TE omnidirectional band is indicated and shown to span the wavelength range from ~520-580
nm. Some of the processing parameters of the sample are summarized in Table 5.8, including the

stress of the upper cladding which was found to be -226MPa.

Table 5.9 - Processing parameters for the Ta,05/SiO, sample.

Bottom Top cladding Top cladding FC film Temperature
cladding thickness stress (MPa)  thickness for the onset
thickness (nm) (nm) of buckling,
(nm) Ty
850 1275 -226 19.6 290
10
08 < >
Omnidirectional
8 os band (TE)
8
5
= 04
(]
o«
—20°(TE)
0.2
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\
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Wavelength (nm)

Figure 5.14 - Experimentally determined reflectance characteristics of the sputtered 5-
period Ta,;0s/SiO; mirror with the (TE) omnidirectional band indicated. Results are for

TE-polarized light at 20° and 80° incident angles.

Similar to the results obtained with the TiO,/Si0, sample, only heating with a hotplate
produced buckled features. The temperature for the onset of buckling was found to be 290°C,
slightly lower than that of the TiO,/Si0, samples. Heating at a rate of 25°C/min was found to
buckle only the 80um wide waveguides, while rates of 50°C/min and faster were found to buckle

the 40um, 60pm and 80um wide waveguides. In contrast to the results obtained with the
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Ti0,/S10, samples, buckling was found to continue even after prolonged exposure on the
hotplate with no features popping off. Upon initial inspection it was found that the vast majority
of 40um, 60pm and 80pum wide waveguides buckled into straight sided Euler columns, while no
visible buckling was found for the 10um and 20pum wide waveguides. Waveguide defects were
found at locations of FC film defects or where buckling at opposite ends of the same waveguide
occurred and these fronts met, forming notches (see Fig. 5.15 (a)). Further exposure on the
hotplate at high temperature (>350°C) acts to anneal the sample, and was observed to smooth out

the notches.
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(c) (d)

Figure 5.15 - Microscope images of Ta,0s/SiO; buckled waveguides. (a) An array of 40pm
wide waveguides. A 'notch' defect is indicated by the circle. Arrays of (b) 60pum and (c)
80um wide waveguides. Other geometries such as (d) s-bends and (e) tapers were also

found to buckle, at least partially in the latter case.
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Figure 5.15 (a)-(e) depicts examples of buckled waveguides of varying width and with
geometries such as s-bends and tapers. From optical and contact profilometer scans, the peak
height of the buckles was found to vary [8] from ~600nm for 40pm wide waveguides to ~2.6pum
for 80um wide waveguides (see Fig. 5.16). Variation in peak buckle height was the result of
variances in the upper mirror thickness as well as in the speed and duration of the heating step.
Using Young's modulus values of 40 GPa and 140 GPa, and Poisson ratios of 0.17 and 0.23, for
Si0, and Ta,0Os respectively [137—139], the peak buckle height predicted by elastic buckling
theory (see Sec. 2.3) is also presented in Fig. 5.16 (b), and shows close agreement with the
measured values. It can be seen that waveguides with widths less than ~35um are not predicted
to buckle, consistent with observations. An effective medium approach was used in calculations,
with an estimated composition of ~75% Si0, and ~25% Ta,0Os. Elastic buckling theory was also
utilized to assess the stress ratio, 6o/ 6., and is presented in Table 5.9. The calculated stress ratios
for 40um, 60um and 80pum wide waveguides are all < 6.5 indicating that buckle morphology is
dominated by straight sided Euler columns as observed in Fig. 5.15. Experimental verification of
the effective Young's modulus and Poisson ratio of the deposited multilayers is the subject of

ongoing work. Overall yield of defect free waveguides was as high as ~ 60%.
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Figure 5.16 - (a) Contact profilometer scans of 40pm, 60pm and 80pm wide waveguides. (b)
The peak buckle height of numerous waveguides (symbols) and the predicted buckle height
according to elastic buckling theory (dashed line) using stress and film thickness values

indicated in Table 5.8 and an effective Young's modulus of 65 GPa.
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Table 5.10 - The stress ratio, 6y / 6., predicted by elastic buckling theory for regions of

various widths for the deposited sample with an effective Young's modulus of 65GPa.

Buckle Width 0o/0¢
(um)

40 1.05

60 2.38

80 422

5.5 Conclusions

The development of a platform used to fabricate hollow buckled waveguides was detailed.
Sputtering was the thin film deposition method of choice owing to the ability to control thin film
stress, which is necessary to ensure straight sided Euler column growth. Individual recipes were
developed for each of the prospective optical thin film combinations, in an effort to produce
multilayers with high compressive stress and low optical loss. A patterned fluorocarbon thin film
was utilized as a low adhesion layer. Films deposited in an ICP-RIE system using a combination
of relatively high power and low pressure were found to have suitable properties for the buckling
fabrication process, and also similar characteristics to that of bulk PTFE. Buckling experiments
were carried out using samples based on TiO,/SiO; and Ta,0s/Si0, multilayers. An optimized
heating step was used to further reduce the adhesion of the embedded fluorocarbon layer and
drive the buckling process. The Ta,0s/Si0, samples produced far superior results, with straight
sided Euler buckles forming for waveguides with widths 40pum, 60um and 80um. Prolonged
exposure to heat proved advantageous to smooth out defects present in the waveguides, with
overall yield was as high as ~ 60%. The morphology and peak buckle height of waveguides was
consistent with the predictions of elastic buckling theory.

Based on the results obtained, the Ta,0s/Si0O, combination was chosen as the material
platform for future hollow-core optical devices. Chapter 6 details the fabrication and optical

performance of a further refined process using 10 period mirrors.
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Chapter Six: Visible range hollow waveguides by guided
buckling of Ta,0s/Si0, multilayers

6.1 Introduction

This chapter describes second generation prototype waveguides fabricated using the set of
processes detailed in Chapter 5. Waveguides with 10-period Ta,0s/SiO, claddings were
successfully implemented using the controlled buckling technique, and were shown to have
optical properties (loss, bandwidth, etc.) that are in good agreement with theoretical predictions.

The contents of this chapter were published in Applied Optics [140].

6.2 Background

On-chip hollow waveguides and microcavities are attracting interest for applications in lab-on-a-
chip (LOC) sensing systems [3,141] and fundamental quantum coherence studies [4,5]. This is
motivated by the possibility to confine or guide light within a gas or liquid medium, and by the
potential to tune these optical devices using integrated actuation mechanisms [6].

Traditionally, on-chip hollow core structures have been fabricated using either sacrificial
etching [4] or wafer-bonding [6] techniques as described in Chapter 2. We have previously
reported an alternative approach, in which hollow Bragg waveguides [27] and Fabry-Perot
microcavities [8] were fabricated through the guided formation of delamination buckles within a
multilayer thin film stack. This approach is essentially a surface micro-machining technique, but
does not require the removal of a sacrificial material. It enables parallel fabrication of diverse
functional structures, including straight and tapered [7] waveguides and high-finesse dome-
shaped microcavities [8]. To date, these buckled devices have been limited to operation in the
infrared region (A > 1000 nm) due to the materials employed (e.g. high-index amorphous silicon
layers [27]).

Visible or near-visible range operation is required to address many of the most
compelling applications for hollow-core integrated optics devices. These applications include
fluorescence detection in LOC systems [3] and quantum electrodynamics (QED) studies with

alkali atoms [4-6]. Here, we report visible-band, Ta;0s/SiO,-based hollow waveguides
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fabricated by buckling self-assembly. As a high-index material, Ta,Os has numerous attractive
attributes, including low intrinsic photoluminescence [11], low loss in the visible and NIR
ranges, high index (n ~ 2.2), excellent mechanical properties, and very good predictability and
controllability for thin film deposition [75]. Many of the ultra-high reflectance ‘supermirrors’

reported in the literature employ Ta,Os combined with Si0, [34,89].

6.3 Fabrication

The detailed fabrication procedure is described in Chapter 5. A brief description of the process is
as follows. First, a distributed Bragg reflector (DBR) is deposited onto a silicon substrate. Next,
a low adhesion layer (LAL) is deposited and patterned by liftoff. Subsequently, a second DBR is
deposited under conditions that produce a desired level of compressive stress. Lastly, an
empirically optimized temperature ramp is used to induce loss of adhesion between the LAL and
top multilayer, such that the top multilayer buckles over the regions of the LAL. By varying the
size and shape of the LAL, it is possible to produce straight, curved, and tapered waveguides, as
well as dome-shaped cavities [8].

Initially, single layers of Ta,Os and SiO, were deposited and studied in order to verify
optical characteristics and optimize stress. Deposition parameters are summarized in Table 1,
along with some properties of the optimized films. The films were deposited using a 3-source
magnetron sputtering system equipped with a pulsed DC power supply (AE Pinnacle Plus). The
process chamber was evacuated to a base pressure of <1-10°Torr before all depositions.
Substrate temperature (150°C) and deposition pressure (4mTorr) were held constant. Both Ta;Os
and SiO; films were reactively sputtered, with Ar and O, flow rates controlled by a mass flow
controller (MKS Type 647C). Ta;0Os films were deposited using a 99.95% pure Ta target with
gas flows rates of 40sccm (Ar) and 20scem (O3). SiO; films were deposited using a 99.999%
pure Si n-type target with gas flow rates of 50sccm (Ar) and 3.2sccm (O»).

Optical characteristics were determined using a variable angle spectroscopic ellipsometer
(VASE), and film stress was measured using a Flexus stress measurement system. Both films

exhibited low loss (k <10”) and moderately high compressive stress.
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Table 6.1 - Deposition parameters and film properties for Ta,Os and SiO; thin films

Material Power Freq. Duty Target 0,/(0,+A  Dep. rate nss ksso Film
W) (kHz) Cycle (%) Bias (V) r) flow (nm/min) Stress
ratio (MPa)
Ta,0s 200 20 90 540 0.33 10 2.21 <107 -230
SiO, 200 150 88 485 0.06 17 1.46 <107 -200

The optimized process parameters described above were subsequently applied to the
fabrication of hollow waveguides. First, a 10-period Ta,Os/SiO, multilayer, terminating with
Ta,Os, was reactively sputtered onto a piranha-cleaned silicon substrate. Nominal layer
thicknesses were chosen to satisfy a quarter wave stack condition at a wavelength of 550nm.
Figure 6.1 shows reflectance characteristics for TE-polarized light, both as measured using the
VASE and as predicted by transfer matrix simulations. The simulations used the optical
dispersion functions extracted from measurements on the single films. The experimental results
agree quite well with the predicted results. Residual discrepancies are likely due to slight
variations in layer thicknesses and indices. The index contrast is not sufficiently high to produce
a complete omnidirectional reflection band for both TE and TM-polarizations. However, an
omnidirectional band for TE-polarized light is verified in the wavelength range ~510-570nm.
Peak reflectance at normal incidence is predicted to be R=0.999. For the waveguides discussed
below, the low-loss propagation band is expected to closely match the reflection band at the
near-glancing incident angle (80 degrees) shown. At this angle, the simulations predict peak

reflectance Rgy = 0.9999.
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Figure 6.1 - Experimental (solid lines) and predicted (dashed lines) TE reflectance results

for the 10-period bottom mirror are shown for two different angles of incidence.

A C4Fg based polymer was chosen as the LAL. This material has been found to have low
pin-hole density, low surface energy, and sufficient mechanical robustness to survive subsequent
patterning and deposition [8,129,131,133]. The polymer was deposited using an inductively
coupled plasma reactive ion etch system (Oxford). Through variation of the deposition
parameters, efforts were made to maximize the hydrophobicity of the fluorocarbon film on a
Ta,0Os surface. In particular, it was found that a combination of relatively high deposition power
(600W) and low deposition pressure (SmTorr) produced optimal results, consistent with other
works [130,135]. Hydrophobicity was assessed by observing the water contact angle, which was
measured to be >110° for optimized films. Films ~20nm thick were deposited and patterned on
top of the 10-period mirror, using lithography and lift-off of a standard photoresist.

A second 10.5-period mirror was subsequently deposited on top of the patterned
fluorocarbon layer. In order to enhance mechanical robustness and increase compressive stress,
the top mirror was terminated with a thick (~500nm) layer of SiO,. Measurements of the top
mirror stress yielded a value of -230MPa, in reasonable agreement with an effective medium

calculation based on the stress of the individual layers.
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Figure 6.2 - Images of buckled waveguides. (a) Image of a 2.5cm’ chip containing
waveguides and s-bends of various widths. (b) High magnification image of 60pm wide
buckled s-bends. (¢) Low magnification image of a cleaved chip containing 60pm wide
buckled waveguides. (d) High magnification image of a 60pm wide waveguide with a
typical notch defect, the buckle height is greatly reduced at the location of the notch. (d)
SEM image of the cleaved facet of a 60pm wide waveguide. Inset: SEM image of the

multilayer structure of the bottom cladding.

Samples were then subjected to a heating step, which reduces the adhesion between the
mirrors and embedded fluorocarbon layer [27]. The result of this process is that the

compressively stressed upper mirror buckles in the regions defined by the fluorocarbon layer,
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producing hollow waveguides with Bragg reflector claddings. Samples were heated on a hotplate
in atmosphere up to ~250°C and kept at that temperature until uniform buckling across the entire
sample was observed. We speculate that the prolonged exposure to high temperatures acts to
decompose the embedded fluorocarbon layer [133]. The ultimate fate of the material is the
subject of ongoing research. Figure 6.2 depicts examples of buckled waveguides of varying
width and geometries, including s-bends. From optical and contact profilometer scans, the peak
height of the buckles was found to vary [8] from ~1.1pum for 40um wide waveguides to ~3.6um
for 80pum wide waveguides (see Fig. 6.3(a)). Height variation between buckles of the same base
width was found to be within 10%, and features were very symmetrical in all cases. From elastic

buckling theory the peak height of a straight-sided delamination buckle is predicted to be [54]:

S| 5 2_1 (5.1
max 3 bmin >

where /4 is the thickness of the buckled film, 4 is the half width of buckle and b,,, is the

minimum half-width for the onset of buckling. Furthermore, in the range b>>b,,;,:
2 b (5.2)
* \/g bmin ’

implying that the peak buckle height varies linearly with the buckle width. Figure 6.3(b) verifies

Orma

this linear trend for the as-fabricated 40pum, 60um, and 80um wide waveguides. An in-depth
investigation into the mechanical properties of the materials, and thus the exact details of the

buckling process, is the subject of ongoing work.
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Figure 6.3 - (a) Contact profilometer scans of 40pm, 60pm, and 80pm wide waveguides. (b)
The symbols indicate the measured peak height of numerous buckled waveguides. The

green line is a linear fit to the data.

After buckling, the silicon substrate was cleaved into chips containing arrays of
waveguides ~4-6mm in length. A microscope image of a cleaved chip containing 60pum wide
waveguides is shown in Fig. 6.2(c). A SEM image of the cleaved facet of a 60pum wide
waveguide is shown in Fig. 6.2(e), the inset depicts the Ta,Os/Si0, multilayer structure. In initial
process runs, overall yield of defect-free features was found to be ~50-60%. The majority of
defects were the result of incomplete buckling, resulting in "notches" in the waveguides (see Fig.
6.2(d)). At the notches, the core height and width are greatly reduced, such that these defects act
as scattering centers for guided light. The number of defects increased with radial distance from
the center of the wafer, indicating that non-uniformities in the top multilayer (which in turn
would lead to variance in compressive stress across the wafer) or the fluorocarbon film are
probably contributing factors. It should be possible to increase the yield of defect-free
waveguides significantly, both through optimization of the film uniformity and through

optimization of the fluorocarbon layer, such as by introducing an annealing step [124].

6.4 Optical characterization

Given the high reflectance of the 10-period Bragg mirrors, the existence of low-loss, air-guided
modes is anticipated. As we have discussed previously [29], the buckled waveguides have low

height-to-width aspect ratios, and their guidance properties are generally well predicted using
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slab waveguide models. For example, using a hard-boundary approximation, the ray bounce
angle associated with a fundamental air-guided slab mode can be estimated as @ Ay) ~cos-
'(Ao/2d), where Jq is the free-space wavelength and d is the thickness of the air core (i.e. spacing
between the Bragg claddings). Furthermore, the leaky waveguide loss can be estimated as o ~ -
(5A40/d)log(R) [dB/cm] [21], where R is the cladding mirror reflectance at the ray bounce angle
associated with the mode of interest. For the waveguides discussed below, d ~2 um, so that ¢
~80 degrees at Ay ~550 nm. Furthermore, using Rgy = 0.9999 from above, it follows that o < 1
dB/cm might be possible. This analysis neglects the impact of scattering losses and higher-order

modes, but provides useful context.
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Figure 6.4 - Depiction of the experimental setup. Various laser sources where coupled to
the waveguide input facet. Optical detectors affixed with detection optics were positioned at

the output facet to verify light guidance and observe mode structure.

—
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Figure 6.5 - Images of the end facet of a 40pm wide waveguide (height 1.1pm) for varying

input coupling conditions of a 543nm laser source. All modes observed at the output facet

were characterized by a single lobe in the vertical direction.
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A supercontinuum white light source (Koheras SuperK Red) and a 543nm green HeNe
laser were used for experiments on the guiding characteristics of the waveguides. Light from the
sources was coupled to a standard single mode fiber (SM 450, Thorlabs), which was in turn
coupled to the waveguide input facet (see Fig. 6.4). Cameras were placed above the waveguide
and at the output facet in order to verify light guidance and to observe the mode structure.

Waveguides of base width 40um, 60um, and 80um were studied. Due to the lower
cladding reflectance for TM-polarized modes, these waveguides have very high polarization-
dependent-loss (PDL) [8]. This was verified by controlling the polarization of the source, and it
was found that only TE-polarized light is present in guided modes at the output facet. Figure 6.5
depicts various guided TE modes preferentially excited by varying the position of the coupling

fiber relative to the waveguide input facet, and using the 543 nm wavelength source.
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Figure 6.6 - (a) Top view of a 60pm waveguide illuminated with 543nm laser light. The
laser is fiber-coupled to the input facet (left) of the waveguide. The bright spot on the right
is the output facet. (b) Typical plot of scattered light at 543 nm versus distance along a
waveguide. The black line is a linear fit of the data indicating a loss of ~2.6dB/cm. A defect
was present over the integration region causing scattering (dotted red line) and was

excluded from the linear fit calculation.
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To estimate the loss of the waveguides, scattered light images were captured using a
camera affixed with a low NA optic. Figure 6.5(a) shows a typical image captured with the
543nm laser source coupled into a waveguide of 60um base width, 2.0um peak height, and
height variation less than a few percent (as determined from profilometer scans) along the length
of the waveguide. The input and output facets of the waveguides are clearly visible as bright
spots on the left and right, respectively. The short section of relatively bright and rapidly
decaying scattered light near the input facet can be attributed to light coupled into high order
modes of the waveguide. Following this initial decay, the scattered light streak is barely visible
and relatively uniform over the remainder of the waveguide length. This low scattering intensity,
along with the very bright spot visible at the output facet, indicates low propagation loss. Figure
6.5(b) shows the pixel response of the camera plotted versus distance along a typical section of
the waveguide, revealing intensity decay on the order of ~2.6 dB/cm. This level of loss compares
favorably to results reported previously for Ta,0s/SiO,-based hollow waveguides [11]. Loss
estimates from measurements of multiple waveguides was in the 1 to 7 dB/cm range, with
variations often attributable to poor input facets or large scattering centers associated with the
defects mentioned above. Nevertheless, the measured loss is in reasonable agreement with the
analytical prediction from above and the modeled results below.

In order to assess the spectral dependence of the propagation loss, we used a transfer-
matrix based slab model described in detail elsewhere [7,58]. Propagation loss versus
wavelength was calculated for the fundamental TE mode of a symmetric, air-core slab
waveguide clad by mirrors with the parameters described above. As mentioned, the slab model is
reasonably valid for the buckled waveguides due to their high width-to-height ratio. In addition,
as shown in Fig. 6.5, the low loss guided modes tend to exhibit a single lobe in the vertical
direction, which makes it reasonable to use the fundamental TE mode approximation.

In the model, the height of the air-core was set to the measured peak height of the
buckled waveguides and optical properties of the materials were set to match values acquired
from VASE scans of the individual layers. Assuming lossless layers (k~0), « ~0.01 dB/cm at
543nm is predicted. With the extinction coefficients estimated from the VASE measurements
included, the model yielded a loss estimate of & ~0.2 dB/cm. The model also predicts a broad

transmission band ranging from 400-570nm, essentially spanning the range of high reflectance
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for TE-polarized light incident at near-glancing angles on the cladding mirrors (see Fig. 6.1). The
discrepancy between the predicted and experimental losses is likely attributable to several
factors. First, it is possible that the loss in the multilayer may be higher than that estimated from
the monolayer samples of Ta,Os and SiO,. Second, for low loss waveguides (<1.0dB/cm) the
light scattering method of loss estimation can prove unreliable [142]. This is due to the low
signal to noise ratio that typically results when defect centers become the predominant source of
scattered light (see Fig. 6.5(b)). Additionally, the model neglects fabrication non-idealities such
as scattering from defects due to the height non-uniformity along the length of individual
waveguides. Finally, it should be noted that the buckled waveguides are channel waveguides,

and only approximately represented by a slab waveguide model.
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Figure 6.7 - The experimentally determined tranmission spectrum of two waveguide
samples with peak core height of ~2.0pum and base width of 60pm (solid lines) and the

predicted propagation loss for the fundamental TE mode (dashed line).

The supercontinuum source was used to experimentally assess the spectral characteristics
of the waveguides. In this case, a commercial spectrometer (Ocean Optics USB4000), coupled
via an objective lens and iris, was placed at the output facet of the waveguide. Figure 6.6 shows
the normalized transmission spectra for two waveguides with peak core height of 2.0um and base
width of 60um. A transmission band spanning ~500-570nm was observed, aligning well with the
long wavelength edge of the transmission band predicted by the model. Spectral response below
~480nm was found to be too noisy for interpretation. This is attributable to the supercontinuum

source used, which does not have significant power spectral density below ~490nm. A sharp dip

101



at ~560nm was observed in the transmission spectrum of all the measured waveguides. We
postulate that this is likely due to leakage of light through the curved sidewalls of the buckled
waveguides, as discussed in detail elsewhere [27], and not taken into account by the slab

waveguide model.

6.5 Discussion and Conclusion

We described hollow-core waveguides operating in the visible wavelength range, fabricated by
controlled thin film buckling of Ta,0s/Si0, multilayers. Device yield of defect-free waveguides
was in the 50% range, most likely limited by non-uniformities in the mirror layers and the low
adhesion layer. The waveguides exhibit a transmission spectrum between ~500-570nm, with loss
~2.6dB/cm at 543nm. Using these materials, devices could be fabricated for operation at any
wavelength in the visible spectrum, by simply adjusting target layer thicknesses. This could
make these devices of great interest for applications involving the optical integration of gas- and

liquid-phase media for sensing and fundamental physics studies.
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Chapter Seven: Conclusion and future work

7.1 Summary

The focus of this thesis was the development of alternative fabrication processes for realizing
integrated hollow Bragg waveguides. As detailed in Chapter 3, a wafer bonding method was
initially explored, and was successfully used to fabricate tapered hollow Bragg waveguides.
These tapered waveguides were used to assess the spectroscopic sensing capabilities of hollow
Bragg waveguides, and in particular the potential usefulness of the devices for microfluidic
integration. Three dimensional guiding was facilitated by the fabrication of ridge waveguides
with Bragg reflector claddings. As a dispersive element, the experimentally determined
resolution of the tapered waveguides was as low as ~0.9nm in the 550 nm wavelength region.
Emission from two types of fluorescent microspheres was coupled into the devices and their
spectrum was extracted. The extracted spectra agreed reasonably well with those measured using
a commercial spectrometer. In an attempt to improve the extracted spectra, a correction factor
was applied to remove the 'instrument' response of the system. The limited operating range of the
devices reduced the practicality of applying such a correction.

Chapter 4 describes a bandpass filter and polarizer fabricated using the wafer bonding
techniques described in Chapter 3. The filter utilizes resonant tunneling through an embedded air
gap layer in the frustrated total internal reflection regime. The design consists of a phase
matching layer coupled with quarter wave stacks surrounding the air gap, facilitating admittance-
matched tunneling centered at the design wavelength. By adjusting the layer thicknesses or
material combination the design can be tuned to various wavelength ranges. Si/SiO, based
devices were fabricated and were shown to have a polarization dependant passband with
bandwidth on the order of 10nm in the 1550nm range, consistent with predicted results. Peak
transmittance on the other of 80% and optical density greater than 5 over most of the near
infrared region was also observed. The unique characteristics of the device allows for separation
by both wavelength and polarization and could help develop novel optical systems.

The wafer bonded devices demonstrated the spectroscopic sensing capabilities of tapered

hollow Bragg waveguides. However, to realize a fully integrated solution, the controlled
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buckling of Bragg multilayers was investigated as an alternative fabrication method. The
successful adaptation of the guided-buckling technique to devices operating in the visible range
was detailed in Chapters 5 and 6. The process is dependent on the upper cladding having the
appropriate amount of compressive stress to favor straight-sided Euler column growth. To
achieve this, each material underwent an optimization process to create recipes to favor high
stress while maintaining adequately low optical loss. To define the regions of buckling, a
patterned fluorocarbon thin film was utilized as a low adhesion layer. This thin-film material has
many characteristics that make it favorable for the buckling process, including low pin-hole
density, low surface energy, adequate adhesion to survive the patterning process, and good
chemical stability. Films were deposited using an ICP-RIE system with best film properties
deriving from a recipe having relatively high deposition power and low pressure. Buckling
experiments were carried out using samples based on TiO,/SiO; and Ta,0s/Si0, multilayers.
Following the patterning of the LAL and deposition of the upper cladding, an optimized heating
step was used to further reduce the adhesion of the embedded fluorocarbon layer and drive the
buckling process. Ultimately, the repeatability and good mechanical characteristics of the Ta,Os-
based multilayers produced far superior results, with straight sided Euler buckles forming for
waveguides of various widths.

To improve the guiding characteristics of the hollow waveguides, 10-period Ta;Os/Si0,
samples were produced, resulting in claddings with peak reflectivity of ~99.9% at normal
incidence. Straight-sided Euler columns were produced and buckle morphology was found to be
consistent with results predicted by elastic buckling theory. Device yield was found to be as high
as ~60%, with typical failure due either to notches in the waveguides or to complete
delamination of the upper cladding. To date we have achieved a minimum waveguide loss of
2.6dB/cm for 543nm wavelength light guidance. A guidance band spanning ~500nm-570nm was
observed, in good agreement with the theoretical predictions. Several process runs have
produced consistent results, laying the foundation for interesting and unique experiments and

applications involving visible-range hollow waveguides.
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7.2 Future work and applications

With a stable fabrication process in place, future work can focus on refining the steps described
in this thesis and adjusting the process to suit specific applications. Device yield can be increased
by improving the fluorocarbon film uniformity. This can be achieved by investigating the effects
of deposition temperature and the distance of the substrate from the glow discharge in the ICP-
RIE. Additionally, the notches in the buckled hollow waveguides can likely be eliminated by
driving the buckling of long waveguides preferentially at one end. To improve mechanical
stability and increase the likelihood of clean end facets, a material such as Parylene or an optical
adhesive may be used at a protective overlayer [29]. Lastly, more complex multilayer systems
may be designed to increase the operating rage of the waveguides [143].

The above refinements can occur in parallel with the direct application of the devices for
specific purposes such as fluorescence sensing in microfluidic systems. Having demonstrated the
guiding characteristics and wavelength discrimination capabilities of the hollow Bragg
waveguides, the next step would be to perform guiding experiments with liquid analytes in the
hollow cores. Specific experiments could include determining the detection limits of the platform
and exploiting the mainly TE-polarized nature of the waveguides for integrated filtering of the
excitation light. Following that, one goal would be to develop integrated devices complete with
liquid reservoirs and microfluidic channels. Furthermore, an integrated CCD sensor or cell phone
with analysis software could potentially be coupled to the tapered waveguide spectrometer to
allow on-demand spectral analysis in a portable fashion [144].

Another promising avenue of research is the exploration of quantum electrodynamics
studies. Integrated hollow waveguides allow for optimized light-atom interactions, due to
increased optical interaction lengths and increased nonlinearities [4]. Additionally, the same
buckling process described in this thesis has be used to fabricate high quality optical
microcavities [145] which are amongst the most important optical elements for the study of light
matter interactions.. The extremely small mirror spacing in these cavities makes access to the
inner cavity region a challenge for researchers [146]. One possible solution is to integrate hollow
waveguides with the domed cavities. The integrated waveguides could offer a pathway to supply
atoms to the cavities, as well as to guide optical trapping or interrogation beams towards the

cavity [145]. Improvements to the fabrication process would see simultaneous improvements to
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the waveguide capabilities and the performance of the optical cavities. This highlights a
particular advantage of the buckling self-assembly platform: the capability to fabricate complex

optical components in parallel on a single chip.
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