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ABSTRACT

A superprism is an optical device which enhances the effects of a conventiona prism in
two ways. it disperses multiple wavelengths of light and allows for highly sensitive steer-
ing of a single wavelength beam over much wider angles than in a conventional prism.
Photonic crystals offer an exciting new approach to the problem of wide angle light dis-
persion and beam steering using a compact solution with no mechanical elements. Being
able to realize the superprism effects of photonic crystals would be very useful for anum-
ber of applications ranging from enhanced devices for wavelength division multiplexed
(WDM) systemsto anew class of ultra-refractive optical elementsfor beam manipulation.

For this Master's Thesis research, a superprism device is designed using the “superprism”
effects of atwo dimensional photonic crystal. A fabrication approach isthen outlined, and
all processing steps are investigated. The device design is scalable with the wavelength of
operation. In our fabrication approach, we aim for alarge scale device (2 cm x 2 cm) with
an operating wavelength of 3 nm. This wavelength implies a photonic crystal period of
750 nm and a hole radius of 300 nm. The photonic crystal is patterned using interference
lithography followed by reactiveion etching of a GaAs/AlGaAs epilayer, and alarge scale
oxidation to create alow refractive index Al, O, layer.

Thesis Supervisor: Leslie A. Kolodzigjski
Professor of Electrical Engineering and Computer Science
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INTRODUCTION

1.0

INTRODUCTION

A prism is an optical element which is used to refract or disperse a beam of light. Prisms
are usually made from a uniform material such as glass bounded by non-parallel planes.
As light travels through a prism, it bends according to the index of refraction of the mate-
rial. If we change the direction of the incident light, the beam emerging from the prism
also changes direction. At the same time, if a broad spectrum of light is incident on the
prism, each color exits the prism in a different direction forming a“rainbow.” Therefore
by changing the color of the beam we can change the direction the beam travels through a
prism.

In aconventional prism, these directional changes are small. Changing the direction of an
incident beam introduces only asmall changein its direction at the output of the prism. In
the same way, only large shifts in the wavelength of the beam will result in noticible
changes in the beam’ s direction at the output of the prism. By introducing other materials
into the prism and forming systematic arrangements of these materials in what are known
as photonic crystals, we can create large changes in the beam’ s direction. Creating a pho-
tonic crystal by stacking alternating layers of material, by creating checkerboard lattices of
material, or by introducing any other type of periodic variation in material allows us to
create larger prism effects known as “ superprism” effects.

A superprism is an optical device similar to a conventional prism only with two enhanced
properties: (1) super-dispersion and (2) ultra-refraction. Just as a conventional prism sep-
arates light into multiple wavelengths, a superprism separates these wavelengths over
wider angles (Figure 1.1). We will term this property "super-dispersion.” A superprism
can also be used to magnify the angle of propagation of a single wavelength beam (Figure
1.2) to steer the beam over wider angles. We will term this second property "ultra-refrac-
tion."

FIGURE 11

Illustration of the "super-dispersion" property of a superprism versus dispersion in a conventional
prism. For asmaller range of wavelengths, the dispersion in a superprism is much stronger [1].

Blueto Red Small range Of |
— ——
Conventional Prism Superprism

Being able to realize these enhanced effects of a superprism would be very useful for a
number of applications ranging from enhanced devices for wavelength division multi-
plexed (WDM) systems to a new class of ultra-refractive optical elements for beam
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INTRODUCTION

manipulation [2]. An additional advantage of the superprism isthat it can reduce the size
of many of these optical systems [3]. Large spectral separation and bending of incident
light can be more compactly controlled using one small superprism rather than a larger
system composed of multiple prisms, lenses, and mirrors.

FIGURE 1.2

Ilustration of ultra-refraction in a superprism. A small swing in the incident angle resultsin alarge
swing in the output angle.

Incident Beam

Output Beam

Small Angles Large Angles

Superprism

A number of groups have previously designed and fabricated photonic crystal devices for
the purpose of observing superprism effects. Kosaka, et al. used a three-dimensional pho-
tonic crystal to demonstrate super-dispersion and ultra-refraction [1], [2]. The device was
fabricated as a 3D hexagonal lattice using self-assembling silicon and silicon oxide layers.
For a wavelength difference of 0.01mm, they demonstrated a 50 degree difference in the
beam’s direction of propagation within the device. In a conventional silicon prism, this
shift would be less than one degree. They also demonstrated that changing the incident
angle from +/-7 degrees at the input results in a swing of +/- 70 degree within the crystal.
Though these results seem promising as a demonstration of superprism phenomena in
photonic crystals, such athree dimensional structure is complicated to fabricate. In addi-
tion, the Kosaka experiment does not report on the angular characteristics of the beam
once it exits the photonic crystal. Thisis probably due to the fact that once the beam exits
the crystal, the superprism effect will reverse itself as the beam "refracts back" at the out-
put of the device.

In order to circumvent the fabrication complexities associated with the 3D superprism
while preserving the superprism effect at the output, Nelson, et al. demonstrated that
strong wavelength dispersion effects can be achieved using a simpler one dimensional
photonic crystal [3]. Nelson introduces a wavelength dependence into the angle of propa-
gation by using the dispersion properties of a dielectric stack. As a beam propagates
within the dielectric stack, the dispersion between wavelengths translates into a lateral
shift in the position of the beam upon exiting the crystal. The dispersive effect is main-
tained as the beam exits the device. While the fabrication of this 1D structure is indeed
simpler, this device shifts the location of the output beam rather than affecting its angle of
propagation. In addition, the multiple reflections within the dielectric stack introduce
heavy losses into the system.

14
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INTRODUCTION

We believe that the superprism effects of super-dispersion and angular magnification can
be achieved using 2D photonic crystals. By using a 2D structure, we can keep the fabrica-
tion complexity relatively simple, while creating effects that are angular in nature. In
addition, our device design proposes a way in which these superprism effects can be
observed not only within the crystal, but at the output as well.

Design and Fabrication of a Superprism using 2D Photonic Crystals 15



DESIGN THEORY & SIMULATION

2.0 DESIGN THEORY & SIMULATION
2.1 How can wemakeaprism “super”?
The prism effect in aconventional prism is due to different frequenciesrefracting at differ-
ent angles within a material according to Snell's Law. We can illustrate this fundamental
effect using dispersion surfaces as shown in Figure 2.3.
FIGURE 2.3 (a) The dispersion surface of an arbitrary isotropic medium showing the direction of the k-vector

and the direction of power propagation [4]. (b.) The dispersion surfaces for multiple frequenciesin
an isotropic medium. Each frequency has a dispersion surface of a different radius.

k.A Direction of propagation kl__l.

i .,'-'.LJT : e el
@ ®

A dispersion surface maps out the angular dependence of the wave vector k for the propa-
gation of light within a particular medium. For instance, in a medium of uniform refrac-
tive index (an isotropic medium) the dispersion surface is a circle. That is, for a given
frequency, the magnitude of the wave vector remains constant for every direction of prop-
agation in the material. The dispersion relation determines the length of the wave vector
according to:

k = wyme (EQ 2.2)

Therefore for each frequency, the radius of the dispersion surface will be different due to
the change in w and e. The wave vector will propagate in the direction normal to the dis-
persion surface according to the group velocity:

v, = Rrow (EQ 2.2)

I'n an anisotropic medium, as shown in Figure 2.4, the dielectric constant is no longer uni-
formin all directions implying that the dispersion surfaceis no longer acircle. In auniax-
ial medium, for example, the dielectric constant along one principal axis, the optic axis, is
different from the dielectric constant along the other two axes. For this type of medium,
the component of the wave polarized along the optic axis (extraordinary wave), has an

16
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DESIGN THEORY & SIMULATION

elliptical dispersion surface. The component polarized along one of the other two axes
(ordinary wave), has acircular dispersion surface. A uniaxial medium therefore illustrates
two properties of interest: (1) the magnitude of the k-vector depends on its orientation and
(2) the direction the wave vector propagates also depends on orientation.

FIGURE 2.4

The dispersion surfaces of a uniaxial medium showing the difference in the direction of the k-
vector versus the direction of power propagation for the extraordinary wave [4].

k A
y Direction of propagation
(extraordinary wave)

wyre,

If we send light across a boundary between one medium and another, the k-vector moves
from one dispersion surface to another as shown in Figure 2.5. In the process, the bound-
ary conditions on the electric and magnetic fields must be satisfied. If awaveistravelling
from air to a material with a higher index of refraction such as glass, the k-vector moves
from a dispersion surface with a smaller radius, to a dispersion surface with a larger
radius. According to Maxwell's equations, the tangential components of the electric and
magnetic fields must remain constant across the boundary so that:

[
\

I(x, air — l&,glass (EQ 2.3)

As aresult, the normal component of the k-vector will change in magnitude and the wave
vector has refracted into the new medium changing its direction.

FIGURE 2.5

The dispersion surfaces on each side of a boundary between air and a higher index material.

A
ky
air i
Vi : /T"\
¥ ] ';.I
|II E E I| >
o\ K,
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higher index
uniform material
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DESIGN THEORY & SIMULATION

We can now use this model of dispersion surfaces to identify the effects we are looking for
in a superprism: large angular magnification, and the super-dispersion of frequencies. In
order to observe large angular magnification and super-dispersion, we need to find a mate-
rial in which the properties of the k-vector are highly sensitive to changesin direction; i.e.
amaterial that is highly anisotropic.

Consider, for example, a material with a dispersion surface such as the one shown in
Figure 2.6.

FIGURE 2.6

Superprism effects using large changes in the group velocity. (@) Illustration of angular
magnification at a constant frequency in a superprism. (b) Illustration of super-dispersion in the
superprism.

ky ky A
uniform material

|

Ky

superprism

@

The sharp bends in the dispersion surface allow usto create highly dispersive effects using
variations in the group velocity. The group velocity depends on the slope of the dispersion
surface. For orientations of the k-vector in the direction of the sharp bend, the group
velocity is highly sensitive to changes in direction. As shown in Figure 2.6(a), at small
angles, a small change in the incident angle (shown with the black and gray arrows) will
result in alarge change in the group velocity--the direction of propagation of the k-vector.
The phase matching condition on the tangential k-vector is met as the wave crosses the
boundary.

Figure 2.6(b) illustrates super-dispersion using a material with the same dispersion sur-
faceasin Figure 2.6(a). Asstated previously, the radius of the dispersion surface changes
with frequency. Thus the super-dispersion of different frequencies is due to the fact that
for a given k-vector, the difference in the group velocity for each frequency is very large,
i.e. the slope of the dispersion surface changes very rapidly with frequency. Note that the
dispersion surfaces corresponding to different frequencies in the uniform material are
much closer together than the dispersion surfaces in the superprism. This result enhances
the super-dispersion effect.

18
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DESIGN THEORY & SIMULATION

We can also create highly dispersive effects by using changes in the phase velocity as
shown in Figure 2.7.

FIGURE 2.7

Highly dispersive effects using differences in phase velocity.

kyA

-

uniform material

superprism
(@) (b)

The phase velocity equals the magnitude of the k-vector. The phase matching condition
on the tangential k-vector is shown with the dotted lines. The flatness of this dispersion
surface allows small variations in the input angle to translate into large variations in the
magnitude of the k-vector as shown in Figure 2.7(a). Figure 2.7(b) shows how this flat-
ness allows us to realize the super-dispersion of frequencies by using large changes in the
phase velocity. In Section 2.3 we will show how we use the phase velocity to demonstrate
superprism effects that can be observed in air.

2.2

What are Photonic Crystals?

We can not observe large angular magnification and super-dispersion using uniform mate-
rials because their dispersion surfaces show little spatial or spectral variation. For our
superprism, we are looking for a highly anisotropic medium where properties of the k-
vector are very sensitive to changesin direction and frequency. A new class of structures,
called photonic crystals, provide us with the properties we are looking for.

Photonic crystals are artificial structures composed of a periodic variation in the index of
refraction. For example, this periodic variation may be fabricated in one dimension using
an alternating stack of high and low index materials, in two dimensions as spatially peri-
odic dielectric rods, or in three dimensions as a spatially periodic lattice (Figure 2.8).
Introducing a spatial variation in the index of refraction of the material introduces a num-
ber of interesting properties that can be used to control and manipulate light as it passes
through the crystal.

As light passes through any periodic structure, it scatters at each dielectric boundary. A
dielectric mirror is one example of a 1D periodic structure which may use this scattering to
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DESIGN THEORY & SIMULATION

reflect light of a particular frequency. The mirror is composed of a stack of alternating
layers of dielectric material (asin Figure 2.8(a)) so that scattered waves at this frequency
will destructively interfere with the incident waves. Light at this frequency cannot pass
through the material and isreflected. At the same time, other frequencies passing through
the material will constructively interfere upon scattering and are transmitted rather than
reflected.

FIGURE 2.8

From left to right, examples of (a) one, (b) two, and (c) three dimensional photonic crystals. The
different colors represent materials of different dielectric constants [5].

W .

(a) (k) (c)

FIGURE 2.9

Sketches of photonic band structures for propagation perpendicular to the plane of a 1D photonic
crystal made of stacked dielectric slabs as in Figure 2.8(a). (a) Band structure with slabs having
the same index of refraction. (b) Band structure with slabs alternating between high and low
refractive index materials. The high index contrast creates a band gap in allowed frequencies for

this case [5].
A A
L/ .

Photonic Band Gap

frequency
frequency

Y
Y

wave vector wave vector

@ (b)

The behavior of light as it passes through a photonic crystal can be described by a photo-
nic band structure as shown in Figure 2.9. The photonic band structure describes the rela-
tionship between the frequency and the wave vector for light traveling normal to the plane
of the slab. The band structure for the 1D photonic crystal with layers of high index con-
trast (Figure 2.9(b)) exhibits a “gap” of frequencies for which no light may propagate
through the material. The crystal with no index contrast (Figure 2.9(a)) has no such gap.
The frequencies that lie in this photonic band gap are frequencies that are reflected in the
case of the dielectric mirror.

20

Design and Fabrication of a Superprism using 2D Photonic Crystals



DESIGN THEORY & SIMULATION

The photonic band structure also illustrates some other useful properties. The phase
velocity at each frequency can be calculated using:

v. =W
Pk (EQ 2.4)
The group velocity can be calculated from the slope of the band structure using:
_ dw
v = S (EQ 25)

The dispersion in frequencies is then related to the derivative of the group velocity. Look-
ing at the band structure, we can see that the group velocity (slope) changes very rapidly at
the edges of the band gap implying a frequency range of high dispersion. This dispersion
only occurs for the component of a plane wave incident normal to the slab. Any compo-
nent of propagation parallel to the slab boundary does not experience scattering because
there is no periodicity in this direction. Therefore, for angles of incidence other than nor-
mal, there are no photonic band gaps. As aresult, the angular dispersion is less severe.

If we create a periodicity in two or three dimensions, we can create a photonic crystal with
a band gap for incident light in multiple directions. In two and three dimensions, the peri-
odicity of the crystal can take on a number of forms. For example, atwo dimensional pho-
tonic crystal can be created using rods of dielectric material suspended in a different bulk
dielectric material (asin Figure 2.8(b)). These rods may be arranged periodically in mul-
tiple ways (e.g. asquare lattice or a hexagonal lattice). The rods may be of a higher dielec-
tric constant than the bulk, or vice versa. In three dimensions, the periodicity can be
created in even more ways with different shapes and lattice configurations.

The configuration of each photonic crystal determines the characteristic shape of its band
structure. The wave vector orientations with highest dispersion in the band structure will
be centered along lines of periodicity in the structure. For the 1D slab photonic crystal
(PC), there was only one such direction--the direction normal to the slab surface. In the 2D
PC, the periodicity created by the lattice of columns creates two unique directions of peri-
odicity. Creating multiple dimensions in the periodicity allows us more flexibility in deter-
mining the directional as well as spectral characteristics of the band structure.

Since the band structure only plots the frequency vs. wave vector relationship for direc-
tions along the lines of periodicity, we cannot map the whole dispersion surface of a pho-
tonic crystal using one band structure alone. We construct the full dispersion surface for
each mode of propagation by plotting the magnitude of the k-vector for all possible orien-
tations at a constant frequency. By traveling along aline of constant frequency on the band
structure, we intersect points on the dispersion surface corresponding to the directions of
periodicity in the photonic crystal. This idea will become more apparent in the next sec-
tion as we present the band structure and dispersion surface for our superprism photonic
crystal.

Design and Fabrication of a Superprism using 2D Photonic Crystals 21



DESIGN THEORY & SIMULATION

2.3

Superprism Design and Simulation

The superprism device designed and fabricated in this thesis consists of a 2D photonic
crystal with asquare lattice of air holesin gallium arsenide (GaAs). Our initial design has
focussed on realizing angular magnification such that a small continuous angular sweep of
the beam at the input will be amplified at the output of the device. Our goal has been to
design the device in order to observe angular magnification at the output of the device in
air. Previous experiments have not demonstrated angular dispersion in air but have only
observed the phenomenon within the photonic crystal [1].

Thetop view of the design shown in Figure 2.10 shows how the GaAsregion is shaped as
a parallelogram with the photonic crystal occupying a square region within the parallelo-
gram. The orientation of the parallelogram with respect to the photonic crystal edge is
designed such that light entering the input facet at near normal incidence then exits the
output facet at larger angles centered around the normal direction. The ideal performance
is designed such that an input angular sweep of approximately +/-2° will be amplified to
about +/-30° at the output for a wavelength of 3.1 nm. A thick aluminum oxide (AlOy)
layer is used to minimize radiation loss into the GaAs substrate. The depth of the holes and
the parallelogram sidewalls will be as deep as possible to facilitate coupling from an input
fiber.

FIGURE 2.10 Superprism device schematic (not to scale).
Top View:
e asquare lattice of air holes
I nput « holes occupy asquare region
in GaAs
« lattice isrotated 45deg with
respect to square region
* sguareregion isaligned
\
Output within a parallelogram mesa
Cross Section:
Etchedwith ™™ N N N N N W N N B N F W thickness t GaAs
air holes 3000nm A|XOy
D cans substrate
Design: | =2800 to 3800 nm; For | =3125 nm:
PBG Laitice Constent: a=| *0.24 & 750nm
GaAs Thicknesst= | *0.144 t=450nm
Hole Radius= | *0.096 r=300nm
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To proceed with the design of our superprism, we calculated dispersion surfaces for sev-
eral modes within a 2D photonic crystal consisting of air columns in GaAs. As discussed
earlier in this chapter, the direction of wave propagation inside the photonic crystal is
given by the direction of the group velocity (i.e. the direction normal to the dispersion sur-
face). However, the direction of propagation as the beam exits the crystal is determined by
the phase velocity due to the phase matching condition on the k-vector at the boundary.
Therefore, for a photonic crystal superprism to have ultra-refractive effects that are pre-
served at the output of the device, we must utilize regions of the dispersion surface that
have highly sensitive phase velocity behavior. Thisisthe key difference between our work
and previous work thus far.

For the dielectric configuration shown in Figure 2.10, we have calculated the relevant dis-
persion surface shown in Figure 2.11. The results are presented on a normalized basis.
The computation assumes a finite slab thickness of 0.6a and a hole size of 0.4a. Theindi-
ces of refraction used were 3.4 and 1.5 for the GaAs and aluminum oxide layers respec-
tively. This calculation is for guided modes with the magnetic field concentrated in the
perpendicular polarization. The computed dispersion surface has afairly flat region which
isideal for ultra-refraction.

FIGURE 2.11

Dispersion surface calculation for photonic crystal design. The square lattice orientation is shown
intheinset [7].
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The method used to compute the dispersion surface in Figure 2.11 was as follows. The
dispersion relation for guided modes propagating in a planar slab was computed using pre-
conditioned conjugate gradient minimization of the Rayleigh quotient in a plane wave
basis [6]. A numeric root-finder was used to solve for the exact wave vectors that corre-
spond to a particular frequency. This computation was carried out for every orientation
throughout the entire Brillouin Zone to map out the dispersion surface.
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FIGURE 2.12 The band structure for the superprism photonic crystal [7].
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FIGURE 2.13 Explanation of Superprism ultra-refraction using the dispersion surfaces in the photonic crystal and
GaAs|[7].
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Figure 2.12 isthe band structure for the superprism’s photonic crystal. The computation
uses the same assumptions as the dispersion surface calculation in Figure 2.11. The hori-
zontal line represents an equi-frequency line at the normalized design frequency of 0.24.

Our device operates by coupling to the lowest mode shown in this band structure. As
stated earlier, we have assumed an input beam polarized such that the magnetic field is
concentrated in the z direction. The lowest order mode corresponds to this polarization and
is therefore the only mode that the input beam will couple to. Though the equi-frequency
line intersects other higher modes, these modes correspond to other polarizations with the
electric field concentrated in the z direction. In addition, the orientation of our photonic
crystal is such that the beam is incident upon the GaAs/photonic crystal boundary at an
angle and will only couple to the lowest order mode independent of polarization. This
result is more clearly illustrated in Figure 2.13.

The ultra-refraction property of our superprismisillustrated in Figure 2.13. The boundary
between the gallium arsenide and the photonic crystal lies along the G-M symmetry line of
the square lattice. The two different arrows in Figure 2.13 represent k-vectors for two dif-
ferent input beams which differ by only asmall angle. Asthe beam propagates from GaAs
into the photonic crystal, the phase matching condition on the tangential component of the
k-vector must be met. The beam refracts into the photonic crystal as the k-vector moves
from the GaAs dispersion surface to the photonic crystal dispersion surface.

The small difference between the two input wave vectors translates into a large change in
the phase velocity inside the photonic crystal due to the flatness of the dispersion surface.
As the two beams exit the photonic crystal at the output facet, the phase matching condi-
tion is met again and the angle between the wave vectorsis greatly magnified.

Figure 2.13 does not show the beams as they propagate from air to GaAs at the input and
from GaAs to air at the output. However, the angular difference between the two beams
will only be enhanced as the beams propagate into air. Theresult is alarge angular sweep
at the output for a very small angular sweep at the input. Similar considerations can also
be used to realize frequency super-dispersion using a broadband source at a fixed angle of
incidence.

The photonic crystal dispersion surfaces shown in Figure 2.11 and Figure 2.13 corre-
spond to the lowest order mode shown in the band structure in Figure 2.12. By traveling
along aline of constant frequency on the band structure, we intersect points on the disper-
sion surface corresponding to k-vectors in the directions of periodicity in the photonic
crystal, which are the G-M and G-X directions for a square lattice. If there are multiple
modes at a particular frequency, there are multiple dispersion surfaces.

Traveling along the equi-frequency linein Figure 2.12, we intersect both the lowest order
mode, and two higher order modes. These two higher order modes have dispersion sur-
faces shaped like circles with smaller radii. For near normal incidence, an input beam may
be able to couple to these modes-though the coupling may be weak due to differencesin
polarization. However, we have designed the input facets such that the beam is incident
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upon the photonic crystal at steep angles as shown in Figure 2.13. At steep angles of inci-
dence, the input k-vector will not be able to couple to these higher order modes because
the phase matching condition cannot be met. Therefore, our beam will only couple to the
lowest order mode in the band structure enabling us to concentrate more power in the
mode of interest for our superprism.

FIGURE 2.14

Time domain simulation of superprism ultra-refraction. The simulation was performed on a
simplified 2D structure which did not consider the effects of afinite device thickness [7].

Finite size effects N
creates spherical A
wave fronts \

Input Angle - q = +2°

To demonstrate the experimental feasibility of our ideas we have carried out finite-differ-
ence time-domain simulations on asimplified system. The simplified system has the same
photonic crystal lattice structure as our device but is purely 2D (assumes infinite structure
thickness) and is reduced in size. In the simulation, shown in Figure 2.14, a plane wave
generated by a straight line of dipoles is launched into the GaAs region and propagates
into the photonic crystal. The figures show snapshots of the z component of the magnetic
field distribution.

Two Bloch waves are excited within the crystal. As they propagate, they are severely
refracted. Upon exiting the photonic crystal, one of the Bloch wavesisinternally reflected
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at the GaAg/Air interface allowing a single Bloch wave to couple out into air. As the
incoming beam is changed by +/-2°, the output beam sweeps through a large angular range
of +/-30°. In the high dielectric GaAs region, a fringe pattern can be observed due to inter-
ference between the incident and reflected beams. The finite size of the simulation also
causes the output beam to appear spherical. The arrows within the figures are just to guide
the eye but demonstrate how the direction of the beam shifts with the slight change in the
input angle.
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3.0

RESEARCH APPROACH

31

Research Objective

Our goal isto design and fabricate a superprism device using a two dimensional photonic
crystal in agallium arsenide material system. The devicewill allow asmall angular sweep
at the input to translate into a large angular sweep at the output (i.e. ultra-refraction). In
addition, an input beam with a small spread in frequencies will result in a large angular
separation of these frequencies at the output (super-dispersion).

The superprism is composed of atwo dimensional photonic crystal with a square lattice of
air holesin gallium arsenide (see Figure 2.10). The photonic crystal rests on athick layer
of aluminum oxide on agallium arsenide substrate. The depth of the air holesis as deep as
possible. The feature sizes of the photonic crystal are scalable depending on the wave-
length of operation. Our desired wavelength range of 2.8 to 3.8 nm implies a lattice con-
stant of 672 to 912 nm, and a hole radius varying between 269 and 365 nm. The input and
output facets are air-GaAs boundaries positioned at specific design angles with respect to
the photonic crystal. The total thickness of the device (excluding substrate) is about 3.5
mm while the top surface will have an area of about 2 cm x 2 cm.

The orientation of the parallelogram with respect to the photonic crystal edge is designed
such that light entering the input facet at near normal incidence, then exits the output facet
at magnified angles centered around the normal direction. The ideal performance is
designed such that an input angular sweep of approximately +/- 2° will be amplified to
about +/- 30° at the output for a wavelength of 3.1 mm.

32

Design Tolerances

In order to identify the steps necessary to fabricate the superprism, we needed to deter-
mine a number of tolerances on the device design. The results are presented in Figure 3.1.

Changing the ratio of hole size to lattice constant (r/a) changes the frequency at which the
dispersion surface is flat thereby shifting the frequency at which we will observe our per-
formance specifications. By simulating a change in r/a from 0.40 to 0.35 and recalculat-
ing the dispersion surface, we found that the frequency at which the dispersion surface
was now flat (the performance frequency) decreased by about 7%. An error in r/a by -
0.05 would shift our performance frequency from 3.1 mm to 2.9 nm which is acceptable
from atesting perspective. We therefore aim to stay within this error of 7% or r = 300 nm
+/- 38 nm. However, since the hole size is susceptible to a number of sources of variation
from the lithography as well as etching steps, this parameter is anticipated to be the most
difficult parameter to meet.

L attice squareness refers to the degree to which the grid of holes in the photonic crystal is
actually square. Errorsin the squareness of the grid may be introduced in the fabrication
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process due to the need for two exposures when patterning holes using interference lithog-
raphy. Small errors of this type would again alter the frequency at which the dispersion
surface is flat because the periodicity in hole spacing would be altered. By simulating an
error of 10° in the distortion of the square grid, we found that the performance frequency
increased by about 7% from 3.1 mm to 3.3nm. To keep the error below 1%, we aim for a
tolerance of +/-1°. Please see Section 4.3 for a discussion of how this tolerance is met.

FIGURE 3.1

Superprism device tolerances

Top View:

Input facet

Photonic crystal
within square area

Output facet
1) radius of holes: r = (0.40 +/- 0.05)*a where ais the lattice constant => r=300+/-38 nm

2) lattice squar eness: the angle between two lattice vectors = 90 +/- 1°
3) alignment of squar e shape to parallelogram: ¢,=38 +/- 1°, g,=11+/- 1°

4) alignment of lattice edgeto squar e edge: the angle a between aline of holes and the
square edge a = 0.0 +/- 0.5°

As stated above, the angled facets of the device allow light entering the input facet at near
normal incidence to then exit the output facet at larger angles centered around its normal
direction. Small errorsin these angled facets with respect to the boundary of the photonic
crystal would shift the input/output wavevector angles to directions which are not centered
about the normal. This error would not otherwise effect the performance of the device.
We therefore aim for atolerance of +/- 1° on this specification.

The use of interference lithography to pattern the large area of photonic crystal holes may
introduce errors in the alignment of the hole lattice to the edge of the square region. lde-
ally, the edge of the sguare area should be completely parallel to aline of holes of the pho-
tonic crystal so that a = 0° (as shown in Figure 3.1). A non-zero a will rotate the
dispersion surface with respect to the GaA s-photonic crystal boundary. We have designed
the device such that a +/- 2° input swing will result in an output swing of +/- 30°. Errors
which rotate the dispersion surface would change this input/output angular magnification
performance because we would be utilizing a different part of the dispersion surface.
Through simulations, we have estimated that an a = 1° error in boundary alignment would
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change our design performance in two ways depending on whether a is positive or nega-
tive: a +/- 1.5° input translating to +/- 30° output, or +/- 2.5° input translating to +/- 30°
output. We therefore set our tolerance on this alignment specificationtoa = 0 +/- 0.5°.

3.3

Fabrication Sequence

The following is a general outline of the steps necessary for the successful fabrication of
the GaAs superprism considering the tolerances discussed in Section 3.2. Please refer to
Chapter 4 for detailed discussion and results relating to each of the fabrication steps.

FIGURE 3.2

Growth of epilayer, sputtering of SiO, and Cr evaporation
» Growth of device epilayer using molecular beam epitaxy: 450nm GaAs,
3000nm AlAson GaAs substrate

450nm GaAs . .
3000nm AlAs| Device Epilayer

» Substrate coated with 300nm SiO,, 50nm chrome

50nm Cr
300nm SO,

|

The device epilayer which consists of 450 nm GaAs and 3000 nm AlAs on a GaAs sub-
strate is grown using molecular beam epitaxy. A 300 nm layer of SiO, is sputtered using
the sputtering system in the Nanostructures Laboratory (NSL). This SiO, layer will be
used as a hard mask for etching the GaAs/AlAs epilayer. A 50 nm chrome layer is depos-
ited using an evaporator. This layer will be used to define the parallelogram and square
shape of the device.

Figure 3.3 isageneral schematic of the photolithography mask patterns used to define the
device shape. Please see Chapter 4 for more detailed discussion. Two photolithography
steps will be used: the first using Mask 1 will allow for the exposure of holes within the
square area of the device, and the second step using Mask 2 will protect the square area as
the unwanted holes outside the parallelogram are etched away. An alignment grid on
Mask 1 aids in the alignment of the holes to the device shape. Alignment crosses on
Mask 1 and alignment dots on Mask 2 aid in the alignment of the two patterns to each
other.
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FIGURE 3.3 Photolithography mask design schematic. Mask 1 and Mask 2 are two 4" masks with the chrome pattern on
glass (mask outline not shown).
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FIGURE 3.4 Photolithography with Mask 1
* use Mask 1 to expose/develop square and parallelogram in photoresist
with alignment marks and alignment gratings

Photoresist pattern
1

Il

Pattern on wafer:

» Wet etch chrome (CR7 etchant); acetone/ash

photoresist
Chrome pattern

|
|

The first photolithography mask is used to contact expose the parallelogram and square
shapes in photoresist as shown in Figure 3.4. This mask exposes cross-shaped alignment
marks which are used to align this pattern to the pattern later exposed using Mask 2. The
square area in the middle of the wafer is a grid which is used to align the Interference
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Lithography exposure to this Mask 1 pattern. A wet etch is used to transfer the resist pat-
tern to the chrome layer.

FIGURE 3.5

Interference Lithography with use of trilayer resist stack. Please see Chapter 4 for a discussion of thicknesses.
* Spintrilayer: thick Anti-reflective coating (ARC), thick SIO, interlayer, photoresist

photoresist

Sio,

ARC over pattern in chrome

SiO, hard mask

« Expose/devel op holes in photoresist using interference lithography (IL)
« use mask 1 grid to align hole pattern to device shape

Holesin photoresist

SiO, interlayer

ARC over pattern in chrome
SiO, hard mask

Figure 3.5 shows the preparation of the substrate and the subsequent Interference Lithog-
raphy exposure. Interference lithography is used to pattern the whole wafer with holes.
Thetrilayer resist stack consisting of: photoresist, SiO, interlayer, and anti-reflective coat-
ing (ARC) is used to minimize reflections off the substrate during the exposure and facili-
tate pattern transfer to the SiO, hard mask layer. Please see Chapter 4 for a discussion of

the relevant thicknesses. The alignment grid on the wafer is used to align the hole pattern
to the device shape in chrome.

Figure 3.6 shows the transfer of the hole pattern to the SiO, hard mask layer using Reac-
tive lon Etching (RIE). The gases used to etch the SiO, and ARC layers are CHF5, and
He/O, respectively. A CHF; RIE step is then used to transfer the pattern into the SiO,

hard mask layer. The chrome layer will prevent the etching of holes outside the square
area within the parallelogram shape as shown by the pattern on the wafer in Figure 3.6. A
He/O,, ash step is used to remove any remaining ARC.
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FIGURE 3.6 Reactive lon Etching of trilayer resist stack and SiO, hard mask. The deep holes shown are only to illustrate

pattern transfer through each layer. As the hole pattern is transferred through each layer, layer thicknesses
decrease due to sputtering and etching thus avoiding unnecessary high aspect ratio etching.

« Reactive lon Etch (RIE) trilayer to transfer hole pattern
Holes exposed in photoresist

Holes etched into SiO,interlayer
Holes etched in ARC

* RIE SiO, hard mask layer; O, ash to remove ARC layer Pattern on wafer:

e N e |
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FIGURE 3.7 Photolithography using Mask 2
« Spin photoresist; contact expose/develop using mask 2

* pattern from mask 2 is used to protect the parallelogram in order to etch mesain SO,
« alignment marks on mask 2 used to align to pattern from mask 1

O cawabame Paten onter

* RIE external SiO,; ash photoresist

| e N e |

e ——
. CaAssbsrme

The second photolithography step shown in Figure 3.7 uses Mask 2 to expose the device
parallelogram shape with a closed square area to protect the holes inside. Alignment
marks are used to align Mask 2 to the pattern from Mask 1. An RIE step is then used to
etch away the holes in the SiO, hard mask outside of the parallelogram area.
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FIGURE 3.8 Reactive ion etch substrate and oxidize AlAs layer
* RIE epilayer using BCl ;; Cr layer will also be etched
SO, hard mask
T
AlAs
* Remove SO,
* Lap the substrate and cleave the wafer Pattern on wafer:
* Wet oxidize the AlAslayer to becomeAl O,
I FEE D . GaAs D
Al O
x>y
. GoAssbsiae =
A final RIE step using BCl; shown in Figure 3.8 transfers the hole pattern and the device
shape into the GaAs/AlAs epilayer. Any remaining SiO, is removed using CHF3 RIE.
The substrate is thinned through lapping and we then cleave the wafer to separate the indi-
vidual devices. The last step is a wet oxidation of the AlAs layer creating our low index
Al O, layer.
All fabrication steps are performed in laboratories at the Massachusetts Institute of Tech-
nology. The GaAs/AlAs epilayer is grown in the Chemical Beam Epitaxy Laboratory,
most processing, including lithography and reactive ion etching, is performed in the Nano-
structures Laboratory, and the die sawing is performed in the Microsystems Technology
Laboratory.
Testing of the device will be performed in collaboration with Rockwell Science Corp.
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4.0 DISCUSSION & RESULTS
4.1 Molecular Beam Epitaxy Results

The GaAs heterostructure shown in Figure 4.1 was grown using the Riber Instruments gas
source molecular beam epitaxy (GSMBE) system in the Chemical Beam Epitaxy group at
MIT. The structure was grown successfully with the following layers:
* 400 nm GaAs
e 50 nm Al 0_5063.0_50AS
* 3000 nm AlAs
* 500m Alg50Gag sAS
* GaAssubstrate
The 50nm AlGaAs layers are intermediary layers which are helpful during the oxidation
step for stabilizing the GaAs interface. Please see Section 4.6 for discussion of these
results. This intermediary layer will not oxidize and will therefore serve as a high index
layer for guiding light. With thisin mind, the top GaAs layer was grown to be 400 nm so
that the total high index layer thickness was 450 nm.

FIGURE 4.1 A scanning electron microscope (SEM) image of a randomly fractured edge of the GaAs heterostructure

showing the GaAs/AIGaAFAlAs epilayer on the GaAs substrate. The 50nm AlGaAs layers are not clearly
visible due to the non uniformity of the surface.

e
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GaAssubstrate
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4.2

Photolithography Results

As outlined in Section 3.3, photolithography will be used to define the superprism device
shape. Two photolithography steps will be used with the mask designs shown in Figure
4.2: thefirst using Mask 1 and the second using Mask 2.

FIGURE 4.2

Photolithography mask designs: Mask 1 (left) and Mask 2 (right). 2" Wafer outline and cross-hairs are for
reference and will not be exposed. Cross and circle-shaped alignment marks are used to align the patterns from
Mask 2 to the pattern exposed on the wafer using Mask 1.
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Mask 1 Mask 2

The device shape defined by the above masks differs from the shape shown in the design
schematic shown in Figure 2.10. Theinputs and outputs of the devices are still defined by
angled facets. However, in order to optimize the number of devices per wafer, the corners
of the original parallelogram shape have been trimmed. Trimming these corners allows us
to pattern four device shapes per 2 inch wafer. However, the number of devices per wafer
is actually eight due to the fact that each device shape has two input and two output facets
on opposite sides of the photonic crystal area. Trimming the corners also helps us during
the oxidation step by decreasing the lateral distance that the oxidation front needs to
travel.

Mask 1 defines the device shape with an open square area. The middle of the wafer pat-
tern has an alignment grid with a period of about 1 micron to allow for alignment of the
hol e pattern to the device shape during the Interference Lithography exposure step. Mask
2 covers the whole device area so that the holes exposed outside the device area can be
etched away while the holes inside the device are protected. See Section 3.3 for details of
these fabrication steps. Cross and circle-shaped alignment marks are used to align the pat-
terns from Mask 2 to the pattern exposed on the wafer using Mask 1.
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4.3

Interference Lithography Results

Interference lithography is used to pattern the square lattice of holes for the 2D photonic crystal.
Interference lithography is a more appropriate lithography technique for this superprism design
than photolithography or electron beam lithography because the hole pattern is periodic, covering a
large area, and with minimum feature sizes under 1rrm.

4.3.1 Basic Overview of Interference Lithography

Interference lithography (IL) allows patterning of periodic structures over a large area.
The periodic pattern is formed by the constructive and destructive interference of light
waves which form a standing wave at the substrate surface. This standing wave exposes a
grating pattern on the substrate asillustrated in Figure 4.3.

FIGURE 4.3

In interference lithography, the standing wave formed by the interference of two light beams exposes a
periodic grating on the substrate. In this schematic, the incoming waves are approximated as plane waves
when in reality they are spherical.

The period of the grating (P) depends on the source wavelength (I ) and the half-angle
between the two beams (q) according to:

_ |
P = Z—Sinq (EQ 4.6)
Two IL systemsin the Nanostructures Laboratory (NSL) at MIT were investigated for pat-
terning the photonic crystal used in this thesis. the Lloyd's mirror interferometer, and the
two-beam interferometer.
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432 Thelloyd'sMirror Interferometer

The Lloyd's mirror interferometer uses a broad beam of light and a mirror to create an
interference pattern on the substrate as shown in Figure 4.4. The mirror sits perpendicular
to the substrate surface. The interference pattern is formed by the interference between
light directly incident on the substrate, and light reflected off the mirror which then hits
the substrate. The period of the grating is given by Equation 4.6 with g determined by the
orientation of the mirror and substrate with respect to the incoming light.

FIGURE 4.4

Top view of the Lloyd's mirror interferometer system showing light incident upon the mirror and substrate
simultaneoudly. The light reflected off the mirror interferes with the light directly incident upon the substrate
to form a periodic pattern. The rotation stage sets the period by changing the orientation of the mirror and
substrate.
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Hﬂtatlnn
Sutrsnra't& Stage

HeCd Laser

The present Lloyd's mirror system as illustrated in Figure 4.4 uses a 325 nm HeCd laser
asits source. The mirror which is perpendicular to the substrate is rigidly attached to the
substrate chuck via vacuum suction. A rotation stage sets the period of the grating by
rotating this mirror/substrate combination. The spatial filter removes high frequency
noise from the beam in order to create a clean Gaussian beam profile. A pinhole allows
the beam diameter to expand so that it exposes a large area when it reaches the mirror/sub-
strate.

FIGURE 4.5

A grating pattern in resist exposed using the Lloyd's mirror interferometer. The period is approximately 760
nm.
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Figure 4.5 shows a 760 nm period grating exposed in negative resist using the Lloyd's
mirror interferometer. The resist pattern rests on an anti-reflective coating on a silicon
substrate.

There are several advantages to the Lloyd's mirror system. Firstly, the Lloyd's mirror is
fairly immune to external mechanical vibrations. Vibrations that affect the relative path
length of the two interfering beams are the only vibrations that affect the pattern exposed
on the substrate. Because the separation of the beam does not occur until reflection off the
mirror, and the mirror is rigidly connected to the substrate, such vibrations are minimal.
The result is that the relative lengths of the two beamsis very stable [8]. In the two-beam
IL system, which is discussed next, the splitting of the beam requires a phase-locking sys-
tem to stabilize the relative path length of the beams.

A second advantage of the Lloyd's mirror system is the ease with which the period of the
grating can be adjusted. Changing the period only requires changing the setting on the
mirror/substrate rotation stage. No additional alignment steps are necessary.

43.3 TheTwo Beam Interferometer

Another Interference Lithography configuration is the two-beam interferometer as shown
in Figure 4.6. The 325 nm beam emitted from a HeCd laser source is divided by a dielec-
tric beamsplitter into two beams each carrying 50% of the total power. These two beams
are then steered toward the substrate via two mirrors. Each beam passes through its own
spatial filter to remove high frequency noise, and to expand the beam diameter. The inter-
ference pattern is formed as the two beams meet at the substrate surface.

FIGURE 4.6

The two beam Interference Lithography system used in the Nanostructures Laboratory
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A feedback system is used to correct for relative path length differences between the two
beams which may occur due to mechanical vibrations in the system. A beamsplitter above
the substrate mount samples and recombines the two incoming beams as in a Mach-
Zehnder interferometer. The two outputs of the beamsplitter are detected by two photo-
diodes which are the inputs to a differential amplifier. The differential amplifier then
drives a piezomotor which adjusts the position of the first beamsplitter stage. Any change
in the path length of either beam will cause the photodiode current to change. This change
in current changes the position of the beamsplitter thus introducing a change in the relative
path length of the two beams. By keeping the photodiode current constant, the feedback
system can stabilize the phase difference between the two beams stabilizing the interfer-
ence pattern at the substrate surface.

As explained earlier, the period of the grating is determined by the angle between the two
interfering beams. For the 750 nm period holes of our superprism, the half-angle between
the two beams must be 12.5 degrees. In order to adjust the period using the two-beam
interferometer, the spatial filters must be moved and the steering mirrors must be adjusted
to the appropriate angle. This adjustment process requires arealignment of the beam path
through all the optical elements which is not trivial and can take several hours.

From the perspective of stabilization and flexibility of the period, the LIoyd's mirror inter-
ferometer is much easier to use. There is no need for additional feedback mechanisms to
stabilize the fringe pattern nor is any adjustment process necessary to change the period.
However, there are some distinct advantages that make the two-beam interferometer more
appropriate for patterning the 2D photonic crystal.

434 Fabricating Photonic Crystal Grids

So far we have only discussed patterning 1D gratings using interference lithography. To
fabricate 2D grids, two orthogonal grating exposures are necessary. This is accomplished
by placing the substrate on a rotation stage which is rotated by 90 degrees between expo-
sures. As discussed in Section 3.2, the tolerance on the squareness of the grid is +/- 1
degree. The resolution of the substrate rotation stage in the two beam IL system is less
than one degree whereas on the Lloyd's mirror interferometer, no such stage exists and
therefore the substrate would have to be manually rotated.

Examples of anumber of grid exposures using the Lloyd’s mirror are shown in Figure 4.7
and Figure 4.8. By varying the exposure time, we can vary the hole size. In general,
these exposure times are a function of the intensity of the laser beam at the substrate sur-
face. When using a positive resist as in Figure 4.7, a small exposure time results in a
smaller hole size. With longer exposure times, the holes become large enough to interfere
with neighboring holes resulting in post structures rather than holes. When using a nega-
tive resist as in Figure 4.8, the opposite effect is observed. A longer exposure time
results in a smaller hole size and short exposure times result in post structures.
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FIGURE 4.7 Examples of grid exposures using the LIoyd's mirror for different exposure times. Grids are exposed in PFI
88 positive resist on silicon for (&) 2 min (b) 2min 24sec (c) 2 min 48 sec (d) 3 min 12 sec per side (the total
exposure timeis double). The period is approximately 750 nm for every case.

FIGURE 4.8 Examples of grid exposures in negative resist using the Lloyd’s mirror for different exposure times. Grids are
exposed in OKHA negative resist on silicon for (a) 1 min (b) 1 min 20 sec (c) 1 min 40 sec (d) 2 min per side
(the total exposure timeisdouble). The period is approximately 750 nm for every case.
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The greatest advantage of the two-beam interferometer over the Lloyd's mirror for this
application is that it fixes the period of interest allowing a higher degree of repeatability
between exposures. Although the multiple exposures shown above show consistently
good grid patterns, the period is not consistent because the stage is reset during each expo-
sure. Since the superprism device requires afixed period upon which all other parameters
are dependent, this repeatability is essential. Another distinct advantage of the two-beam
set-up is the ability to pattern larger areas. Because the Lloyd’'s mirror interferes two
halves of the beam diameter at the substrate surface, the exposure area is limited to one
half of the beam’s surface area. The two-beam system allows the full beam diameter to
expose the surface therefore allowing for a greater exposure area.

435 FutureWork

The exposure results presented in thisthesis have all been patterned using the Lloyd’ s mir-
ror interferometer. Results using the two-beam interferometer are not available since the
system is not yet equipped to pattern 750 nm grids. As discussed above, one disadvantage
of the two-beam system is that changing the period is quite difficult. At the present, the
two-beam system in the Nanostructures Laboratory is being modified for patterning 750
nm period structures. This has involved modifying the phase locking system, building
new spatial filters, and creating a new beam path for the laser beam. Future work will
involve completion of these modifications and then performing exposures with the sys-
tem. Testing needs to be performed to ensure that the tolerances of the design can be met.
This includes determining the exposure time necessary for the correct hole size and check-
ing that the exposed grids meet the alignment and squareness tol erances.

4.4

Substrate Preparation

Though the final superprism device is a three-layered structure consisting of GaAs, aluminum
oxide, and a GaAs substrate, fabricating the device involves a number of additional layers which
each have a very specific purpose. The trilayer resist stack facilitates pattern transfer from the
interference lithography step, and the hard mask layer allows for deep etching of the GaAs/AlGaAs

epilayers.

441 Trilayer Resist Stack

The exposure of the periodic pattern in resist using Interference Lithography can be
degraded by back reflections off the substrate. Light reflected off the substrate can inter-
fere with incident light forming an interference pattern in the vertical direction. This ver-
tical interference pattern can result in resist sidewalls that are not perfectly straight and
may also be too weak to withstand the subsequent development and etching steps.

To compensate for this effect, an anti-reflective layer (ARC) can be used below the resist
layer to minimize the reflected power off the substrate. For most of our exposures, we
have used BARLi ARC which is a polymer that is spun onto the wafer. Reflection at the
resist/ARC boundary is dependent on the index of refraction and thickness of all the layers
beneath as well as the angle of incidence and wavelength of operation. In order to mini-
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mize the reflected power, we need to determine the necessary ARC thickness based on all
properties of the other layers. A software simulation similar to the one used in [8] was
used to determine this thickness. The program calculates the reflectivity at any boundary
of the layered medium for an arbitrary layered medium. The program then generates
reflectivity curves for different variables of interest.

The plot shown in Figure 4.9 shows how the reflectivity varies with ARC thickness for a
layered medium. The plot can then be used to make the proper choice of materials and
thicknesses. For example, using Figure 4.9, we could choose an ARC thickness of about
310 nm for alayered stack of resist, SiO,, ARC, SiO, on aGaAs substrate in order to keep
the reflectivity below 1% at the resist/SiO, boundary. The ARC is then spun onto the sub-
strate using a variable speed spinner at the appropriate speed to ensure the desired thick-
ness.

FIGURE 4.9

Reflectivity profile for layered medium consisting of 200nm PFI-88 positive resist, 90nm SiO,, BARLi ARC,
250nm SiO,, GaAs substrate.
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Since the resist layer often cannot withstand etching though the ARC layer, an SiO,, inter-
layer is often used in between. As shown in Figure 4.10, a 90 nm evaporated SiO, inter-
layer was used to transfer the grid pattern from the resist to the ARC using reactive ion
etching. In general, the interlayer should withstand the etching of the ARC layer. If a

thicker ARC layer is used, the thickness of the interlayer should be adjusted. The combi-
nation of the resist, interlayer and ARC is often referred to as a"trilayer" resist stack.
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FIGURE 4.10

Exposure of grid pattern using the Lloyd's mirror interferometer. (a) Grid pattern in resist with 90nm SiO,
interlayer, 300nm ARC, and 250 SiO, hard mask layer on a GaAs substrate. (b) Grid patternin the SO, hard
mask layer after reactive ion etching of the trilayer resist stack. A thin layer of ARC remains on top.

@ (b)

Thus before any Interference Lithography exposure, the substrate must be prepared with
the proper trilayer resist stack to ensure that 1) reflections off the substrate are minimized
and 2) the pattern can be transferred successfully from the resist to the substrate.

442 Hard Mask Preparation

In order to etch the GaAs substrate, a hard mask layer must be used. This hard mask layer
must be able to withstand the chemistry of the GaAs etch while being thick enough that it
does not sputter away over the duration of the etch. Since we aim to etch the GaAs/AlAs
epilayer about 1.5 microns deep, a sufficiently thick hard mask must be used.

After experimenting with different metal and dielectric masks, SiO, seems to be the best
material for thisetch. There are several waysto deposit SiO,, including evaporation, sput-
tering, PECVD, among others. We experimented with each of these methods of SiO,, dep-

osition using the tools available to us and tried etching the GaAs layers with each type of
oxide. The results of the exposure and hard mask etching steps are presented in Section
4.5 while experiments in etching the GaAs layer using these hard masks are not discussed
inthisthesis. However, an SEM image of two GaAs etches are presented in Section 4.5.

443 FutureWork

Future work in the area of layer preparation will involve finding a consistently good hard
mask layer. Though we have demonstrated success with depositing thick SiO, using the
sputtering system in the Nanostructures Laboratory, the results are not consistently repeat-
able and uniformity is limited to small areas. These limits are problematic since layer
thicknesses must be known for good IL exposures with small back reflection. In addition,
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the surface area of our superprism device is quite large making thickness uniformity criti-
cal.

We will investigate other sources of oxide deposition. In particular, we will also investi-
gate the use of flowable oxide as a substitute for deposited oxide. Flowable oxide such as
Dow Corning’s HSQ have the additional advantage of acting as an e-beam resist. Though
this advantage is not directly applicable to the process steps outlined for this device, it
most certainly would be advantageous for future device applications.

45

Reactive lon Etching Results

Reactiveion etching is used to transfer patterns exposed during lithography steps through interme-
diary layers into the GaAs/AlAs epilayer. Reactive ion etching is a dry etching technique whereby
ions accelerate towards the material and react with the surface. This etching method allows for
highly anisotropic etching with straight sidewalls.

45.1 Tri-layer and hard mask etching results

Once the pattern has been exposed in resist, a number of different etching steps are neces-
sary to transfer this pattern into the epilayer. After the interference lithography exposure,
the hole pattern must be transferred from the resist layer through the SiO,, interlayer, ARC

layer, the SiO, hard mask layer, and finally into the GaAs/AlAs epilayer.

FIGURE 4.11

SEM image after an Interference Lithography exposure using the Lloyd's mirror interferometer. The 750 nm
period hole pattern is in about 200 nm of positive resist with a20 nm SiO,, interlayer, 200 nm ARC layer, and

100 nm SiO, hard mask layer on a GaAs substrate.
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Since different materials have varying etch chemistries, different gases are used to etch
each layer. SiO, isetched using fluorine-containing gases such as CHF; or CF,4, the ARC
layer is etched using He/O,, and the GaAS/AlAs epilayers are etched using BCl3;. Each

etching step must performed in such a way that the mask layer is not etched simulta-
neously.

The details of a pattern in resist before reactive ion etching is shown in Figure 4.11. This
pattern was exposed using the LIoyd’s mirror interferometer in PFI 88 positiveresist. The
SiO, interlayer and ARC layers were then etched as shown in Figure 4.12. The SiO, was
etched using CHF; at 10 mT, 100V, 190W for 1 min, 10 sec. CHF3 does not etch poly-
mers such as resist and is therefore a suitable gas for this step. The ARC layer was then
etched using a 2:1 mix of He and O, at 10 mT, 250 V, 330 W, for 1 min, 40 sec.

FIGURE 4.12

SEM image showing holesin SiO, and ARC. The SiO, hard mask layer remains unetched. The 20 nm SiO,
interlayer was etched using CHF5(10 mT, 100V, 190W, 1:10) and the 200 nm ARC layer was etched using
He/O,(2:1 scem, 10 mT, 250 V, 330 W, 1:40).

~200nmARC
~100nm SO,

GaAs substrate

The SiO, hard mask was then etched using CF, as shown in Figure 4.13. CF, etches
polymers such as ARC. However, since the ARC is twice as thick as the SiO,, it will not
completely etch away before the SO, is etched even though the etch rate is faster. Though
the etchin Figure 4.13 is not complete, it still provides us useful information by allowing
us to calculate etch rates of each material. The etch rates of SiO, and ARC are about 30
nm/min and 40 nm/min respectively. Therefore the complete etch of the hard mask can be
completed with the ARC mask in tact as long as the ARC is sufficiently thick.
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FIGURE 4.13 SEM image after incomplete etching of the 100 nm SiO, hard mask layer using the ARC as a mask with CF,
(20 mT, 100V, 180 W, 2:40). About 20 nm of the SiO,, layer remainsto be etched implying an etch rate of ~30
nm/min. About 95 nm ARC remains of the original 200 nm implying an etch rate of ~40 nm/min.

~100nm SO,

GaAs substrate

FIGURE 4.14 SEM image after etching the SiG, hard mask layer and He/O,, ashing to remove the remaining ARC.
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Figure 4.14 shows the completed etch of the SiO, hard mask layer using CF,4 and an He/
O, ashing step which removes the remaining ARC. This hard mask was then used to etch
the GaAs layer underneath using BCl3;. However, because the hard mask layer was only

100 nm, the GaAs substrate could not be etched deep enough for our design. In addition,
the evaporated SiO,, used to deposit the above hard mask was not dense enough to with-

stand the sputtering caused by ion bombardment at the mask surface.
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We therefore tried a much thicker 500 nm SiO, hard mask layer which was deposited

using a PECVD (Plasma Enhanced Chemical Vapor Deposition). Using a thicker hard
mask layer necessitates using a thicker ARC and thicker SiO, interlayer in order to trans-

fer the hole pattern through each layer. A detail of the thicker tri-layer resist stack and
hard mask layer is shown in Figure 4.15.

FIGURE 4.15

Detail of aLloyd's mirror exposure with trilayer resist stack and SiO, hard mask layer on a GaAs substrate.
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Though etching the tri-layer resist stack was straightforward, etching the SiO, hard mask
layer demonstrated the difference between etching with CF4, and CHF;. Since ARC
etches at arate of 40 nm/min using CF,4, the mask would not be able to survive the 30 nm/
min etching of the thicker SiO,. As an initial trial, we first tried a 1:1 CF4/CHF3; mix to
lower the etch rate of the ARC. Theresult isshownin Figure 4.16.
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FIGURE 4.16 Etching the SiO, hard mask layer using 1:1 CF,/CHF;
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This etch illustrates that using a 1:1 CF,/CHF; mix etches the ARC layer at arate of ~17
nm/min. Since this etching rate also precludes afull etch of the SiO, because of the etch-
ing of the ARC mask layer, the next step was to try a pure CHF 3 etch. Though CHF5 does
not etch the ARC layer, it does sputter it. This results in a polymer build-up in the RIE

chamber which may effect etch rates especially over longer length etches. The result of
the pure CHF 5 etch is shown in Figure 4.17.

By comparing Figure 4.16 to Figure 4.17, we can see the difference in texture between
the etched and sputtered ARC layers. The average sputtering rate was about 6.5 nm/min
which is much lower than the etch rate of ARC using any CF, mix. With a successfully
etched hard mask layer, we removed the ARC using a He/O, asher with the result shown
in Figure 4.18.
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FIGURE 4.17 Etching of the SiO, hard mask layer using CHF 5.
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FIGURE 4.18 A 500nm SiO, hard mask layer after He/O, ashing the ARC layer
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We then used this hard mask to etch the GaAs substrate using BCl;. This oxide hard mask
allowed us to etch 1.5 microns deep into the substrate as shown in Figure 4.19.

FIGURE 4.19

Results of a GaAs etch using BCl5 (20sccm, 10mT, 60W, 500V, 20:00) with a500 nm SiO-, etch mask [9].
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As the mask thins with sputtering, the holes in the mask become larger and the sidewalls
become sloped. This sputtering of the mask results in an opening of the hole pattern in the
etched GaAs as evidenced by the sidewall roughness at the top of the holes.

By changing the flow rate of the BCl; while keeping the pressure constant, the hole profile
improved dramatically as shown in Figure 4.20. The sidewall roughness at the top of the
holesis still present due to the thinning of the mask. However, the overall hole profile is
much straighter with the reduced flow rate. There are several possible explanations for
this. One explanation isthat the lower flow rate allows the ions alonger period of time to
react with the material before being purged in order to maintain constant chamber pres-

sure.
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FIGURE 4.20

Results of a GaAs etch using BCl5 (15sccm, 10mT, 60W, 500V, 10:00) with a 160 nm SiO, etch mask [9].
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Another difference between the GaAs etch in Figure 4.19 and the etch in Figure 4.20 is
the hard mask used. The etch in Figure 4.20 used a 160 nm SiO, hard mask which was
deposited using the sputtering system in the Nanostructures Laboratory. The etch shown
in Figure 4.19 used a 500 nm oxide layer which was deposited using a PECVD from an
external vendor. By comparing the two etches the sputtering rate of the first etch was
about 15 nm/min while the sputtering rate for the second etch was about 11 nm/min which
isan improvement. Thisimprovement could possibly be explained by the lower flow rate
of the etch but may also be due to a difference in the density of the hard mask oxide.

452 FutureWork

Future work will involve improving the etch quality of the GaAs by improving the side-
wall profile and surface roughness. Though AlGaAs alloys also etch using BCl;, further
experiments are necessary to establish viable etch processes for this material. In addition,
etch profile studies are necessary for establishing hole sizes which are in accordance with
design specifications. Though the correct hole size may be exposed in the resist layer,
through multiple etch steps through the various layers, this size may not be preserved.
Further studies are necessary in order to adjust for any such effects.
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4.6

Oxidation Results

In order to confine light in the GaAs layer of the superprism, we need to surround this layer by low
refractive index material. In our superprism design, the top face of the GaAs layer borders air
while the lower face borders an aluminum oxide layer. This auminum oxide layer is created
through the oxidation of an epitaxially grown Al,Ga,_,As layer.

4.6.1 Oxidation Experiments

The process used is awet oxidation process identical to the one used in [10] for large scale
oxidation of AlAsfilms. Located in an elevated temperature furnace, as shown in Figure
4.21, the film is exposed to water vapor which is carried into the furnace by an inert gas
such as N,. The temperature of the furnace is typically set between 350 and 500°C. The
rate at which the film is oxidized depends on a number of variables such as the tempera-
ture of the furnace, the aluminum content of the film, the film's thickness, and the lateral
distance required for full oxidation.

FIGURE 4.21

Oxidation setup showing quartz tube which carries water vapor and N, into an elevated temperature furnace.
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Since we are operating at a wavelength of about 3nm, our superprism design requires a
low index oxide layer with athickness of about 3nm. The longest lateral distance required
for the oxidation front would be about 3mm, which is half the longest distance between
the device edge and the edge of the photonic crystal square area (see Figure 4.22). Since
the photonic crystal areais dominated by air holes etched deeper than the top GaAs layer,
the water vapor can penetrate the exposed AlGaAs layer from this direction as well as
from the input and output edges of the device.
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FIGURE 4.22

Top view of superprism device shape showing the longest distance from the device edge to the photonic
crystal area of ~6mm. This distance implies that the longest distance for oxidation is about half, or ~3mm.
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The thickness of the low index layer and the lateral oxidation distance impose a number of
limitations on the oxidation process we can use for our superprism device. In general, the
oxidation rate can be increased by increasing temperatures and by increasing the alumi-
num content of the Al,Ga;_,As material. The fastest oxidation they sited was a rate of
about 5.5mm/min at atemperature of about 450°C using pure AlAs (x=1). For athickness
greater than 60nm, the oxidation rate does not vary with thickness [11].

This rate implies an oxidation time of about 7.5 hours for our device--a very long oxida-
tiontime. In general shorter oxidation times are desired since long oxidations are stressful
for the material and more susceptible to process variations. We can shorten this time by
shortening the longest lateral distance for the oxidation front or by increasing the oxida-
tion rate. Overcoming thislimitation is the subject for future work as discussed in Section
4.6.2.

However, another important limitation to our oxidation process is the volume contraction
of the material upon oxidation which isasignificant factor for thicker films. Asthefilmis
oxidized at temperatures above 300°C, the thickness of the oxide layer decreases relative
to its thickness in the unoxidized state. This is due to the shrinkage in the volume per
atom of the material. As Choquette, et a. observe, the volume per Al atom in AlAsis
(3.57 A) while the volume per atom in the Al oxide is (2.85 A)® which corresponds to a
20% linear contraction of the oxidized layers [11]. This contraction in the oxide produces
stresses at the oxide/GaAs interface which can result in delamination. By increasing the
Ga content of the AlAs film, we can decrease this contraction substantially. For example,
Twesten, et al. cited a linear contraction of 6.7% for Algg,GagogAs [12]. However,
increasing the Ga content resultsin a slower oxidation rate.

Design and Fabrication of a Superprism using 2D Photonic Crystals



DISCUSSION & RESULTS

As an initial experiment, an oxidation was performed on a structure described in Section
4.1 consisting of 450 nm GaAs, 50 nm Alg 50Gag50AS, 3000 nm AlAs, and 50 nm
Alg 50Gag 50AS on a GaAs substrate. The goal was to oxidize the 3000 nm AlAs layer
using the 50 nm intermediary Alg 50Gag 50AS layers to try to reduce the strain at the oxide
interface upon volume contraction. Three oxidation runs were performed on cleaved sam-
ples of the above structure at temperatures of 400°C, 430°C, and 470°C for 1 hour. All
three runs resulted in a delamination of the GaAs epilayer, an example of which is shown
in Figure 4.23. This delamination was probably caused by the large AlAs volume con-
traction which pulled on the AlGaAs intermediary layers. With an AlAslayer that is 3000
nm thick, a 20% linear contraction would result in a 600 nm contraction--much thicker
than the AlGaAs intermediary layers and thicker than the GaAs epilayer.

FIGURE 4.23

Top view of GaAg/AlAs heterostructure illustrating delamination after an oxidation experiment at 400°C. The
delamination is shown here as a buckling of the top GaAs epilayer. The structure was 450 nm GaAs, 50 nm
Al 50Gag 50AS, 3000 nm AlAs, 50 nm Al 50Gay 50AS on a GaAs substrate.
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Thisinitial experiment illustrates that oxidizing a thick layer of AIAs will not result in a
stable structure. We therefore need to modify the structure in order to reduce the volume
contraction while allowing for reasonable oxidation times. This will be the subject of
future work.
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4.6.2 FutureWork

Future work on the oxidation of the superprism epilayer will involve finding a material
that will allow for reasonable oxidation times while maintaining stable layer interfaces.
There are a number of approaches we can experiment with.

By grading the Al content of the interface layer continuously from GaAs to AlAs we can
reduce the stress at the AIAs/GaAs interface through a thin oxide transition layer. This
type of transition layer is straightforward to grow epitaxially. However, even with this
transition layer, the volume contraction of such a thick AlAs layer may again result in
delamination.

We can shorten the total oxidation time by shortening the longest lateral distance for the
oxidation front. This can be accomplished by introducing small holes in the GaAs epil-
ayer which are etched into the AlAs layer and therefore expose this layer to the oxidation
gas. The size of these holes would have to be large enough to allow for oxidation while
small enough, and with a period large enough, to neglect any scattering effects during
operation of the device. The effect of this solution on device operation will have to be
investigated through testing of the device. Initial oxidation experiments with such holes
could use 1 mm diameter holes spaced with a period of ~700 nm. These holes can be pat-
terned using mask 1 during the photolithography step.

Using alower Al content film would allow us to lower the effect of volume contraction on
the heterostructure. Though this will result in lower oxidation rates, by using the large
period of small holes in the GaAs layer, we may be able to lower the total lateral oxidation
distance and therefore lower total oxidation times.

Another approach may be to use alternating thin layers of AlAs and AlGaAs to create a
3mm thick layer for oxidation. The purpose of this layered structure would be to combine
the fast oxidation rates of AlAs with the stability of the interfaces between AlAs and
AlGaAswhile lowering the effect of volume contraction. The quickly oxidizing AlAs lay-
ers would allow for oxidation of the AlGaAs layers from the top and bottom surfaces in
addition to oxidation in the lateral direction. Upon oxidation, the AlAs layers will experi-
ence a greater contraction than the AlGaAs layers. This averages out to a lower overall
contraction in this structure relative to the pure AlAs case. A disadvantage of this alterna-
tive would be the difficulty in the epitaxial growth.
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5.0

CONCLUSION

A superprism is an optical device which enhances the effects of a conventional prism in
two ways: it disperses multiple wavelengths of light over wide angles and it allows for
highly sensitive steering of a single wavelength beam.

In this Master's Thesis, a superprism device was designed focussing on realizing ultra-
refraction of asingle wavelength beam. A fabrication approach was then outlined, and all
processing steps were investigated. Through simulations, we demonstrated that we can
use the phase velocity sensitivity in a photonic crystal to amplify a beam’s direction from
+/- 2 degrees at the input to +/- 30 degrees at the output for a wavelength of 3 nm. This
design differs from previous work in that these superprism effects are observable in air
using asimple 2D structure.

The 2D photonic crystal consists of a square lattice of air holesin GaAs surrounded by air
on the top surface and low index aluminum oxide on the lower surface. The low index
oxide is fabricated through a wet oxidation of an epitaxially-grown AlGaAs layer.
Because of the large surface area of the device, the photonic crystal grid is patterned using
interference lithography with device facets defined using photolithography. All patterns
are transferred into the GaAs/AlGaAs epilayers using reactive ion etching.

Progress on all fabrication steps of the superprism has been demonstrated and the
approach for future work has been identified. At the present, only minor adjustments are
necessary for most fabrication steps. Successful fabrication of the device is most critically
limited by the large scale oxidation necessary to create the thick low index layer. How-
ever, the direction of future experiments on this process have been outlined.
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