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Abstract

Photonic crystals are periodic nanostructures offering unique potential for the manipulation
of light. This work investigates the fabrication of planar silicon photonic crystals, photonic
crystal waveguides, photonic crystal waveguide biosensors, and the incorporation of
nonlinear ISAM films in silicon photonic crystal structures. Silicon photonic crystals
were fabricated using a combination of high resolution electron beam lithography and dry
etching. Photonic crystal waveguide biosensors were realized with a bulk sensitivity of
88 nm/RIU. A 5.6 nm thick MPMTS film was detected with a 3.2 nm mode cut-off shift.
Specific detection of streptavidin was demonstrated with a 0.86 nm mode cut-off shift. An |
improved design was realized and shown to have a bulk sensitivity of 120 nm/RIU, a 40%
improvement. A hybrid fabrication approach to incorporating nonlinear self-assembled
polymers with a silicon photonic crystal was also developed. Here the evanescent field of

a photonic crystal guided mode interacts with the nonlinear polymer.
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Photonic Crystals

1.1 Introduction to photonic crystals

Photonic crystals are periodic nanostructures that do not support electromagnetic
propagation in certain frequency ranges. Their potential to manipulate light on a
subwavelength scale has generated considerable interest. While generally regarded as
artificially engineered materials, photonic crystals also appear naturally as opals and in
the wings of some butterflies and moths [1,2].

Photonic crystals (PCs) are defined by a wavelength scale periodic modulation of their
dielectric constant and are typically classified by the dimensionality of this periodicity
(Figure 1.1). One-dimensional photonic crystals are well known as Bragg reflectors and
have been extensively studied for application in waveguiding [3], vertical cavity surface
emitting lasers [4], and for improving the extraction efficiency of light emitting diodes [5].
Two-dimensional photonic crystals expand their periodicity to two dimensions. Photonic
crystal fibers [6] are an example, where light confined by the photonic bandgap propagates
along the invariant direction. Likewise, fully three dimensional photonic crystals maintain

periodicity in all directions.



While the third dimension of a 2D PC is generally assumed to be invariant, this is not
always the case. Planar photonic crystals (PPC) compose a class of structures where the
photonic crystal medium is confined to a thin region in the third dimension by total internal

reflection.

1D

2D Planar

Figure 1.1: Schematic of a photonic crystal with 1-dimensional, 2-dimensional, and 3-
dimensional periodicity.

Two-dimensional planar photonic crystals (PPCs), created by perforating a dielectric
slab, have received considerable attention [7]. The primary advantage of PPC structures is
that they can be fabricated using techniques developed for creating planar microelectronic
circuitry. This allows for lithographic tunability such that the central frequency of the
bandgap can be varied in patterning. In this manner, an array of PPC lasers with different
lasing wavelengths could, for example, be integrated onto a uniform substrate [8].

The one dimensional photonic bandgap effect was first investigated in 1887 by Lord
Rayleigh [9]. It was not until 1987 that this effect was generalized to multiple dimensions,
as a mechanism for inhibiting spontaneous emission [10] and for photon localization [11].
Several years following, the first 3D full bandgap photonic crystal was demonstrated in the
microwave regime by careful machining of metal [12]. The first demonstration of a two-
dimensional photonic crystal operating in the infrared regime appeared in 1995 [13] and
was created in porous silicon. Photonic crystals with bandgaps in the near-IR and visible
regime soon followed. Significant effort has been since spent to create 3D photonic crystal
structures using techniques such as self-assembly, glancing angle deposition (GLAD),
top-down fabrication, and multiple thin-film deposition. Fabrication of 3D PCs remains

difficult, however.



1.2 The photonic bandgap

The photonic bandgap concept is analogous to the electronic bandgap observed in
semiconductor materials, where a regular arrangement of atoms results in a periodic electric
potential. Likewise, the periodicity of the dielectric material creates a photonic bandgap.

For a homogenous material, the wave dispersion relation can be expressed as:

w=k< (1.1)
n

where w is the frequency, k is the propagation constant, c is the speed of light in vacuum,
and n is the refractive index of the material. With reference to a periodic medium, equation

1.1 is usually expressed equivalently as a function of the periodic length, a:

wa a 1 ka

27rc—)\_0:2n'7r

Considering the refractive index to be a periodic function modifies the dispersion, such

1.2)

that the relationship between frequency and wavelength becomes non-linear, opening a
frequency gap at the Brillouin zone boundary where no corresponding wavevector exists
(Figure 1.2). The origin of this gap can be understood by considering the behaviour at the
Brillouin zone boundary. At this point, a standing wave is formed with the wavelength of
light being twice the period of the dielectric modulation. This wave can be decomposed as
a sine function and a cosine function. One of these modes will tend to be confined primarily
in the high index material, while the other mode will be primarily confined in the low index
material. The bandgap arises from the field energy difference between these two modes.
There are numerous approaches to creating a periodic modulation of the refractive
index. Since the bandgap should exist for all propagation directions, it is helpful to
maintain high rotational symmetry. This reduces the mismatch between bandgaps for
different propagation directions. The most common 2D photonic crystal symmetries are
the square and hexagonal lattices, which have two-fold and three-fold rotational symmetry
respectively. Quasi-crystals with higher order symmetry have also been demonstrated

[14,15] but remain exotic.



As with electronic bandgaps, a sufficient understanding can be gained from the study of
propagation only along the high symmetry points [16]. For a hexagonal lattice photonic

crystal, these high symmetry directions are I'-M, I'-K, M-K (Figure 1.3).

g g
g g
g 8
(' ! (' .
Propagation Constant Propagation Constant

Figure 1.2: Comparison of free-space dispersion (left) with dispersion in a periodic medium
(right). In a periodic medium the band bends as it approaches the Brillouin zone boundary
(dashed). The shaded region represents the bandgap which is created.

The dispersion diagram for a hexagonal 2D photonic crystal of air holes with radius
0.35a in silicon is illustrated in Figure 1.4. A full bandgap exists for the TE polarization
but does not for TM polarization. While it is possible for a photonic crystal to possess a

bandgap for both TE and TM polarizations, it is not generally the case.

Figure 1.3: Schematic layout of a hexagonal lattice photonic crystal (left) and its
corresponding wavevector space plot, indicating high symmetry points (right).

The photonic bandgap is defined relative to the crystal lattice dimension, a. Being scale
independent, the band gap can be shifted to any position on the electromagnetic spectrum

by scaling the lattice. The precise width and center wavelength of the photonic bandgap is
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Figure 1.4: Photonic band diagram for a 2D hexagonal-lattice photonic crystal with air hole
of radius 0.35a in silicon computed by plane wave expansion. This structure supports a TE

bandgap but no TM bandgap. The shaded region shows the range of frequencies for which
there is a full bandgap.

determined by a number of factors including the lattice dimension, the refractive index of
the ‘high-index’ material, the refractive index of the ‘low-index’ material, the fraction of
high and low index materials, as well as the symmetry and geometry of the structure. For
instance, Figure 1.5 illustrates how the center frequency and width of the bandgap of a 2D
hexagonal lattice photonic crystal of air holes in silicon is shifted by modifying the hole
size. The TE bandgap moves to higher frequencies and widens with increasing hole size,

reaching a peak width for a radius of 0.42a, then shrinks to a close.

1.3 Photonic crystal modelling techniques

Effective modelling is of critical importance to the design of complex devices leveraging
the unique properties of photonic crystals. Modelling is typically concerned with predicting
the band structure, waveguide dispersion curves, and with the spectral response to an
external wave source. To simplify what can become intensive computations, three
dimensional structures are often modeled as simpler two-dimensional structures, with an
effective index determined by the 3D guided mode. The technique does not account for
the dispersion of the guided mode, so the accuracy decreases with increasing slab index
contrast. For instance, the ‘effective-index’ method has been shown to generate an error of

5-10% over a 100 nm bandwidth of an SOI waveguide structure [17].
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Figure 1.5: Variation of the TE photonic band gap as a function of hole radius for a 2D air-
hole silicon hexagonal-lattice photonic crystal as computed with the plane wave expansion

technique.

While a number of modelling methods have been proposed, the plane-wave expansion

method and the finite difference time domain (FDTD) method remain the most common

techniques and have been employed in this work.

1.3.1 Plane-wave expansion

The plane-wave expansion (PWE) technique is a frequency domain method for solving the

eigenmodes of a structure. Maxwell’s equations for an inhomogenous dielectric medium

without charges or currents are given by:

OB
E=——
V x 5

oD
VxH= w
V-D=0
V.-B=

0.

(1.3)

(1.4)
(1.5)
(1.6)

Assuming the fields have a harmonic time dependence and that the magnetic permeability

1 is equal to pg, the curl equations become:



V X E = —jwu.H(r) (1.7)
V x H = jwe(r)e.E(r) (1.8)

which can then be combined in terms of the magnetic field, yielding:

V x (:(%v X H(r)) = Lz—jH(r). (1.9)

One can then define a Hermitian operator (Equation 1.10) with eigenfunctions that are

therefore complete and orthogonal [18]:

®=Vx—1—Vx. (1.10)
e(r)

Since the permittivity e, is periodic, Bloch’s theorem allows the expansion of the magnetic
field H, and the electric field E, as a set of plane-waves. By plotting the frequency versus
plane-wave wavevectors, we can construct the dispersion relation for a photonic crystal. A
significant advantage of the plane-wave expansion technique is that the field only needs to
be solved over one basis cell of a periodic structure. The PWE technique does not, however,
provide any information about losses. In particular it does not reveal leaky modes, even
when their associated loss is minimal.

Plane-wave expansion simulations reported here have been computed using the RSoft

BandSolve package.

1.3.2 FDTD

The finite-difference time-domain (FDTD) method was first introduced by Yee in 1966 [19]
and remains a popular technique for modelling electromagnetics in many applications. The
FDTD method directly solves Maxwell’s equations in the time domain by discretizing time
and space into a number of nodes, and by replacing Maxwell’s differential equations with
finite difference equations. For each incremental step, the field is computed by relating
each node to its neighbors using the difference equations subject to any boundary or initial

conditions.



The FDTD method can be used to model both wave propagation and as well
the band structure of a system. Unlike plane wave expansion simulations, FDTD
provides information regarding loss. The principal disadvantage to FDTD is that
it is computationally demanding, making three dimensional simulations particularly
challenging.

Finite difference simulations presented here have been performed using a simulation
code written by Dr. Vien Van from the University of Alberta’s department of Electrical and

Computer Engineering.

1.4 Planar photonic crystals

Though the theoretical treatment of 2D photonic crystals is reasonably straightforward,
it is difficult to fabricate an effectively infinitely deep photonic crystal. Planar photonic
crystals (PPCs) present an alternative [20]. Planar photonic crystals are 2-dimensional
photonic crystals with a finite vertical extent (Figure 1.6). They confine light in the out-
of-plane direction through the refractive index contrast of the dielectric heterostructure.
The thickness of the slab is generally such that it is optically thin, supporting only the
fundamental mode. Slabs based on III-V semiconductors have been reported [21] and
widely used for the design of active structures, whereas silicon (SOI) is mostly used for

passive devices.

Figure 1.6: Planar photonic crystal with hexagonally arranged low index (air) holes in a
high index (silicon) slab.

A 2D photonic crystal may have an out-of-plane extent which cannot be considered to
be optically thick. The bandgap becomes increasingly sensitive to changes of the slab
thickness as the slab becomes thinner (Figure 1.7) Higher order modes will eventually be

supported within the slab as it becomes thicker, disrupting the bandgap [22].



One consequence of the finite slab thickness is that it is possible for photons to leak
to radiating modes when their incident angle is greater than the critical angle for total
internal reflection. As such, radiation becomes a source of loss in the photonic crystal
structure. These lossy regions can be visualized by superimposing the dispersion of the
slab’s cladding materials onto the band diagram for the photonic crystal. Figure 1.8
illustrates the case of a silicon photonic crystal which can leak to air and oxide cladding
layers depicted by the light lines overlaid onto the photonic band diagram. Photonic crystal
modes located above these ‘light-lines’ will radiate away from slab. As would be intuitively
expected, the photonic band gap only exists for modes which are guided within the slab.
3D plane wave simulations do not reveal useful information about bands located above the

light cone (Figure 1.9).
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Figure 1.7: Variation of the bandgap edges for a hexagonal photonic crystal slab of 0.35a
radius air holes in silicon. As the silicon slab becomes thinner, the bandgap narrows and
rises to higher frequency.
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Figure 1.9: Band diagram (TE) for an air-clad 3D hexagonal silicon photonic crystal with
hole radius 0.35a and thickness 0.3a. Shaded regions indicate a continuum of states.
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1.5 Summary

Photonic crystals are structures featuring a periodic modulation of their refractive index,
which opens a band of frequencies with no corresponding wavevector. Frequencies inside
this bandgap are not supported within the photonic crystal. The design of photonic crystals
relies upon electromagnetic simulations computed with FDTD or PWE methods. Planar
photonic crystals have emerged as a promising platform that allows multidimensional
control of light via the photonic bandgap effect combined with TIR. Their planar nature

makes them ideally suited for fabrication using established microfabrication techniques.



Planar 2D Photonic Crystal Waveguides

2.1 Introduction

Silicon wire waveguides use a high refractive index to tightly confine light and have been
demonstrated to have low loss and good suitability for integrated optics. The photonic
crystal waveguide (PCW) is a novel kind of waveguide that confines light by distributed
Bragg reflection from a dielectric lattice.

By introducing a defect into a photonic crystal, a corresponding defect state is introduced
into the bandgap such that the defect site supports a localized field. In further analogy
to semiconductor physics, removing these holes is akin to adding donor defects to the
crystal, pulling down states from the valence band [23]. A series of defects created in this
manner will couple to each other such that a propagating wave is supported. Provided the
band is beneath the light cone, energy can thereby propagate along the line defect without
loss. While it may be possible for the photonic crystal waveguide structure to support
waveguiding by total internal reflection (TIR) (most ‘photonic crystal’ fibers operate in this
manner), photonic bandgap guidance is a distinct effect.

There was considerable initial excitement regarding the potential for creating PCWs with

extremely sharp bends and low-loss [24,25]. However, the losses associated with silicon

12
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photonic crystal waveguides and bends remains relatively high. In their present state, PCWs
are typically employed as specialized components, with the task of guiding light given to
more traditional strip waveguides. An exciting aspect of photonic crystal waveguides is
their potential for engineered dispersion [26]. By combining nonlinear material with these

dispersion properties it also becomes possible to enhance nonlinear effects [27].

2.2 Photonic crystal waveguide varieties

The optical waveguide is an important component of all integrated optical systems, acting
in a similar capacity to a wire in electrical systems. Photonic crystal waveguides can be
realized in a number of ways (Figure 2.1). Coupled resonator optical waveguides (CROW)
are formed by creating a string of resonant cavities which couple to each other. Line defect
waveguides can be created by removing a single row of holes (W1 waveguide) or with the

removal of multiple rows of holes (W2, W3, etc.).

a. b.
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Figure 2.1: Photonic crystal waveguides of four types: (a) CROW guide, (b) W1
waveguide, (¢) W2 waveguide, and (d) line defect waveguide created by shrinking a row of

holes.

By far the most reported variety is the W1 photonic crystal waveguide, first proposed
by Meade et al. in 1994 [28]. Removing a row of holes is straightforward and does not
require more strenuous fabrication tolerances than would be required to create the bulk
photonic crystal. The characteristic projected band diagram of the W1 waveguide is seen in

Figure 2.2. By operating near the mode cut-off of the even mode, single-mode propagation



14

is ensured. Removing multiple rows of holes increases the population of bands inside the

bandgap making single mode operation more difficult to acheive.
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Figure 2.2: Projected band diagram for a W1 photonic crystal waveguide in silicon with
0.35a holes. 2D plane wave simulation using the effective-index method. Simulation
courtesy of Ashok Prabhu.

Defect sites can be created by modifying the photonic crystal lattice in other ways too.
Rather than removing the holes entirely, a waveguide of the same concept as the W1 can
be created by shrinking (or enlarging) a row of holes. Shrinking the low-index holes tends
to pull states down from the air band, while enlarging holes tends to pull states up from the

dielectric band.

2.3 Modelling photonic crystal waveguides

The band structure of photonic crystal waveguides can be modelled using the plane wave
expansion method, similar to bulk photonic crystals. Rather than simulating a single unit
cell, a ‘super-cell’ (Figure 2.3) containing the defect is defined as the basis of the structure.
The simulation results will therefore be representative of an infinite set of waveguides. The
waveguides can, however, be assumed to be non-interacting given that they are sufficiently

separated.
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Figure 2.3: A supercell equi-index surface for a three dimensional W1 photonic crystal
waveguide. This cell forms the periodic basis of a photonic crystal waveguide planewave
expansion simulation.

Figure 2.4 presents the TE-like dispersion diagram projected in the direction of
propagation for an air-clad photonic crystal waveguide with hole radius of 0.35a fabricated
in a silicon slab of thickness 0.73a. The darkly shaded regions correspond to modes which
are supported by the photonic crystal slab and the lightly shaded region corresponds to the
continuum of modes which radiate away from the slab. There are several photonic crystal
waveguide bands supported by the line defect within the bandgap.

Considering a photonic crystal slab asymmetrically clad with oxide and air, the result is
similar (Figure 2.5). Because of the oxide cladding, the light-line descends, obscuring the
higher frequency modes. As well, TE and TM modes cannot be separated when the vertical
symmetry is broken, but TE-like and TM-like modes can still be identified by comparison

to symmetric simulations.
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Figure 2.4: TE band diagram projected in the propagation direction for a 3D air-
clad hexagonal lattice silicon photonic crystal waveguide. Shaded regions consist of a
continuum of states either guided by the photonic crystal slab or radiating above the light
line. Several photonic crystal waveguide modes are visible.
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Figure 2.5: Band diagram projected in the propagation direction for a 3D hexagonal lattice
silicon photonic crystal waveguide clad asymmetrically with air and oxide. The TE and
TM modes cannot be strictly separated, though TE-like and TM-like modes can still be
indentified.
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2.4 Summary

Photonic crystal waveguides can be formed by introducing a series of coupled defects
in the crystal. The W1 ‘line-defect” waveguide remains the most common variety of
photonic crystal waveguide and is created by removing a rows of holes. Photonic crystal
waveguides can be modelled similarly to photonic crystals by choosing a periodic basis cell
incorporating the defect state. Simulations predict a region of single mode operation near

the mode cut-off for the lowest frequency W1 photonic crystal waveguide.



Fabrication of Silicon Photonic Crystals

3.1 Introduction

The lattice of a silicon photonic crystal having an infrared bandgap is on the order of 400
nm, with the inter-hole spacing nearing 100 nm. Such feature size renders their fabrication
somewhat challenging. Photonic crystals rely on distributed reflection, which makes them
very sensitive to roughness and defects, even when it is far below wavelength scale. This
chapter details the fabrication procedure developed in the University of Alberta Nanofab

for the realization of planar photonic crystals in silicon-on-insulator (SOI) wafers.

3.2 Silicon-on-insulator as a material system

Silicon possesses notable advantages as a nanophotonic material. It is widely available,
transparent in the infrared region, has established microfabrication techniques, and has
a high refractive index lending itself to high optical confinement. An SOI wafer, seen
in cross-section in Figure 3.1, is composed of three layers, a thin single crystal silicon
layer above an oxide layer which in turn rests upon a silicon handle. The refractive index
heterostructure created by the silicon film bounded by oxide on one side and air on the

other confines the light to the silicon slab by total internal reflection.
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Silicon on insulator wafers can be readily purchased with a single crystal silicon layer
thickness of tens to a few hundred nanometers and with a buffer-oxide layer thickness of
up to a few microns. Planar photonic crystals are usually fabricated in SOI featuring a
silicon device layer of 200-400 nm thick, to ensure single mode operation. The presence
of higher modes would collapse their bandgap. The buffer-oxide layer is usually at least
fum thick, in order to minimize radiation losses into the substrate. The requirement of
a thin device layer and a thick buffer layer excludes many of the SOI wafers commonly
produced for the microelectronic industry, where a large buffer thickness is not necessary.
Silicon on insulator wafers manufactured by the BESOI (Bonded and Etched Back Silicon
On Insulator) technique cannot be produced with a sufficiently thin silicon layer. Wafers
produced by SIMOX (Separation by IMplantation of OXygen) are available with suitably
thin silicon layers but because of the limitations of the oxygen implantation technique to
generate the buried oxide layer, it is difficult to create an oxide layer thicker than a few
hundred nanometers. The wafers used in this study have been fabricated by Soitec with
their ‘Smart Cut’ process [29], which combines thermal oxidation to create a thick buried
oxide with ion implantation to accurately define a thin silicon layer. These wafers have a

340nm silicon device layer and a lum buried oxide.
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Figure 3.1: Cross-section of an SOI wafer. A single crystal silicon film is isolated from the
bulk silicon substrate by an oxide layer.

3.3 Fabrication process flow summary

The fabrication of 2D photonic crystals is a conceptually simple process (Figure 3.2). Ten
millimeter square diced SOI chips were first cleaned in Piranha solution (1:3 H,O5:H,S0,)
to remove any residual organics. Microchem PMMA 950K A2, a common electron beam

resist, was then spun onto the chip at 500 rpm for 5 s, at 4000 rpm for 30 s, and then
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baked on a hotplate at 185°C for 5 min to remove any residual solvent. This yielded a
resist layer thickness of approximately 90 nm. The PMMA was then exposed using a Raith
150 electron beam lithography system with an accelerating voltage of 2 kV, an aperture
of 20 ym, and an electron dose of 24 uC/cm?. Following exposure, the resist was then
developed with a Microchem 1:3 MIBK:IPA solution for 30 s followed by a 15 s IPA rinse.
The chip was then bonded with Fujifilm HPR 504 to a carrier wafer for insertion into the
RIE systems. The carrier wafer was masked with HPR 504 to ensure that the amount of
exposed silicon in the reaction chamber remained relatively constant. Areas of the SOI
wafer exposed in development were then anisotropically dry-etched in an ICP-RIE. After
the completion of the silicon etch, the remaining PMMA was stripped with acetone in an
ultrasonic bath.

Butt-coupling from the fiber to the strip waveguide requires the exposure of the
waveguide cross-section. Dicing the chips with a dicing saw results in unacceptable
roughness of the edge facets, so the waveguides were instead cleaved along the crystal
planes by hand. Prior to characterization, the photonic crystal slab was again cleaned in

Piranha solution to remove surface contaminants.

a. b

Figure 3.2: Silicon PPC fabrication: (a) beginning with clean SOI wafer (b) spin on PMMA
(c) expose PMMA (d) develop PMMA (e) etch silicon (f) strip resist.

Optionally, one can partially release the silicon layer from the substrate with an HF oxide
etch. This step was omitted to preserve mechanical robustness (particularly with regard to
the waveguide tapers). A light thermal oxidization of the silicon after fabrication has been
reported to reduce the loss of the waveguides [30]. This step was, however, also omitted to

simplify the fabrication procedure.
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3.4 Electron Beam Lithography

High resolution patterning is necessary to create photonic crystals with feature sizes
smaller than 100 nm. While deep-UV exposure of photonic crystal waveguides has been
demonstrated [31], the technique is not well suited for the research environment. Exposure
by electron beam lithography (EBL) is usually employed.

Electron beam lithography is a direct-write process whereby an electron beam (having
an accelerating voltage ranging from 1-100 kV) is scanned across a resist, altering the local
chemistry. The achievable resolution is limited by the resist characteristics and the electron
dynamics, rather than by the diameter of the beam itself. The most common approach for
the fabrication of fine features relies on using a thin resist layer and a high beam energy in

order to minimize forward beam scattering.

3.4.1 Low energy exposure dose

As electrons penetrate the resist and the substrate below, they scatter as they interact with
the surrounding atoms. An electron may undergo forward scattering, where the electron
is inelastically deflected by a small angle, generating secondary electrons. It may also be
backscattered, elastically undergoing a large angle deflection. These effects are responsible
for distributing the electron dose over an area larger than the incoming beam. Backscattered
electrons contribute dose to neighboring areas of the resist, a phenomenon referred to as
proximity effect [31]. Photonic crystal structures are very dense (even relative to modern
CMOS devices) such that the proximity effect contributes significant dose to adjacent
structures. The result is that interior holes of a photonic crystal tend to receive more dose
than those at the edge, unevenly exposing and distorting the boundary holes (Figure 3.3).
The proximity effect is a nearly universal issue for patterning of photonic crystals. It can,
however, be inhibited by proactively scaling the exposure dose, such that the net effect is
an even dose distribution [32]. Low-energy exposure can also greatly reduce the proximity
effect while maintaining high resolution [33]. This approach, using a low energy beam
(2 kV accelerating voltage) to expose the PMMA layer, has been taken to counteract the

proximity effect encountered in this work. Low energy electrons have significantly reduced
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Figure 3.3: Silicon photonic crystal patterned at 10 kV without proximity effect correction.
Holes at the boundary have not developed completely as they have received less dose than
interior holes.

penetration depth (and reduced scattering) but at 2 keV are still sufficiently energetic to
expose the full depth of the PMMA. Figure 3.4 presents a comparison of an equivalent
number of electron trajectories for 2kV and 10 kV electrons simulated using CASINO [34],

a Monte Carlo based electron trajectory simulator.
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Figure 3.4: Computed electron paths for 200 electrons accelerated by 2 kV (left) and 10
kV (right). The 2 kV beam has a large high-dose area inside the resist but also exhibits
less backscattering of electrons to adjacent areas of the resist. The horizontal dashed line
represents the extent of the 90 nm PMMA resist layer.

Using low-energy electrons decreases the proximity effect at the expense of increased
effective beam diameter. The resolution was, however, found to be more than sufficient for

the high resolution patterning of photonic crystals devices (Figure 3.5).
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Figure 3.5: photonic crystal nanocavity patterned using a 2 kV exposure without proximity
effect correction. Holes appear uniform in all areas of the exposure.

Due to the finite size of the electron beam, photonic crystal holes are defined in the
design layout to be slightly smaller than the intended final product. The ultimate size of the
holes can be finely tuned by judiciously overexposing each hole (Figure 3.6, 3.7).

Slight overexposure was found to smooth out non-circularities from the discretization
of the electron beam movement (Figure 3.8). The extreme case, where only a single
central point is exposed, was found to be less flexible as the tone of the resist reverses
(resulting in image reversal) with sufficiently high dose, limiting the achievable diameter

of the patterned holes to less than ~300 nm.

3.4.2 FBMS waveguide exposure

Unlike photolithography, electron beam lithography is a serial process whereby every point
is exposed sequentially within the beam deflection range, known as a write field. Large
patterns are created by aligning (stitching) together multiple write fields. The error in
aligning write fields is usually small, but even small errors will cause unacceptable phase
jumps in the photonic crystal [7]. Critical regions must therefore be placed within a single
write field, preferably near the center to minimize beam distortion. Large and complicated
structures can take a significant time to expose, limiting the number of devices which can

be created within a reasonable time.
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Figure 3.6: The relation between electron dose and resulting hole size. Holes patterned
with nominal diameter 0.46 pm. The size of the hole grows, saturating at high dose.
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Figure 3.7: Fine scale relation between electron dose and resulting hole size. The hole
diameter can be finely tuned with small changes in the dose.

Figure 3.8: Silicon photonic crystals patterned with increasing dose from left to right
representing the range from the minimum dose for full exposure to a saturated dose. As the
dose increases the holes become larger and defects in their circularity are smoothed out.
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The strip waveguides (defined by two 4 um lines) used to couple into the photonic
crystal are comparatively simple structures. Patterning them with the same accuracy as
the photonic crystal structure would consume a wasteful amount of writing time. As an
alternative to scanning mode exposure, these waveguides have rather been patterned in
fixed-beam moving stage (FBMS) mode, where the electron beam remains still or follows
a fixed path while the stage moves below it. In this case, the two 4 um lines (Figure 3.9)
have been exposed by an electron beam that continuously transcribes a 4 um diameter circle

while the stage moves.

Figure 3.9: Photonic crystal waveguides coupled to tapered strip waveguide patterned in
FBMS mode. The total length of this structure is 5 mm.

Fixed beam exposure of waveguides was found to be significantly quicker than scanning
mode, and also eliminates the possibility of write field alignment errors appearing
periodically along the waveguide. Quicker exposure makes the patterning of long
waveguides feasible, simplifying the cleaving process required to expose the end facets

and allowing more devices to be patterned within a fixed time period.

3.5 Nanoscale dry silicon etching

Once the photonic crystal pattern has been defined in the resist, it needs to be transferred to
the underlying silicon layer with great accuracy. Inductively coupled plasma reactive ion
etching (ICP-RIE) was chosen to etch the silicon. Dry etching is essentially a combination
of chemical etching and sputtering. ICP-RIE allows the tuning of chemical and physical

etch rates such that it is possible to gain precise control over the etch characteristics. The
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inductive plasma coupling of an ICP-RIE allows the plasma density to be increased without
affecting the energy of the bombarding ions.

A photonic crystal etch process needs to meet three basic criteria. Firstly, it should
produce vertical sidewalls, such that the properties of the photonic crystal are constant
throughout the slab. Secondly, it should produce sidewalls with low roughness. The silicon-
air interface represents a very large refractive index discontinuity where even roughness on
a scale much less than the wavelength of light becomes a significant source of scattering
loss. Lastly, the etch process should have a good selectivity to the masking layer. Ideally
the masking layer would be resist, though an intermediate masking layer may be required
to etch deep structures, at the expense of increased fabrication complexity.

Silicon photonic crystal etching was demonstrated in this work using two methods, an
SF¢/C4Fs reactive ion etch (‘Unswitched’ process) and a cryogenic SFg/O; reactive ion
etch (‘Cryo’ process), both of which yielded acceptable results. The SFg/C,Fs process
sacrificed resist mask selectivity but proved to be simpler and more reliable than the Cryo
process. Except where specifically noted, the ‘Unswitched’ etch was used to create the

photonic crystals reported here.

3.5.1 Cryosilicon etch

The cryogenic silicon etching process (Cryo etch) was first demonstrated by Tachi et al. in
1988 [35]. It uses an SF4/O4 plasma to etch silicon with fluorine radicals (forming volatile
SiF,) while inhibiting sidewall etching with the formation of a SiO,F, layer. This process
relies on cooling the wafer below -100°C, reducing the chemical reactivity and enhancing
the side-wall etching inhibition [36] such that passivation and etching can be balanced to
vertically etch silicon. The Cryo process is highly selective to resist (>15:1) and to oxide
(>30:1) [37] making it particularly suitable to applications requiring deep etching or thin
resist masks.

Cryo etching was performed with an Oxford Plasmalab 100 ICP-RIE. Immediately
prior to etching, an HF dip was performed to remove any native oxide which would
unintentionally mask the silicon surface not removed. The reaction chamber was held at a

fixed pressure of 7.5 mTorr while SF4 and O, were injected a rate of 45 sccm and 10 sccm
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respectively. The substrate was cooled with a helium backflow to a temperature of -110°C.
The plasma was energized with a 400 W ICP power and a forward RF power of 6 W. The
resulting etched structure appears of high quality with smooth sidewalls, though there is

typically a small undercut of the resist by about 20 nm (Figure 3.10, 3.11).

3.5.2 Unswitched Bosch-like process

Deep silicon etching with the Bosch-process [38] is widely used in the fabrication of silicon
MEMS. This process alternates etching silicon with fluorine radicals generated from SFg
and depositing a fluoropolymer generated from the C4Fs plasma. Vertically oriented ion
bombardment in exposed areas removes the passivating polymer allowing etching to occur
at the bottom of exposed areas while leaving sidewall surfaces protected. The discrete
etching and polymerizing steps of this process cause scalloping of the sidewalls, making
them unsuitable for nanophotonic applications. The same process gases can, however, be
used simultaneously in order to achieve continuous vertical etching.

A modified version of the Bosch dry etch where both steps occur simultaneously in a
continuous process was performed with a Stanford Technical Systems ICP-RIE. Silicon
was etched at room temperature under vacuum in a chamber held at a pressure of 20
mTorr, with gas flow of 80 sccm C4Fg and 110 sccm of SFg. The plasma was energized
with 2.5 kW of ICP power and 20 W of forward RF power. The selectivity of this
process (approximately 1:8 for PMMA) is not as good as for the Cryo process but given
the relatively shallow etches required, remains workable. Reduced etch selectivity also
eliminates the necessity of a pre-etch HF dip, simplifying the fabrication process. The
sidewall roughness of this etch process (figure 3.12, 3.13) is similar to that of the Cryo
process. By eliminating the necessity of an HF dip and eliminating the time necessary
to cool the reaction chamber, this process was much faster than the Cryo process. Being
quicker and more reliable than the Cryo etch process, the ‘Unswitched’ process was chosen

for all applications not requiring maximum resist selectivity.
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Figure 3.10: Photonic crystal patterned in SOI with the Cryo silicon etch process.

Figure 3.11: Close-up of photonic crystal patterned in SOI with the Cryo silicon etch
process. Undercutting is visible at the top surface.
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Figure 3.12: ‘Unswitched’ etch recipe result for a photonic crystal slab.

Figure 3.13: ‘Unswitched’ etch recipe result for a photonic wire interface showing the
typical etch sidewall roughness.
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3.6 Summary

This chapter outlines the fabrication procedure for creating silicon photonic crystals with a
bandgap in the infrared regime. The two key process technologies involved in creating these
structures are electron beam lithography and deep silicon etching. Rather than adaptively
scaling the deposited electron dose, a low energy (2 keV) beam was used to pattern a
PMMA film with greatly reduced proximity effect. FMBS mode exposure of waveguides
was used in relatively low detail areas, significantly reducing exposure time. Nanoscale
silicon etching was demonstrated using two distinct approaches, the ‘Cryo process’ and
the ‘Unswitched Bosch-like process’. Both approaches were shown to produce sufficiently
high quality etches; however, the ‘Unswitched’ process was chosen for the bulk of the work

presented here as it was found to be more reliable.



Observation of Photonic Bandgap
Guidance

4.1 Introduction

Photonic crystal waveguides created by removing a row of air holes were fabricated using
the procedure described in Chapter 3. These waveguides have been designed such that
the cut-off of the lowest order photonic bandgap guided mode falls near A,=1570 nm,
the midpoint of the tunable laser’s range. This mode cut-off was observed to verify the
successful creation of photonic crystal waveguides.

Because large scale patterning of photonic crystals remains challenging, silicon strip
waveguides have been used to couple to relatively short photonic crystal waveguides
(Figure 4.1). A large optical mode mismatch between the PCW and strip waveguide stands
to create significant transmission losses. To improve the coupling, the strip waveguides
taper from 2 um wide at the cleaved interface, to 450 nm wide at the interface with the

photonic crystal.
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Figure 4.1: Silicon photonic crystal waveguide coupled to a tapered silicon strip waveguide.

4.2 Optical measurement setup

The spectral transmission response of the photonic crystal waveguides was tested using
a custom coupling apparatus (Figure 4.2). A Santec TSL-210V tunable (1510-1630 nm)
continuous-wave laser acts as the light source. The polarization state of the source was
set with a Thorlabs looped-fiber polarization controller. The optical fiber used here is not
polarization maintaining, so the polarization is set using a polarizing beam cube placed at

the tapered fiber output, then removed prior to waveguide coupling.

Sample

\ AN

Single-mode fiber

Fiber Polarization Photo-detector
Control
tapered/lensed fiber

piezo-controlled stage

Figure 4.2: Waveguide alignment setup for coupling a tunable laser to an on-chip
waveguide and collecting the transmitted output.
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The silicon strip waveguide mode was excited by butt coupling. At 9 pm, the core
diameter of a standard SMF-28 fiber is poorly matched to the silicon strip waveguide, which
has a thickness of only 0.34 ym and a width of 2 ym. To increase the coupling efficiency,
the beam was focussed upon the end facet with an Oz Optics antireflection coated tapered
and lensed fiber (Figure 4.3). The fibers were then aligned with piezoelectrically controlled
3-axis translation stages and a 20X long working distance objective. Coarse alignment
was achieved visually with the objective and a camera. Fine tuning was performed by
maximizing transmitted power. In the same manner as light is coupled into the strip
waveguide, output light was collected with a tapered/lensed fiber and transmitted to a
Newport InGaAs photodetector. The spectral response was measured by recording the
transmitted power as the laser output wavelength was scanned. Data collection and laser

tuning was automated using a custom LabVIEW controller.

Figure 4.3: Tapered/lensed fiber aligned and focused for coupling to a 4 ym wide silicon
strip waveguide.



34

4.3 Observation of the photonic crystal waveguide mode
cut-off

Evidence of planar photonic crystal waveguides operating in the infrared regime was first
reported by Baba et al. in 1999 [39]. An important objective of this work was to likewise
experimentally observe waveguide guidance by the photonic bandgap effect.

A mode cut-off was successfully observed at 1553 nm for a W1 photonic crystal
waveguide (Figure 4.4). This value is in agreement with the predicted position of 1530
nm as simulated by a 3D plane-wave expansion (Figure 4.5). Versus the simulation, the
holes are slightly larger (r=0.38a) and the slab is slightly thicker (t=0.85a), accounting for
the < 2% deviation. The observed transmission spectrum is of the same form as predicted
by FDTD simulation in Figure 4.6. Fabry-Perot oscillations are visible throughout the
spectrum due to the formation of a standing wave between the cleaved waveguide edge
and the photonic crystal waveguide. These oscillations have been filtered from the results
presented elsewhere in this report.

Photonic crystals are scale independent so by varying the lattice dimension, it is expected
that the mode cut-off will shift correspondingly. This effect is demonstrated in Figure 4.7,
where the transmission spectrum is plotted for waveguides with a crystal lattice of 394 nm
and 400 nm. Ideally, the ratio of the lattice dimension to mode cut-off wavelength would
be independent of the lattice size. In this case, the slab thickness does not scale with the
lattice so the lattice/cut-off wavelength ratio is not constant.

Photonic crystals are polarization dependent and for the dimensions reported here, the
bandgap only exists for the TE polarization. The transmission characterisitics of TM
polarized light in this frequency range depend on the thickness of the silicon slab. For
a thickness of 340 nm, a TM index contrast guided mode is expected. This guided mode
was observed in the wavelength range of interest (Figure 4.8). As expected, index-guided

TM polarized light does not experience a mode cut-off.
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Figure 4.4: Transmission spectrum for a photonic crystal waveguide with period a=400 nm
near the mode cut off. The transmission abruptly drops at the transition from the waveguide
mode to the band gap. Inset is a close-up of the Fabry-Perot resonance present throughout
the spectrum.
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Figure 4.5: Projected band diagram for a silicon photonic crystal with hole radius 0.35a,
slab thickness of 0.73a, clad asymmetrically with air and oxide. The shaded regions
correspond to a continuum of states. The even mode photonic crystal waveguide mode
is indicated.



Power (dB)

1.50 1.54 1.58 1.62 166 170
Wavelength (nm)

36

Figure 4.6: Transmission of a W1 photonic crystal waveguide with r=0.35a simulated with

FDTD
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Figure 4.7: Photonic crystal waveguide mode cut-off for lattice dimensions of 394 nm

(left) and 400 nm (right) The mode cut-off red-shifts as the lattice of the photonic crystal
increases.
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Figure 4.8: comparison of TE and TM propagation near the TE photonic crystal guided

mode cut-off. TM polarized light is transmitted throughout the spectrum, inside the
frequency range of the TE bandgap.

4.4 Summary

Photonic crystal waveguides were coupled to a tunable light source using lensed fibers
and tapered silicon wire waveguides. A photonic crystal waveguide mode cut-off was
experimentally observed in good agreement with theoretical predictions. This mode cut-off

was observed only for the TE polarization as expected, and can be shifted in frequency by

tuning the lattice dimension as expected.



Photonic Crystal Waveguide Biosensors

5.1 Introduction to biosensing

Optical sensing has broad application to many industrial and research settings. Since
biological sensors were first reported in the early 1960s [40] there has been considerable
growth in the field. The principal applications of biosensors include biological monitoring,
biomedical diagnostics, and environmental sensing. Recent research has focused on
creating sensors which can make sensitive, real-time, label free measurements of biological
species. A successful biosensor should be capable of sensitive and specific detection with
potential for multiplexing and manufacturable at low cost.

Two main markets primarily drive such development [41]. In the first, biosensors are
of interest for the rapid detection of emerging pathogenic threats such as viruses [42],
as well as water-borne [43], food-borne [44], and air-borne pathogens [45]. The second
market has evolved from developments in genomics and proteomics which have enabled a
proliferation of biomarkers identified with specific diseases [46—48] and pharmacological
responses [49]. Though the absolute number of known biomarkers remains relatively small,
the potential for multiplexed detection remains promising for screening against a large

number of pathogens and for creating biomarker ‘fingerprints’.

38



39

Biosensors have two fundamental components, a biological receptor and a transducer
(Figure 5.1). The bioreceptor uses a biochemical recognition mechanism to selectively
identify the target analyte and is generally classified to be in one of five categories:
antibody/antigen, enzymes, nucleic acids/DNA, cellular structures, and biomimetic [50].
The transducer transforms the bioreceptor interaction into a measurable quantity. Most
transduction approaches can be categorized in one of three classes: mass based detection

methods, electrochemical methods, and optical methods.

Biological Data
Transducer .
Receptor Collection

Figure 5.1: Principal components of a biosensing system. A bio-analyte is detected by
a bioreceptor element. The transducer then transforms this interaction into a measurable
quantity and the result is recorded.

A good biosensing system is both highly sensitive and highly selective. Linear
biosensors are typically evaluated in terms of their resonant wavelength shift per unit
refractive index shift (RIU) and their limit of detection (LOD) which may be quoted either
as a mass or a mass concentration. Reducing the LOD of a sensor simplifies biological

measurements as it can eliminate the need for target amplification [41].

5.1.1 Mechanical transduction

Mass sensitive transduction techniques typically operate by sensing a resonance frequency
shift of a mechanical oscillator. Acoustic devices form one class of mechanical biosensor.
Most of these devices exploit bulk acoustic waves (BAW), such as the quartz crystal
microbalance (QCM) [51]. The QCM biosensor uses a piezoelectric quartz plate which has
a vibrational resonance in the presence of an external electric field. Mass loading on the
surface of the qua\rtz plate causes the vibrational resonance to shift to a lower frequency.
QCM detection limits are on the scale of ng/cm?, with balance surface radii of tens of
microns [52]. Surface acoustic wave (SAW) devices operate in a similar manner using

shear surface waves and possess similar sensitivities [53].
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Cantilever-based devices form another class of mass-detection biosensors. The high
quality factors of resonant micro and nanomechanical systems are well suited to sensitive
mass detection. In dynamic-mode, mass bound to a cantilever is sensed by a change
in the resonant frequency of oscillation. To avoid problems related to viscous damping
under air or liquid, static-mode deflection systems have also been developed [41]. These
measurements rely on binding events along one side of the cantilever to cause the cantilever
to induce static binding. Nanomechanical resonators have been employed to detect DNA
strands [54], single cells [55], and viruses [56]. Yang et al. specifically demonstrated the
ability of nanomechanical cantilevers to measure mass with a detectable limit of 20 zg,

with a resolution of 7 zg [57].

5.1.2 Optical transduction

Optical biosensing transducers can be devised to employ virtually any optical property [50],
though the primary approaches rely on spectroscopy of absorption [58], fluorescence [59],
phosphorescence [60], refraction [61], Raman [62], and surface enhanced Raman scattering
[63]. Current optical biological detection techniques are usually based on the use of
radioactive or fluorescent labels. Using these labels is often labor intensive and slow, so a
recent trend in biological sensing research has been to move toward ‘label-free’ techniques,
which stand to reduce complexity and decrease the potential of contamination [64].

Refractive index sensors detect the presence of an analyte by a shift in the local refractive
index. Guided wave sensors can be highly sensitive to changes in the index at the
waveguiding surface. This is desirable for sensing very thin layers as is usually the case
for surface immobilization biosensors [65]. The response of a guided wave sensor falls off
logarithmically away from the surface.

Because the market for integrated biosensors is relatively small, it is not generally
economical to develop a distinct sensing system for every application. The preferred
approach is to instead develop sensing platforms which can be used in a variety of

applications [66]. The most prevalent tool for localized refractive index sensing is the
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surface plasmon resonance (SPR) sensor [67] where an index shift near a metal surface
alters the efficiency of surface plasmon coupling which in turn changes the reflectivity of

the surface.

5.2 Photonic crystal biosensors

Photonic crystal devices have recently received increasing attention for biosensing.
Photonic crystal fibers (PCF) have been demonstrated for sensing antibodies [68] and
DNA [69]. These fiber sensors are, however, difficult to implement in a compact,
automated manner. Bulk photonic crystal structures have also been reported for similar
applications. In this case, white light reflectometry is used to detect bandgap shifts due to
the immobilization of proteins [70] and antibodies [71].

More recently, planar photonic crystals have also been presented for biosensing
applications. Here, the addition of a thin surface film affects the local refractive index,
changing the effective refractive index of the slab and the refractive index contrast between
the ‘hole’ and ‘slab’ regions. As most of the field power is centered in the slab, the response
is dominated by this sidewall deposition [72].

Planar PC biosensors can tightly confine light, increasing analyte interaction and
decreasing the interaction volume of the sensor. Limited interaction volume is favorable
when working with small analyte volumes and stands to increase the achievable temporal
resolution of real-time detection schemes. Additionally, planar two-dimensional silicon
photonic crystals can be fabricated using existing microelectronic fabrication processes,
ensuring that they are well suited for integration with microelectronic or other photonic

devices [72] and with an integrated with a microfluidic delivery system [73].

5.2.1 Planar photonic crystal resonant cavity sensors

Photonic crystal cavities have already shown considerable promise for biosensing within
extremely small volumes. They can confine light to a small modal volume for a long
time such that there is a very strong material interaction with the trapped photons. Tight
confinement and strong interaction increase the sensitivity of the device such that very

small refractive index shifts can be detected.
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Planar 2D photonic crystal microcavity sensors have been demonstrated as biological
thin film sensors {73,74] and as single particle sensors [72]. Reports thus far have employed
variations upon photonic crystal cavity structure demonstrated by Chow et al. in 2003 [75]
(Figure 5.2). The photonic crystal cavity is created by shrinking a single hole in a hexagonal
lattice photonic crystal slab. This cavity is coupled by strip waveguides aligned in the 'M
direction. Correspondingly, the optical transmission spectrum has a narrow transmission
peak inside the bandgap. The center frequency of the resonance will be affected by the
refractive index inside the pores. The photonic crystal defect cavity strongly localizes light
such that the sensor is most sensitive to a thin film near the defect and its immediately

adjacent holes {64].

Figure 5.2: Photonic crystal nanocavity sensor formed by a single point defect reported by
Mirkarimi et al. [73]. All nanocavity biosensors reported thus far have been variations on
this design. Copyright [2006] IEEE. Reprinted from the Digest of the 2006 LEOS Summer
Tropical Meetings, Toward single molecule detection with photonic crystal microcavity
biosensors, L. Mirkarimi et al.

Biological sensing with planar photonic crystals has been demonstrated using
biotinilated bovine serum albumin (BSA)/antibiotin [73], glutaraldehyde/BSA [64], and
biotin/streptavidin {64]. Lee et al. recently demonstrated the attachment of a 1.5 nm layer
of BSA to a 0.7 nm layer glutaraldehyde, with a corresponding resonance red shift of 1.7
nm and 1.1 nm respectively. Assuming a monolayer thickness deposited over a surface area
of 50 um?, the sensed protein mass was determined to be 2.5 fg, significantly more than
the detection limit of SPR, but using a much smaller sensing area [64].

Real time biological binding measurements have been reported with an integrated

microfluidic flow cell. Mirkarimi et al. have reported the real time binding of antibiotin



43

to an immobilized biotinylated BSA delivered by a prototype microfluidic channel [73].
They measured a 1.1 nm resonance shift for a partial monolayer deposition and were able
to detect the binding of 24 molecules with a 0.05nm shift. The modal volume of the sensor
was a mere 33 attoliters.

Photonic crystal cavity devices are sensitive enough to measure single particles. Lee
et al. recently demonstrated a photonic crystal cavity with a (still relatively low) Q of
2000, enabling the detection of particles with a diameter ranging from 50 to 500 nm,
and measuring masses as small as 0.05 fg with a sensing area of only 40 pm? [72, 76].
A single 370 nm latex sphere, roughly approximating the dimensions of a virus particle,
was detected as a proof of concept [76]. The size and attachment position of the particle
both affect the cavity resonance shift creating an ambiguity in the interpretation. As with
many other single particle detection schemes, practical application will require additional
refinement to particle localization.

With extremely high Q cavities comes the potential for extreme sensitivity to small
refractive index shifts. The extreme sensitivity 6f PPC cavity sensors also presents a
liability. Irregularities in manufacturing will shift the resonance peak just as the target
species may. Fabricating cavities with the precise intended resonance frequency remains
a significant challenge [65]. Post-fabrication tuning would almost certainly be required to

produce a consistent product.

5.2.2 Planar photonic crystal waveguide sensors

Photonic crystal waveguides have been demonstrated for nanofluidic tuning [77], refractive
index measurements [78], and detection of liquid crystal orientation [79]. Recently the
PCW has also been demonstrated for biosensors. The dispersion characteristics of the
typical single line defect photonic crystal slab waveguide are such that it is effectively
single-moded, with a mode cut-off falling inside the photonic band-gap. In the transmission
spectrum, this mode cut-off corresponds to an abrupt drop in the waveguide transmission.
Any shift of the local refractive index at the surface of the photonic crystal waveguide will

cause a corresponding shift of the mode cut-off wavelength.
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A planar photonic crystal waveguide biosensor has been reported by Skivesen et al. in
2007 [65] where they demonstrated a waveguide mode cut-off shifting in response to a thin
protein layer. Their W1 photonic crystal waveguide biosensor was found to have a bulk
sensitivity of A,/ n. = 64 nm/RIU to a homogenous cover layer.

To demonstrate the sensor’s detection of thin protein layers, Skivensen et al. deposited a
layer of bovine serum albumen (BSA) by nonspecific physical adsorption. The BSA layer
was successfully detected as 0.2 nm and 0.4 nm mode cut-off red-shifts for 2.6 nm and 3.2
nm protein layer thicknesses, respectively.

The sensor demonstrated a surface coverage sensitivity of 6 ng/mm? which remains
inferior to what is currently achievable with SPR (1 pg/mm?) [80] and waveguide sensors
(5 pg/mm?) [81]. The authors noted, however, that the signal-to-noise is far above the
detection limit and that there appears to be considerable room for improvement to the
design.

A notable advantage of the photonic crystal waveguide sensor is that the fabrication
requirements are somewhat relaxed versus the PC cavity biosensor, yet PCW sensors can
still be made to be very compact and are integrable with other optical or electronic systems

on a single chip [65].

5.3 Demonstration of PPC waveguide biosensing

To date there has only been a single demonstration of PPC waveguide biosensing. The
results presented here build upon this work with the demonstration of specific biosensing
as well as the demonstration of an improved architecture for increased sensitivity of the

photonic crystal waveguide sensor.

5.3.1 Bulk sensitivity of photonic crystal waveguide sensors

Photonic crystal waveguide sensors are most sensitive to a change in the refractive index
near the surface of the silicon. The response tapers off as the distance from the surface
increases. The response of the sensor to an effectively infinite analyte layer therefore sets

an upper limit to the sensitivity.
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Figure 5.3 compares the simulated TE transmission spectra of a W1 silicon photonic
crystal waveguide computed with the 2D FDTD effective-index method. Spectra are shown
for a photonic crystal with air filled holes, compared to a photonic crystal with water filled
holes. The wavelength of the mode cut-off red-shifts by 30 nm as the hole refractive index
increases from n=1 to n=1.33.

To test the response to a change in the cover layer refractive index, de-ionized water
(n=1.33) layer was dispensed onto the surface of the waveguide. The response of a photonic

crystal waveguide is seen in Figure 5.4.
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Figure 5.3: Transmitted power through a 24a long W1 photonic crystal waveguide for water
(dashed) and air infiltrated (solid) holes as simulated by FDTD. A 30 nm red-shift of the
mode cut-off is observed when the holes are filled with water.

The group index of the waveguide mode increases with increasing wavelength, diverging
at the mode cut-off. Loss due to increasing group index makes distinguishing the high-loss
region from the cut-off region increasingly difficult for the water-clad structure. As the
mode cut-off has become less distinct with the addition of a water cover layer, point A
is chosen as a reference. This point is believed to correspond with the onset of coupling

to TM-like photonic crystal slab-modes [82, 83]. The measured shift due to a change in
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Figure 5.4: Photonic crystal waveguide mode cut-off given air-cladding (orange) and water-
cladding (blue) Increased loss makes the mode cut-off less distinct, so point A was chosen
as a fixed reference. The mode cut-off red-shifts under the water layer by 29nm.

the cover layer refractive index from 1 to 1.33 was 29 nm, yielding a bulk response of 88
nm/RIU. The responsivity reported here agrees well with the predicted response and with
values reported by Skivesen et al. {65].

5.3.2 Silane thin-film detection

Donor-defect photonic crystal waveguides confine the majority of the field power within
the silicon slab, with an evanescent tail penetrating into the surrounding material. As a
result, the sensitivity rapidly declines away from the silicon surface. As a measure of the
sensitivity in this close proximity region, a thin layer of 3-mercaptopropyltrimethoxysilane
(MPTMS) was deposited to test the response. MPTMS forms a monolayer which was
measured by ellipsometry to be 5.6 nm thick, assuming a refractive index of 1.44 [84]. The
addition of the MPTMS layer red-shifts the photonic crystal waveguide mode cut-off by
3.2 nm (Figure 5.5).
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Figure 5.5: Detection of MPTMS layer. The mode cut-off for a bare silicon surface (blue)
and with the addition of a 5.6 nm layer of MPTMS (orange). The mode cut-off red-shifts
by 3.2 nm.

5.4 Biofunctionalization of PPC waveguide sensors

Biofunctionalization merges the photonic crystal waveguide transducer with a biological
receptor. The biotin-streptavidin system is well documented and has been used here as a
proof of concept. This system possesses a very high binding affinity and high specificity,
with each streptavidin molecule having four biotin binding sites.

Beginning with a freshly piranha-cleaned Si substrate, MPTMS was deposited on a
clean silicon surface, followed by the deposition of biotin, and then deposition of the
target molecule, streptavidin. The biofunctionalization procedure employed here was
developed and conducted by Dr. Vincent Wright of the Jillian Buriak group. Deposition
begins by immersing the sample in a 20:1 toluene to MPTMS solution at 100°C, under Ar
atmosphere, then rinsing with toluene, ethanol, acetone and drying with nitrogen. Second,
the silanized samples were immersed for 1 hour in a 1 mg/mL concentration of biotin in
a 1:1 dimethyl sulfoxide (DMSO)/phosphate buffered saline (PBS) and then rinsed with
DMSO/water, ethanol, acetone and dried with nitrogen. Lastly, a 10 mM solution of
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streptavidin in a phosphate buffer solution with 1% Triton X surfactant was diluted to 10
#M. With this solution, the biotinylated samples were exposed to the streptavidin solution
for 1 hour, then rinsed with a PBS/Triton X solution, ethanol, and acetone and dried with
nitrogen.

A second experiment was conducted to verify that the red-shift is due to specific binding
of the streptavidin, rather than to the non-specific surface adsorption. Streptavidin has four
binding sites to which the biotin can attach. A negative control experiment was conducted
where pre-saturated streptavidin was flowed over the sensor. Binding between the surface
biotin layer and the saturated streptavidin was not expected since all the binding sites of
the streptavidin were already occupied.

The spectral transmission profile near the mode cut-off was recorded following biotin
deposition and streptavidin immobilization (Figure 5.6). As expected, the mode cut-off
red-shifts with the binding of the streptavidin layer. The streptavidin protein layer was
successfully observed as a red-shift of 0.86 nm.

The negative control experiment confirmed that this shift was due to the specific binding
of streptavidin, rather non-specific binding of streptavidin or another species. The result of
this experiment is seen in Figure 5.7. Indeed, a very slight 0.1 nm blue-shift of the mode

cut-off was observed, possibly as a result of a thin residue being removed in the process.
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Figure 5.6: Photonic crystal waveguide mode cut-off following biotin deposition (red) and
following streptavidin deposition (blue). The mode cut-off red-shift by 0.86 nm.
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Figure 5.7: Mode cut-off for a photonic crystal waveguide after deposition of biotin
(orange) and after the attempted deposition of a solution of saturated streptavidin (blue).
The mode cut-off has not shifted significantly. The deviation between the two traces at low
power is due to standing waves formed by TM polarized light.

5.4.1 Modified photonic crystal waveguide design for enhanced
sensitivity

In order to improve the photonic crystal waveguide sensor’s sensitivity, a modified donor-
defect waveguide is presented, seen in Figure 5.8. Rather than eliminate a row of holes
to form a photonic crystal waveguide, a set of holes are shrunk to a fraction of their
original size. The behavior of this waveguide is similar to that of the W1 waveguide,
except that the modes are shifted to higher frequencies inside the bandgap. This structure
significantly increases the amount of surface area available for sensing in the ‘high-field’
regions, increasing its response to a shift in the ambient refractive index.

As before, the modified photonic crystal waveguide architecture was immersed in water
to determine the bulk response to an effectively infinite homogenous film. This structure
was fabricated with a lattice of 446 nm and hole radii 0.37a and 0.22a. A 41 nm shift was
observed corresponding to a sensitivity of 120 nm/RIU, a 40% improvement relative to the

W1 sensor.
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Figure 5.8: Photonic crystal waveguide sensor architecture for enhanced sensitivity. The
lattice is 446 nm, with hole radii 0.37a and 0.22a.
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Figure 5.9: Modified photonic crystal waveguide response. The orange curve corresponds
to transmission in air and the blue corresponds to transmission under water. The spectra
red-shifts by 41 nm.
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5.5 Future directions

The photonic crystal waveguides reported here were much longer than required to resolve
the mode cut-off. In fact, the depth of the mode-cut off was limited by the polarization
isolation rather than the waveguide length. Shortening the device would reduce the effect
of increasing loss near the mode cut-off, making it easier to detect. Shrinking the photonic
crystal waveguide sensor would also further reduce the sensing volume.

While such a structure does not appear to have been thus far proposed in the literature,
it should also be possible to exploit the ‘slow-light’ dispersion of the photonic crystal to
significantly increase the sensitivity of these waveguides. Interferometry using a Mach-
Zehnder architecture (MZI) is a relatively common sensing approach to making highly
sensitive phase-based measurements [85]. By placing the photonic crystal waveguide in
the sensing arm, the output signal becomes dependent on the cumulative phase difference
between the arms. Near the cut-off, the group velocity of the travelling mode decreases
dramatically, falling to zero at the mode cut-off. This wave compression can be exploited
to create compact MZIs, where the required interaction length is reduced by a factor
of c/vg4 [27]. Integrated silicon photonic crystal interferometers have been demonstrated
with a group index of 80 [86]. Gigahertz bandwidth MZIs incorporating photonic crystal
waveguides have been reported to reduce the interaction length by two orders of magnitude
versus a strip waveguide MZI [87]. One would expect similar gains to be possible for

photonic crystal waveguide sensors using a similar architecture.

5.6 Summary

A photonic crystal waveguide biosensor architecture has been presented. The bulk
sensitivity of this sensor was shown to be 88 nm/RIU, similar to previously reported
values. Specific biological detection was demonstrated using a biotin-streptavidin system.
An improved sensing architecture with increased surface area in the high field region was

demonstrated with a 40% increased bulk sensitivity.



Outlook: Towards Nonlinear Hybrid
Photonic Crystal Architectures

6.1 Introduction

The concept of ‘integrated optics’ first appeared in the 1960s [88] as an analogue to
integrated electronic circuits which were in rapid development at the time. The vision
was of a dense array of active on-chip optical devices that would control light in the same
manner as integrated circuits control electrical signals. Decades later, integrated optic
systems remain of relatively low complexity and significantly greater size than comparable
electronic systems [89].

Though the realization of an all-optical computer does not appear imminent, optical
systems are still increasingly being incorporated into computer systems. Optical systems
have been firmly entrenched in long distance data communication for many years. As the
speed of microprocessors increases, ‘long distance’ communication shifts to shorter and
shorter scales. Optical interconnects are already being used to communicate between CPUs
in parallel computing applications and it has been proposed that optical interconnects will

be implemented for signal transmission across a single die in the future.
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Photonic crystals have emerged as a technology which stands to increase the
functionality and decrease the size of integrated optical systems. By exploiting slow light
Amodes of a dispersion engineered photonic crystal waveguide, silicon optical modulators
with significantly reduced footprint size have been demonstrated [86].

Recently, Gu et al. demonstrated a gigahertz bandwidth photonic crystal waveguide
modulator [87]. Using light with group velocity below 0.1c, they were able to reduce the
interaction length of the interferometer by two orders of magnitude below that of milestone
work using MOS capacitor silicon light modulation [90].

Silicon does not exhibit a strong optical nonlinearity, so existing demonstrations have
rather relied on free-carrier dispersion. The high power consumption of this approach
makes it unsuitable for dense on-chip applications [91]. Electro-optical refractive index
modulation, on the other hand, is significantly faster and consumes far less power.
To exploit the favourable characteristics of photonic crystals for application in creating
compact interferometers, we present a hybrid approach, combining an electro-optically

active film with a silicon photonic crystal waveguide.

6.1.1 Slow-light enhancement of optical modulators

Near the Brillouin zone boundary, the group velocity of the lowest frequency even mode
of a silicon W1 photonic crystal goes to zero. This slow-light mode effectively compresses
the optical signal and can be exploited to drastically enhance the phase sensitivity of small
refractive index shift [27,92,93]. While it is possible to create slow light waveguides in
other systems, photonic crystal waveguides also present the potential for slow light free
of group-velocity dispersion, thereby optimizing the available bandwidth and preventing
signal distortion [93,94].

Modulators based on Mach-Zehnder interferometry consist of a single waveguide which
splits into two branches, then recombines. Constructive or destructive interference at the
output is accomplished by manipulating the relative output phase of the two waveguides.

The phase difference between the two arms of the modulator is given by:

Ad = %nL 6.1)
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where w is the angular frequency, c is the speed of light in vacuum, and n is the refractive

index of the waveguide. The resulting transmitted output interference intensity is given by:

1
T= 5(1 + cos(Ad)). (6.2)
Restricting our examination to small variations of the index, the result is simply a parallel

shift in the dispersion relation [93], given for frequency as:

w(k) = wy(k) — wsa% (6.3)

where w;, is the signal’s carrier frequency, dn is the shift in the index, and ¢ is the portion of
the energy in the affected material. In practice, the converse is usually considered, where

the frequency of the incoming light is fixed and it is the wavevector which is altered, as in:

wsobn

Ak(ws) =~ — (6.4)

TNivg

and

A¢ = Ak(w,)L (6.5)

where L is the length of the arm of the interferometer. In the case that a 7 radian phase
shift is desired, the result is:
L 1 n v,

5\_0 == %3};; (66)

The performance of such an interferometer can be improved by a factor of c/v, by
employing slow light [27]. The switching power required, either optical or electrical, will

also be reduced by a factor of c/v,.

6.1.2 Ionically self-assembled monolayer films

Poled-polymer organic second order nonlinear materials have been demonstrated for
creating electro-optic modulators with V; < 1V [95] and with modulation rates greater
than 150 GHz [96]. Their susceptibility to thermal and temporal relaxation, however,

reduces their optical nonlinearity, impeding their implementation. Ionically self-assembled
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monolayer films (ISAMs) have been presented as an alternative material system. ISAM
films form a class of composite polyelectrolyte materials which can be created with
high 2 order nonlinear coefficients [97]. ISAM films are fabricated by the sequential
electrostatic binding of poly-anion and poly-cation layers (Figure 6.1). Electrostatically
mediated binding ensures that each layer thickness is self-limiting such that a thick film

can be formed with hundreds or thousands of individual monolayers.

Figure 6.1: Successive ionically self-assembled monolayers are deposited to create an
ISAM film.

The ISAM film technique can be used to create a noncentrosymmetric arrangement of
chromophores resulting in a 2"¢ order nonlinear film. The electro-optical properties of
ISAMs do not tend to relax over time, and have been shown to be stable for a period of
at least two years [97]. ISAM films are also relatively tolerant of heating and have been
shown to fully recover their nonlinear optical properties after being heated to 150°C for 24
hours [98]. Their resilience to heating presents potential for direct patterning by imprint
lithography, an attractive alternative to other expensive lithography techniques.

The ISAM film reported here is formed from a PCBS/PAH (poly 1-[4-(3-carboxy-
4-hydroxyphenylazo) benzensulfonamido]-1,2-ethanediyl,sodium salt / poly(allylamine
hydrochloride) bilayer structure which has an electro-optical coefficient rs3 in the range
of 1-2 pm/V. These films could be straightforwardly substituted with Procion Brown/PAH
ISAM films which have been shown to have an electro-optic coefficients of ~20 pm/V
[99]. ISAM films used in this report were fabricated by Aruna Kroetch, using a process
developed by Cemil Durak of the Randy Heflin group at Virginia Tech.
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6.2 Hybrid photonic crystal architecture

One of the reasons for using silicon as a nanophotonic base material is its high refractive
index (n=3.5). Most ISAM films have a much lower refractive index (n=1.6), making
nanoscale optical confinement challenging. As an alternative to creating a purely [ISAM
photonic crystal structure, a hybrid Silicon/ISAM film structure has been devised. This
hybrid stack combines a thin silicon photonic crystal layer with an ISAM film located

within the field envelope to provide high optical nonlinearity (Figure 6.2).

ISAM film
Silicon Photonic Crystal

/
4‘? Oxide

Figure 6.2: Conceptual approach to creating a hybrid ISAM/silicon photonic crystal
structure (cross-section). A photonic crystal structure is patterned through an ISAM film
into the underlying silicon layer.

For the hybrid structure to be effective, a balance must be found between photonic crystal
confinement and containment of a significant fraction of the total optical power inside the
nonlinear ISAM film. A 340 nm silicon slab as reported in Chapter 3 would tend to confine
light within the silicon more tightly than desirable. By thinning the silicon film to 160 nm,
the field power located in the ISAM film is predicted to be 18%, versus 5% for the 340 nm
slab.

6.2.1 Modelling of hybrid photonic crystal

While photonic bandgaps have been demonstrated in low-index polymers [100], the
bandgap for an ISAM film remains both narrower and at higher frequency than that of
a silicon photonic crystal. Higher bandgap frequency makes out-plane confinement more
challenging and while an air-clad ISAM planar photonic crystal could be well confined, an
oxide substrate results in radiative losses. The hybrid ISAM/silicon structure avoids this

issue as the bandgap is fully below the oxide light line (Figure 6.3).
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Figure 6.3: Band diagram for a hybrid ISAM/Silicon photonic crystal with thickness 0.3a
and hole radius 0.35a. Solid gray line corresponds to oxide light line, dashed gray line
corresponds to lowest order mode for the ISAM photonic crystal.

Although both the ISAM and silicon are patterned as photonic crystals in this approach,
their bandgaps do not overlap and only the silicon layer behaves as a photonic crystal in

the operating range.

6.3 Viability of photonic bandgap guidance in thin SOI

The hybrid silicon/ISAM film photonic crystal relies on photonic band-gap guidance of
the thin silicon layer. To demonstrate that the thin silicon photonic crystal is capable of
supporting photonic bandgap guidance, a thin 160 nm silicon slab was fabricated without
the ISAM overcladding (Figure 6.4).

As in Chapter 4, the lowest order even mode cut-off of the waveguide was observed
as evidence of photonic bandgap guidance. The observed transmission spectrum near the
mode cut-off, seen in Figure 6.5, demonstrates the same characteristic behavior as photonic
crystal waveguide fabricated in 340 nm SOI. Relative to a photonic crystal waveguide
fabricated in a thicker slab, the transition from guidance to the bandgap is less abrupt,
most likely due to the mode’s reduced vertical confinement, making it more sensitive to

scattering loss as the group index increases near the mode cut-off.
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Figure 6.4: Interface between a silicon photonic crystal waveguide and strip waveguide
patterned in a 160 nm silicon slab.
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Figure 6.5: Photonic crystal waveguide guidance near the mode cut-off for 160 nm silicon

slab. The transition is deeper but less abrupt than for the photonic crystals fabricated in a
thicker slab.
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6.4 Fabrication of hybrid silicon/ISAM film photonic
crystals

Hybrid photonic crystal structures were fabricated by depositing an ISAM film on SOI,
followed by lithographic patterning and a multi-stage etch to define the photonic crystal
structure. Deposition and patterning of ISAM films was conducted in collaboration with
colleague Aruna Kroetch.

In order that a significant fraction of the modal power lies within the ISAM film, the
silicon slab thickness was reduced from 340 nm to 160 nm by progressive wet thermal
oxidation at 800°C and oxide removal with an HF containing buffered oxide etch solution.
The oxidization was performed at low temperature to slow the rate of silicon consumption
and increase the controllability of the process. The rate of silicon consumed by oxidation
at 800°C is plotted in Figure 6.6. A thin (=20 nm) oxide layer was left unetched such that
ISAM film growth could occur on the surface. It is likely that the thickness of this layer

could be reduced dramatically with further testing.
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Figure 6.6: Silicon consumed by wet thermal oxidation at 800°C . Data points have been
fitted with a second order polynomial.

The fabrication process, outlined in Figure 6.7, begins with a thinned SOI chip (a).
Upon this chip a 240 bilayer ISAM film was then deposited (b). After baking to remove
any absorbed moisture, a 580 nm layer of Shipley HPR 504 photoresist diluted 5:7 with
ethyl lactate was spun over the ISAM film and baked at 115°C to drive off any remaining
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solvent (c). The HPR 504 layer serves to protect the ISAM film as it would be rapidly
attacked by the chrome etch solution. A 30 nm Cr masking layer was then deposited by
sputter deposition with a Lesker magnetron sputtering system operated at a pressure of 2.5
mTorr with 300 W DC power (d). As outlined in Chapter 3, PMMA 950A2 was spun over
the surface (e). After recalibrating the electron dose for a thinner silicon layer, electron
beam lithography proceeded as before (f).

Following the development of the PMMA resist, the hybrid stack was etched in 4 stages:

1. After protecting the edges of the chip with HPR 504 (g), the Cr masking layer was
etched in an ultrasonic Cr etch bath. Ultrasonic agitation was found to increase the

homogeneity of the etching process (k).

2. The ISAM/HPR 504 layer was etched by an oxygen-plasma RIE with a oxygen flow

of 15 sccm, an RF power of 60 W, and a chamber pressure of 5 mTorr (3).

3. The oxide layer was dry etched for 50 s using a CF, / CHF3 RIE at 20 sccm and 30

sccm respectively with a chamber pressure of 100 mTorr and an RF power of 300 W
(7).

4. Lastly, the silicon layer was dry etched for 40 s using the Cryo silicon etch recipe,
detailed in Chapter 3 (k).

Following etching, the Cr masking layer can be removed by acetone lift-off of the HPR-
504 (). A hybrid stack strip waveguide created by this process prior to Cr removal can be
seen in Figure 6.8. Photonic crystal waveguides (Figure 6.9) were successfully patterned
in the silicon/ISAM stack.

Transmitted power was too low to demonstrate guidance, however. The high loss can be
attributed to several factors. Roughness of both the etched sidewalls and inhomogeneities
in the ISAM film are likely both contributing to make the photonic crystal much lossier than
the silicon-only structure. As is, roughness from the Cr etch process and inhomogeneities
from the ISAM film are reproduced in the underlying structure, imparting considerable
sidewall roughness in the underlying silicon photonic crystal. It appears that this roughness

has increased the loss in the waveguide to the point that the transmitted power is not
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verifiably from the waveguide structure. It is expected that further improvements to the
quality of the Cr etching and the ISAM film homogeneity would result in a functional
hybrid Si/ISAM slab.

a. b. c. d.

. Silicon B IsAM . Chrome

Oxide ' HPR 504 MMA

Figure 6.7: Summary of hybrid ISAM/Silicon photonic crystal fabrication process. (a)
beginning with a thin SOI chip with a surface oxide, (b) deposit ISAM film, (c) spin on
protective resist layer, (d) deposit chrome, (e) spin on resist, (f) pattern/develop resist,
(g) coat edges with protective resist layer, (h) etch the chrome, (i) etch the resist and
ISAM layer, (j) etch the oxide layer, (k) etch the silicon layer, and (/) strip the resist and
remaining chrome.



Figure 6.8: Strip waveguide demonstrating a fabricated hybrid silicon/ISAM stack.

Figure 6.9: Photonic crystal waveguide patterned in a hybrid silicon/ISAM stack.
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6.5 Summary

This chapter has detailed a fabrication procedure for incorporating an ISAM film with a
silicon photonic crystal waveguide. This structure promises to combine the favourable
electro-optical properties of an ISAM film with the novel dispersion characteristics of
a planar silicon photonic crystal waveguide. While the hybrid Si/ISAM stack was
successfully demonstrated and a photonic crystal was patterned, demonstration of photonic
bandgap guidance was not observed due to the high loss of the waveguide. It is believed
that the losses are due to roughness in the Cr and the ISAM film which are then transferred

to the silicon photonic crystal.



Conclusion

7.1 Summary

This work has detailed the fabrication of silicon photonic crystals, demonstrated their
potential for selective biosensing, and presented an architecture for the incorporation of
a nonlinear polymer with planar photonic crystals.

Silicon photonic crystals were fabricated in SOI wafers using standard nanofabrication
techniques. High resolution patterning was accomplished with electron beam lithography.
Low-energy exposure reduces the penetration of the electron beam and was shown to be an
acceptable alternative to proximity effect correction. Fixed beam writing was incorporated
to significantly accelerate the patterning of less critical features, reducing the necessary
exposure time. Silicon etching was demonstrated using two techniques, the ‘Cryo’ etch
and the ‘Unswitched’ Bosch-like etch. Both were shown to yield acceptable results but the
‘Unswitched’ etch was found to be quicker and more reliable, at the expense of reduced
selectivity to the resist mask.

The mode cut-off was detected to verify photonic bandgap guidance of patterned
photonic crystal waveguides. The mode cut-off was shown to exist only for a single

polarization and was shown to scale with the lattice dimension, as expected.
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Photonic crystal waveguide biosensors of the type previously reported were
demonstrated to have a bulk refractive index response of 88 nm/RIU. A thin MPMTS film
with thickness of 5.6 nm was detected with a mode cut-off shift of 3.2 nm. A streptavidin
film was detected as a 0.86 nm mode cut-off shift. The specificity of the streptavidin
binding was verified with a negative control of pre -saturated streptavidin. A modified
donor-defect photonic crystal waveguide architecture was demonstrated which was shown
to have a bulk sensitivity of 120 nm/RIU, a 40% improvement over first generation design.

In order to combine the nonlinear properties of an ISAM film with a silicon photonic
crystal structure, a hybrid fabrication approach was detailed. In this approach an ISAM
film is deposited over a thin silicon photonic crystal, then a multilayer etch is performed
to sequentially etch each species. The entire stack is patterned as a photonic crystal but
the silicon layer is primarily responsible for confinement, with a portion of the evanescent
field falling in the ISAM layer. The hybrid stack was successfully fabricated. However, the
roughness transferred to silicon layer is significantly higher than in silicon-only structures
and is believed to be causing increased losses such that the photonic crystal waveguiding

was not observed.
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