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In this work, we study the use of a spatial light modulator (SLM) for local manipulation
of phase in interfering laser beams to fabricate photonic crystal templates with embedded,
engineered defects. A SLM displaying geometric phase patterns was used as a digitally
programmable phase mask to fabricate 4-fold and 6-fold symmetric photonic crystal templates.
Through pixel-by-pixel phase engineering, digital control of the phases of one or more of the
interfering beams was demonstrated, thus allowing change in the interference pattern. The
phases of the generated beams were programmed at specific locations, resulting in defect
structures in the fabricated photonic lattices such as missing lattice line defects, and single-
motif lattice defects in dual-motif lattice background. The diffraction efficiency from the phase
pattern was used to locally modify the filling fraction in holographically fabricated structures,
resulting in defects with a different fill fraction than the bulk lattice. Through two steps of
phase engineering, a spatially variant lattice defect with a 90° bend in a periodic bulk lattice was
fabricated. Finally, by reducing the relative phase shift of the defect line and utilizing the
different diffraction efficiency between the defect line and the background phase pattern,
desired and functional defect lattices can be registered into the background lattice through

direct imaging of the designed phase patterns.
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XViii



5 propagates along the z-axis. (d) Simulated intensity distribution for the interference of the
four first order beams with the central zero order beam. .........cccooovveiiiiiiniiincee 120
Figure 10.2. (a) Checkerboard phase pattern (with gray levels 30 and 255) and designed line
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Figure 10.3. (a) Checkerboard phase pattern with black (gray level 30) defect line. (b) Enlarged
view of line defect in phase pattern. Arrows indicate the direction of the lattice shift due to the
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Figure 10.4. (a) CCD image of the diffraction pattern at the Fourier plane. The red circles
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Figure 10.5. (a) Enlarged view of a diagonal line defect phase in the checkerboard phase

pattern. (b) Diagram of defect phase with accompanying lattice shifts indicated by the red
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CHAPTER 1
INTRODUCTION
1.1 Motivation

Electronic microprocessor power has been increased by both increasing the number of
transistors on a single processing unit and reducing the feature size of circuits. This method is
approaching physical limits, due to bandwidth, heat, and quantum tunneling between wires on
the chip. [1-3] Photonic, or light-based, devices combined with electronic integrated circuits
may provide a solution to these problems. With a vastly higher data transfer rate and passive
components which do not generate heat, photonic devices can provide the technology to
continue increasing computing power past the limits of today’s electronic integrated circuits.
To utilize light as a method of data transfer, materials and devices are needed which can
manipulate the flow of light, as in a circuit; photonic crystals have this capability.

Photonic crystals are periodic dielectric structures that can be used for manipulation
and steering of light. This is accomplished via a photonic band gap, [4-6] which prevents
electromagnetic wave propagation, either in certain directions or in all directions, depending on
the structure. The photonic band gap for photonic crystals is analogous to electronic band gap
in semiconductors. In semiconductor crystals, atoms create a periodic potential that the
electrons can move through, and the electronic energy bands may have gaps that prevent
propagation of electrons with certain energies in certain directions. A periodic distribution of
dielectric material functions for photonic crystals as atoms do for electronic crystals. Analogous
to impurities in silicon, engineered defects in photonic crystals can not only fundamentally

change photonic crystal properties, but also offer new possibilities for designing functional



devices. Optical waveguides can be fabricated by adding linear defects to photonic crystals,
making photonic circuits possible. [6] Just as with electronic crystals, photonic crystals can be
used in the future as photonic chips for the integration of optical circuits. [7-8]

Photonic crystals have been the subject of intense research for the past two decades.
Since then, many applications have been found for them. Engineered defects in photonic crystal
can create optical waveguides, even with sharp bends with relatively low losses, [9-12] as well
as resonant cavities that can be used for lasing, splitting, or filtering. [12-23] Photonic crystals
have also led to the realization of negative refractive index metamaterials [24-33] and
superlensing [29-31]. By controlling the variance of the filling fraction of a photonic crystal,
gradient refractive index photonic crystal lenses are possible, as well as couplers for photonic
crystal waveguides. [34-38] One of the more exotic applications of photonic crystals has led to
the potential use of them to cloak small objects, that is, hide them beneath a photonic crystal
with an engineered structure. [39-41]

For all the applications and research that has been conducted, novel methods of
fabricating photonic crystals are still being studied. While many methods exist, rapid patterning
of large areas of photonic crystals has been best accomplished by the use of holographic
interference lithography. [42] Conventional interference lithography setups use many bulk
optical elements, such as lenses, mirrors, beam splitters, etc. Reduction of the complexity of the
optical setup is vital to reducing the mechanical instability of the optical setup, reducing error in
the final fabricated structures, and also vital in reducing cost should holographic lithography be
used for large-scale fabrication of photonic structures in industry. The focus of this dissertation

is in the development of photonic crystal fabrication methods that are capable of local



manipulation of the phase of interfering beams for the fabrication of two- and three-
dimensional photonic crystal templates. Through study of local control of the phases of the
beams, we can create photonic crystal structures with embedded, engineered defects. These
studies mark a step toward a fast, single step approach for holographic fabrication of photonic
circuits embedded in photonic crystals (PhCs).

1.2 Outline of Dissertation

Chapter 1 introduces the topic of this dissertation. The motivation for the research
performed is discussed to establish the significance and the reason for carrying out the
experiments. The rest of the dissertation is outlined briefly, and the direction of the research is
laid out and described.

Chapter 2 starts from Maxwell’s equations to derive the wave equation. From there,
crystal lattices and reciprocal lattices, as well as the concept of Brillouin zones are described
before moving onto photonic crystals. The principles of photonic crystals and the photonic band
gap are explained. Finally, principles of defects in photonic crystals are described.

Chapter 3 covers the methods of fabricating photonic crystals with a focus on
holographic lithography. Interference of multiple beams is discussed to explain the formation of
the various interference patterns needed for holographic fabrication of photonic crystals.
Effects of the number of beams, the interference angle, as well as the amplitudes, polarizations,
and phases of the beams on the structure of the interference patterns are discussed. Different
holographic methods are explained and the methods chosen for this research are described.

Chapter 4 covers spatial light modulators, and concepts related to them are discussed in

relation to their use in holographic lithography. Diffraction from periodic structures is also



covered, as the spatial light modulator is used as a diffractive optical element (DOE). Fourier
transformations by lenses, filtering, and the 4f imaging system are described. Recent work in
the field is described.

Chapter 5 begins the chapters that describe the results from our research. Here, the
fabrication of photonic crystal templates by holographic lithography using a silicon-based
reflective optical element. The construction of the ROE is described. The ROE is made to
generate the requisite number of beams and the polarizations of the beams for a desired
structure. Using the ROE, woodpile-type photonic crystal templates are fabricated in thin-film
photoresist.

Chapter 6 describes our initial use of geometric phase patterns displayed on a spatial
light modulator to generate diffracted beams from the spatial light modulator for the
holographic fabrication of photonic crystal templates in thin-film photoresist. The ability of
these phase patterns to control the phases of the diffracted beams is explored, and the
fabricated compound photonic crystal templates are described.

Chapter 7 explores a method for the mathematically formulated phase engineering of
interfering laser beams through a spatial light modulator for a holographic fabrication of graded
photonic lattices. The desired phases can be programmed at specific locations by assigning gray
levels in cellular structures. Single-lattice structures or missing lattices were embedded in dual-
lattice periodic photonic structures as a way of demonstrating the validity of the method.

Chapter 8 presents simple gradient refractive index in bi-continuous holographic
structures that are formed through five-beam interference. A theoretical approach for the

realization of gradient index devices by engineering the phases of the interfering beams with a



pixelated spatial light modulator is described. The five beams with desired phases were
generated through programming gray level super-cells in a diffractive spatial light modulator.
As a proof-of-concept, gradient index structures were demonstrated using synthesized and
gradient phase patterns displayed on the spatial light modulator.

Chapter 9 describes two methods for registering desired defect lattices within
background periodic lattices using SLM-based holographic lithography. In the firs method, the
diffraction efficiency from the engineered phase pattern was used to locally modify the fill
fraction of polymerized materials in holographic structures, and at the same time, achieved the
lattice matching between modified and background regions. In the second method, spatially
variant lattices with a 90° bend were registered within background periodic lattices through
two-step phase engineering of the laser beam.

Chapter 10 describes the holographic fabrication of designed defect lines in photonic
crystal lattices through phase engineering using a SLM. The diffracted beams from the SLM not
only carry the defect’s content but also the defect related phase-shifting information. It is
shown that the phase-shifting-induced lattice shifting in photonic lattices around the defects in
a three-beam interference is less than the one produced by a five-beam interference due to the
alternating shifting in lattice in a three beam interference. By designing the defect line at a 45
degree orientation and using three-beam interference, the defect orientation was aligned with
the background photonic lattice, and the shifting was only in one side of the defect line, in
agreement with the theory. Finally, a new design for the integration of functional defect lines in
a background phase pattern reduces the relative phase shift of the defect and utilizes the

different diffraction efficiency between the defect line and background phase pattern. It is



demonstrated that the desired and functional defect lattice can be registered into the
background lattice through the direct imaging of designed phase patterns.
Chapter 11 concludes the dissertation with a summary of the results of the research

performed.



CHAPTER 2
FUNDAMENTALS OF PHOTONIC CRYSTALS
Since photonic crystals are structures designed to manipulate electromagnetic fields,
they are governed by the laws of electricity and magnetism. Thus, an understanding of
Maxwell’s equations, which describe these fields, is essential to the study of how
electromagnetic waves propagate in photonic crystals.
2.1 Maxwell’s Equations to the Wave Equation

Maxwell’s equations in matter in time-domain differential form are given by

V-D(r,t)=p (2.1)
V-B(r,t)=0 (2.2)

v x E(r,t) + % —0 (2.3)
VxH(,t) — % =J(r,t) (2.4)

where D is the displacement field, p is the free charge density, B is the magnetic induction field,
E is the electric field, H is the magnetic field, and J is the current density. We consider a medium
in which there are no sources of charge and no current flowing in the medium (p=0, J=0). It is
also assumed that the medium is dielectric, lossless, and that the dielectric function, €(r), is real
and positive. With these considerations in mind, the relationships between E and D, and B and
H, can be written as

D(r,t) = gge(r)E(r,t) (2.5)

B(r,t) = uoH(r,t) (2.6)



where g is the permittivity of free space, €(r) is the dielectric constant, and pg is the
permeability of free space. There is a relative permeability factor in Eq. (2.6), but in most
materials, this is effectively 1, so it is not shown. Substituting Eqs. (2.5) & (2.6) into Egs. (2.1)-
(2.4), and applying the assumptions of no sources and a lossless, isotropic dielectric with a real

and positive dielectric function, Maxwell’s equations become

V-e(r)E(r,t) =0 (2.7)
V-H(r,t) =0 (2.8)
\7><E(r,t)+u0$=0 (2.9)
VXH(r,t)— smz(r)# =0 (2.10)

Exploiting the linearity of Maxwell’s equations and assuming that the field pattern
changes harmonically with time, the spatial and time dependence can be separated and the
equations for the electric and magnetic fields can be written as

E(r,t) = E(r)e it (2.11)
H(r,t) = H(r)e 't (2.12)
Substituting Egs. (2.11)-(2.12) into Egs. (2.7)-(2.10) for the electric and magnetic fields,
Maxwell’s equations give
VXE(r)—iwuyH(r)=0 (2.13)
VX H(r)+iwege(r)E(r) =0 (2.14)
Since the substitution of Eq. (2.11)-(2.12) into Egs. (2.7)-(2.8) returns identical equations
reiterating the condition of no sources or sinks, we forgo rewriting them. Rearranging Eq. (2.14)

as



1 .
% VX H(r)=—iweyE(r) (2.15)

and taking the curl of both sides gives
V><[1 VXH(r)|=—iweVx E(r) (2.16)
) )| = —iwe, r .

By substituting Eq. (2.13) into Eq. (2.16) and utilizing the relationship, goug = c¢~2, where c is

the speed of light, a frequency domain, vector wave equation presents itself.

v ! VxH S 2H 2.17
x [@ x (r)] = (%) 1 (2.17)
Eqg. (2.17) can be written as

0, H(r) = (%)2 H(r) (2.18)

2
This is an eigenvalue problem with eigenvalues (%) , eigenfunctions (or eigenmodes) H(r), and

an operator defined as Oy £ V X [?1)\7 x]. The operator is linear and Hermitian [6]. For a

photonic crystal structure defined by a dielectric function g(r), the eigenvalue equation can be
solved to find the eigenvalues and the eigenmodes.
2.2 Scale Invariance

In practice, fabricating photonic crystals on the nanoscale can be difficult. However,
Maxwell’s equations and Eq. (2.17) have the benefit of being scale invariant. That is, there is no
fundamental length scale. This means that systems that differ by a scaling factor behave the
same, except that the eigenfrequencies and eigenmodes are scaled accordingly. This is
important because photonic crystals made at a larger scale (for example, in the microwave or
infrared regime) behave the same as a nanoscale photonic crystal intended for use in the visible

range of the spectrum. To demonstrate this, let us start with Eq. (2.17), and scale the

9



dimensions of the dielectric function, €(r), up or down by a multiplicative scaling constant, s,

such that the vector wave equation, Eq. (2.17), in this scaled system is

sV X [ prays )sV X H(r/s)] = (%)2 H(r/s) (2.19)

By dividing both sides by the scaling factors, s2, we obtain

v x L (rl/s) V x H(r/s)] - (%)2 (%)2 H(r/s) (2.20)

This is the same vector wave equation as Eq. (2.17), just with a dielectric function, &'(r) =
e(r/s) and magnetic field, H' (r) = H(r/s), scaled by the factor, s, and frequencies, ®' = w/s.
To better show that the equations are the same, save for the scaling factor, Eq. (2.20) can be

rewritten as

v x ()VXH(r)] <—> H'(r) (2.21)

This feature of Maxwell’s equations also applies to scaling of the index of refraction. If the index
of refraction (and consequently, the relative permittivity) is scaled by a constant, such as in the
case that a material change is made (where, again, the assumption is made that the relative

permeability is close to unity),

g = Je(r) © n = /s2g(r) (2.22)

Plugging the scaled dielectric function into the wave equation and multiplying both sides by the

material scaling factor s*2 gives

2 n 2

[ (1)v X H(r)] 2 (%) H(r) = <‘%> H(r) (2.23)

10



In this case, the fields, H(r), do not change, but the frequency response of the system does,
with the new frequencies, w’' = w/s. This is another important feature, since photonic crystals
are usually fabricated in a type of photoresist, and the photoresist is later replaced with a
higher refractive index material. Since the frequencies scale linearly, the behavior of the system
after the replacement of the photoresist material can be predicted. This will be discussed more
in the next chapter.

2.3 Photonic Crystal Lattices

Since photonic crystals are periodic dielectric structures, describing their structures in
terms of lattice symmetries and solid state physics provides an effective framework for defining
the dielectric function in Eq. (2.17), which allows the eigenvalue problem to be solved. Crystals,
in general, and including photonic crystals, are defined by a lattice and a basis. In electronic
crystals, a basis is a group of atoms that can be repeated throughout space to construct a
crystal. In photonic crystals, a structure made of macroscopic dielectric media makes up the
basis. The lattice is the one, two, or three-dimensional repetition of points in space on which
the basis is repeated. In three dimensions, the lattice is defined by primitive translation vectors
(e.g. aq,a,, as).

In general, lattices are classified based on the symmetry of the arrangement of the
points in the lattice. Symmetry operations, such as rotation, reflection, or inversion, can be
performed on the lattice. If after a symmetry operation, the lattice appears unchanged, it can
be classified according to the conditions that the symmetry imposes. Lattices can be classified
into 5 distinct lattice types in two dimensions and 14 lattice types in 3 dimensions. These

special lattices types are known as the Bravais lattices. The five 2D Bravais lattices are shown in
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Figure 2.1. The most general type of 2D lattice is the oblique lattice shown in the upper left
corner of Figure 2.1. It is only invariant under a rotation of 2t and i, with no conditions on the
lattice vectors. The other types of 2D Bravais lattices are the square, hexagonal, rectangular,
and centered rectangular lattices, all shown in Figure 2.1, with the conditions required for the

construction of those lattices.
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Figure 2.1. The five Bravais lattices in two dimensions.

Figure 2.2 shows five of the 14 Bravais lattice types in three-dimensions, which are
classified into seven groups. [43] The triclinic lattice is the most general lattice, with no
symmetry and no conditions imposed upon the lattice vectors. It should be mentioned that
there are lattice types that are not classified into a category of Bravais lattice. For example,
quasicrystals exist that have rotational symmetry, but no translational symmetry. [44-45] Also,
lattices with dual or triple motif structures can be fabricated that have interesting properties.

[46-47]
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Figure 2.2 Five of the 14 Bravais lattices in 3 dimensions, organized into 7 groups. Table in lower
right lists lattices not shown.
For photonic crystal lattices, the dielectric structure is periodic in 1, 2, or 3 dimensions,
and invariant under translation defined by
r=ma, + mya, + msa; (2.24)
where m; are integers, and a;are the primitive translation vectors, or simply lattice vectors. The

lattice vectors span the crystal lattice in physical space, known as the direct lattice. Any lattice
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point in the crystal structure can be defined by Eq. (2.24). For example, at a point, r’, with a
translation defined by
r =r+uva +va,+v;a; (2.25)
the dielectric structure is identical to a point r. For a photonic crystal, Eq. (2.25) imposes a
periodic condition on the position dependent dielectric function,
e(r)=e(r+T) (2.26)
where T is a translation vector given by
T = mya, + mya, + mya, (2.27)
such that the photonic crystal is invariant after the translation operation. From this periodic
condition, the dielectric function, €(r), can be expanded in a Fourier series, i.e. taking the

Fourier transform of g(r) or building £(r) out of plane waves,

() = ) eGexp(iG 1) (228)
G
where
g =Vt j dV &(r) exp(—iG - r) (2.29)
and
G = vlbl + vaZ + 173b3 (230)

V. is the volume of the unit cell. gg is the coefficient of the Fourier expansion, and G is a set of

vectors in the reciprocal lattice. Applying the periodic condition in Eq. (2.26) gives us

e(r) = Z ecexp(iG-r) = Z ecexpliG:- (r+T)] =¢e(r+T) (2.31)

G G

By distributing the dot product of G through the parentheses on the right,
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Z eqcexp(iG-r) = z €c exp(iG - r)exp[iG - T] (2.32)

G G

For the periodic condition to hold true,

e = g exp(iG- T) (2.33)
and either g = 0, or exp(iG - T) = 1. Utilizing the fact that exp i(2m)N = 1, where N is an
integer value, we come to the condition,

G T = (vib; + vyb, + v3b3) - (Mmya, + mya, + mya;) = 2N (2.34)
If v; and m; are integer values, then for Eq. (2.34), and consequently, for the periodic condition
in Eg. (2.26), to be true, then the following relation between the primitive lattice translation
vectors, a;, and the primitive reciprocal lattice vectors, b;,must also be true
a;-b; =6 (2.35)
where §;; = 2m if i = j and zero otherwise. This relation can be used to define the reciprocal

lattice vectors in terms of the lattice translation vectors,

a, X as as; X a; a, X a,
b,=2n——— b,=2n———M— b; =2n—— =  (2.36)
a; - (a; X az) a; - (a, X as) a, - (a, xas)

These reciprocal lattice vectors span the reciprocal lattice, and are associated with each point in
the crystal, as the direct lattice is. The direct lattice has units of length and the reciprocal lattice
has units of 2m/length. The reciprocal lattice exists in Fourier space, or k-space, just as wave
vectors do. With wave vectors associated with electromagnetic wave propagation are defined
in k-space, it is useful to define photonic crystals using a lattice that is also defined in the same

way.
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2.4 Unit Cells and Brillouin Zones

Z—i

Wigner-Seitz Cell Wigner-Seitz Cell

e o © o o o
(a) (b)

Figure 2.3(a) Square lattice and (b) hexagonal lattice with lattice vectors, primitive cells, and

Wigner-Seitz cells specified.

While the crystal lattice can be constructed through translations defined by Eq. (2.24),
that equation merely defines the location of the lattice points. A unit cell is needed to fully
construct the photonic crystal. The unit cell with the least volume required to fill all of space is
repeated at each lattice point with no overlap between cells. Each unit cell will only have one
lattice point within it, and the shape of the unit cell is highly dependent on the symmetry of the
crystal. The unit cell can be the primitive cell defined by the lattice translation vectors, as seen
in the two-dimensional examples in Figure 2.3 above.

Figure 2.3 shows a square lattice with lattice vectors shown in the top left, labeled al
and a2. The dotted lines extending from the ends of the lattice vectors complete a square unit
cell with area a”*2. Another type of unit cell is called the Wigner-Seitz cell. It is found by

drawing lines to the nearest neighboring lattice points, drawing bisector lines (or planes, in 3D)
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normal to the first set of lines. The smallest area (or volume, in 3D) enclosed by the bisector
lines (planes in 3D) is the Wigner-Seitz cell, represented by the green square in the square
lattice in Figure 2.3(a). A similar comparison is shown in Figure 2.3(b) for a 2D hexagonal lattice.
In the hexagonal lattice, the primitive cell is a parallelogram with side lengths equal to the
lattice spacing, whereas the Wigner-Seitz cell is a hexagon that is rotated 90°. Here, 2D
examples were given, but the process applies just as well in three-dimensions, where the
Wigner-Seitz cells are polyhedrons. As an example, the Wigner-Seitz cells for three different

cubic lattices are shown in Figure 2.4.

- ’ -
’i - P "

9

’
.
- = ’ ’
b I‘///
Simple cubic Face-centered cubic v
(s¢<) Body-centered cubic (fec)

(bee)

Figure 2.4. Wigner-Seitz cells for simple cubic, body-centered cubic, and face-centered cubic
lattices.

While unit cells can be defined in the crystal lattice, it is the unit cells of the reciprocal
lattice that are most useful in describing the propagation of light in a photonic crystal. In the
reciprocal space, the Wigner-Seitz unit cell is called the Brillouin zone (or more specifically, the
first Brillouin zone). It is constructed in the exact same way as the Wigner-Seitz cell in the direct
lattice. Examples of Brillouin zones in 2D square and hexagonal reciprocal lattices are shown in

Figure 2.5 below.
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Figure 2.5. First and Irreducible Brillouin zones for reciprocal (a) square and (b) hexagonal
lattices.

Due to symmetry, many points in the Brillouin zone are redundant. The Brillouin zone
can be reduced to a non-redundant set of points that are not related by symmetry. This non-
redundant set of points is called the irreducible Brillouin zone (IBZ), and is indicated in Figure
2.5 by a yellow, shaded, triangular area. There are special symmetry points on the IBZ that are
labeled in the figure. I (gamma) is set to the origin at the center of the Brillouin zone, X
indicates the center of a facet of the Brillouin zone, and M marks the center of the line where
two facets meet. IBZs in 2D are simple to illustrate, but in three dimensions, the IBZ can have a
complicated shape, depending on the lattice chosen. In Figure 2.6, the Brillouin zone for an FCC
lattice, which has a BCC reciprocal lattice, (the BCC lattice has a FCC reciprocal lattice, as well) is
shown. A complete listing of Brillouin zones and the irreducible Brillouin zones can be seen in

the appendix of Setyawan and Curtarolo [48].
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Figure 2.6. Brillouin zone of fcc lattice with irreducible Brillouin zone shown. Image from

Wikimedia Commons.

2.5 Photonic Bands and the Band Gap

The discrete periodic structure of photonic crystals leads to discrete solutions to the
eigenvalue equation in Eq. (2.18). Using Bloch theorem, solutions to the eigenvalue problem
take the form of

H, (r) = u,(r)exp(ik - ) (2.37)
where k is a wavevector of the form,

K =v,b; +v,b, + v3b; (2.38)
with b; being the reciprocal lattice vectors of the crystal, and u,(r) is a periodic envelope
function satisfying the periodic boundary condition. Because u,(r) satisfies the periodic
condition, it has the same symmetry as the photonic crystal lattice. The magnetic field modes

and the envelope function are indexed according to the k-vector. The wavevectors are chosen
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in reciprocal lattice coordinates to identify corresponding locations in the Brillouin zone of the

photonic crystal. By inserting the Bloch state, Hy(r), into Eq. (2.18), we obtain

1 K)\’
V X mv X uy(r)exp(ik - r)] = (#) u,(rexp(ik - 1) (2.39)

Here, the frequency eigenvalues and the magnetic field eigenmodes are dependent upon the
wavevector chosen. Applying the product rule, V X (fA) = f(V X A) — A x (Vf), twice to Eq.

(2.39), and dividing through by the exponential terms on both sides, we find

1

(ik+V) x )

(iK + V) X u,(r) = (@) u, () (2.40)

This equation can be solved numerically for a photonic crystal structure specified by a dielectric
function, €(r), to find the set of discrete frequency functions, w,(Kk), where n is the band
number, and k is a wavevector within the Brillouin zone. w, (K) are continuous functions of k.
Plotting k vs w, (K) gives the dispersion relation, or the photonic band structure, as it is also
known. From the photonic band diagram, the allowed directions of propagation of EM waves
with frequencies specified by the photonic bands can be determined.

To reduce the amount of redundant calculations, the band structure is calculated only
for critical symmetry points (and points interpolated between them) within the irreducible
Brillouin zone, as all other locations within the entire Brillouin zone are related to the IBZ by the
symmetry relations and the periodic nature of the lattice. Generally, the band structure is not
solved for analytically. Numerical methods such as finite-difference time domain (FDTD) or
plane wave expansion (PWE) are used to find the band structure. For example, the MIT
Photonic Bands (MPB) application uses PWE in the frequency domain to calculate the

dispersion relations for specified photonic structures. [49]
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Figure 2.7. (a) diagram of a 1D photonic crystal (dielectric stack). (b) Dispersion relation (band
diagram) for the structure in (a). Bandgap highlighted in yellow.

Figure 2.7(a) shows a diagram of a 1D photonic crystal made from alternating dielectric
layers, and the band diagram for the structure is shown in Figure 2.7(b). The period of the 1D
lattice is a, and the period of the reciprocal lattice is 2m/a, placing the boundaries of the
Brillouin zone at trt/a. The frequencies, w,, (K), are calculated for k values along the direction of
periodicity, in this case, the z-axis. Modes with k=+r/a or k=-ri/a are related by a reciprocal
lattice translation equal to the size of the Brillouin zone, so the bands are folded back into the
Brillouin zone from the edges. There is a gap between the lowest, or first, band, and the higher
second band. To understand the origin of the gap, consider two electric field modes at the edge
of the Brillouin zone, where k= 1t/a. As mentioned earlier, the field modes take on the same
symmetry as the lattice. To see how the field will be distributed, we look to the variational
principle, which is used to calculate the bands. The lowest band is found from the field with the

lowest frequency, w,, that minimizes the variational energy functional, given by
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Manipulating this equation using Egs. (2.13),(2.14),and (2.18), Eq. (2.41) becomes
d3r |V x E(r)|?
, JEr VX E@) .02)

P [ B reIEm?
From Eq. (2.42), it can be seen that in order to minimize the variational energy, the
denominator must be maximized. This is accomplished by concentrating the electric field inside
areas of high refractive index. Since the 1D crystal in Fig. 2.something is made from two
dielectric materials, the energy of the electric field in the lowest band is concentrated in the
higher index material (in the diagram, n2>n1). The modes of the next band will be orthogonal
to the ones in the lowest band; the modes of the third band will be orthogonal to the second,
etc. Since the modes of the band above the gap must have the same symmetry as the previous
band, and are orthogonal to the band below the gap, the energy of the modes of the higher
band will transfer into the lower index regions of the 1D photonic crystal. This concept is
transferrable to 2D and 3D lattices. [6]

Photonic band gaps arise when there are no bands (that is, no w, for a set of
wavevectors) in a range of frequencies. Electromagnetic waves with frequencies in the
bandgap are forbidden to propagate within the photonic crystal. A partial bandgap occurs when
propagation of EM waves is forbidden only in a certain set of directions, or in a single
polarization. A complete band gap forbids EM wave propagation for all frequencies within the
bandgap from all directions and of any polarization. Since the width of the bandgap in terms of
absolute w will change according to the period of the lattice, the standard gage of the size of

the bandgap is presented in terms of the gap-midgap ratio,

22



_ . Aw
gap — midgap ratio = o (2.43)

m

where Aw is the frequency width of the bandgap, and w,, is the middle frequency in the gap.
The photonic bandgap can be altered by selecting the symmetry of the lattice, and optimizing
the filling fraction and the refractive index contrast for maximization of the bandgap. Generally,
a high refractive index contrast between the materials making up a photonic crystal is needed

to maximize the bandgap. [6]

o
@

Frequency (a/A)
o0

Wavevector (ka/2r)

Figure 2.8. Band diagram for 2D square lattice of dielectric cylindrical rods in air, a schema of
which is shown in the right side of the figure.

In two-dimensional photonic crystals, propagation of electromagnetic waves is
restricted to the plane of periodicity of the crystal. Electromagnetic modes in 2D photonic
crystals are classified according to polarization as either transverse-electric (TE), where the
electric field is in the crystal plane and the magnetic field is normal to the plane, or transverse

magnetic (TM), where the magnetic field is in the plane and the electric field is normal. 2D
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photonic crystals with a periodic structure of isolated high refractive index regions will favor a
bandgap in the TM polarization, as seen in Figure 2.8. Here, the first few photonic bands for a
square lattice of dielectric cylindrical rods are shown. In the insets, diagrams of the crystal and
of the reciprocal lattice with the IBZ overlaid upon it are shown. The band diagram was
calculated along the perimeter of the IBZ (from I to X to M, then back to I') using MIT Photonic
Bands software. As seen in the photonic band structure in Figure 2.8, the TM modes have a
bandgap between the first and second bands. In contrast to this example, a periodic array of air
holes in high index dielectric will favor a bandgap in the TE polarization, but not in the TM
polarization. To have a complete photonic bandgap in a 2D photonic crystal, with a bandgap
appearing in both the TE and TM polarizations, a photonic crystal with isolated and connected
high index regions must be made. [6] A honeycomb-type structure made of a triangular lattice
of air holes in dielectric provides a balance between the isolated and interconnected regions
that allows a complete photonic bandgap for all polarizations and directions [50]. While the
triangular lattice of air holes in dielectric provides a complete photonic band gap, other
parameters besides the choice of lattice are often needed to be taken into account, such as the
refractive index contrast, size of the rods/holes in comparison to the size of the unit cell (filling
fraction), and the shape and orientation of the rods/holes.[51] By reducing the symmetry by

adding a second rod/hole to the basis, the band gap can be made even larger. [52-53]
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Figure 2.9. Band diagram of diamond lattice of air spheres in dielectric. Inset shows
arrangement of spheres in lattice.

In 3D photonic crystals, the variety of structures possible is limitless. But in three
dimensions, interconnected structures are necessary not just for bandgap generation, as in the
two-dimensional case, but also for structural stability. The diamond lattice has proven to be an
effective means of achieving complete bandgaps in three-dimensions, due to the near spherical
shape of the Brillouin zone. [54] In Figure 2.9, a band diagram for a diamond lattice of air
spheres in dielectric is shown. There is a complete band gap between the second and third
bands of with a gap-midgap ratio of 10.7%. Other photonic crystals with the diamond lattice
include Yabolonovite and the woodpile structure. [55-56] Figure 2.10 shows an idealized
diagram and an example of a woodpile structure in (a) and (b), respectively. Woodpile photonic
crystals have a structure that consists of layers of “logs” arranged in an alternating pattern. The

first layer, green in Figure 2.10(a), is oriented parallel to the x-axis. The second layer, in light
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blue, is orthogonal to the first and oriented parallel to the y-axis. The third layer is parallel to
the first layer, but shifted by a half of a lattice constant. And the fourth layer has the same
orientation as the second, but also shifted by a half of a lattice constant. Woodpile photonic
crystals exhibit large complete band gaps, with gap-midgap ratios of around 20%. [56] For this
reason, they have been the subject of much study, with the goals of maximizing the bandgap
[57] and utilizing less-costly methods of producing them. [58] Chapters 5 and 8 discuss our

methods of fabricating woodpile and woodpile-like photonic crystal templates.

(b)

First {Top) Layer

Second
Layer

Third Layer

-
2

Figure 2.10. (a) Diagram of idealized woodpile structure. (b) Scanning electron microscope
(SEM) image of a woodpile photonic crystal template, viewed from above the structure. The
first, second, and third layers are visible.
2.6 Defects in Photonic Crystals

EM modes with frequencies in the bandgap of a photonic crystal are not allowed to
propagate. But if a defect is created inside the photonic crystal, such as a missing rod or row of
rods, EM waves with frequencies inside the bandgap will be allowed to propagate inside the

defect. Defects are not restricted to removal of lattice points. This is illustrated in Figure 2.11. A
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rod or row of rods can be increased or decreased in size, the spacing between lattice points can
be changed for a group of lattice points [6], or the type of lattice itself may change. [59] Defects
need only to break the symmetry of the photonic crystal at a point or collection of points.
Although in the examples of this section, the discussion is mainly of two-dimensional photonic
crystals with defects, one-dimensional and three-dimensional photonic crystals with defects
have been realized. 1D photonic crystals with defects can confine light within a nanocavity [60],
and point and line defects embedded into woodpile photonic crystals can be used to realize

true three-dimensional photonic circuits. [14,61]
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Figure 2.11. Diagram illustrating defect types in a 2D square lattice of isolated rods.

In general, there are two types of defects within the bulk of photonic crystals: point
defects and linear defects. Point defects can be introduced into a photonic crystal to create a
resonant cavity with a resonant frequency inside the bandgap, which has found applications for
producing micro- and nanocavity lasers. [20-21,23,62] Linear defects can be used to realize

photonic crystal waveguides. [9-12,14,18] Since the modes in the line defect have frequencies
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inside the photonic bandgap, they are forbidden to propagate into the bulk of the crystal.
Because of this, light propagating in the linear defect can do so without scattering losses,
making photonic crystals an ideal medium for producing micro/nanoscale photonic circuits.
Additionally, combinations of linear and point defects can be used to produce passive photonic
circuit elements, such as splitters [12-13], bends [9,12], linear waveguide-cavity filters, add-
drop and channel-drop filters [6,15-19], examples of can be seen in the image of the finite-
difference time-domain (FDTD) simulation in RSOFT of the electric field of a TM wave

propagating through a photonic circuit in a square lattice of rods in Figure 2.12.

Figure 2.12. FDTD simulation of electric field of propagating TM-polarized light in photonic
circuit in a 2D square lattice of isolated dielectric rods. The light propagating through the circuit
has a frequency within the photonic bandgap, and is confined to the circuit. Bends, splitters,

and channel-drop filters are present in the circuit.
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CHAPTER 3
FABRICATION OF PHOTONIC CRYSTALS

Photonic crystals have opened up many possibilities for the manipulation and control of
light. Defect structures in photonic crystals can be arranged to produce photonic circuits, which
can lead to devices for photonic computing components. But fabrication of photonic crystals
remains a challenge, particularly 3D photonic crystals. Fabrication methods have come a long
way from the drilling of a macroscopic dielectric slab to create Yablonovite for the microwave
range of the spectrum. [55] Microscale and nanoscale fabrication is more accessible now, with
the variety of tools available. While there are many methods for fabricating photonic crystals,
only a few select methods will be discussed here. With each method, there are advantages and
disadvantages depending on the intended purpose of fabrication. Speed of fabrication,
resolution of fabricated structures, diversity of structures produced, and, of course, cost, are
factors determining the course of our research. A brief review of the fabrication methods will
be outlined before discussing the one used in our research: holographic (interference)
lithography.
3.1 Overview of Photonic Crystal Fabrication Methods

Table 3.1, displayed below, shows a comparison of the methods of fabrication of
photonic crystals. The five methods being compared are colloidal self-assembly, electron beam
lithography, direct laser writing, and holographic lithography. Colloidal self-assembly was first
used for production of inverse opal photonic crystals in 2001 [63] by depositing silica
microspheres in suspension onto a silicon substrate. The microspheres form a close-packed FCC

lattice on the substrate, and the empty spaces between the spheres were infiltrated with silicon
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via chemical vapor deposition (CVD). The silica spheres were then removed by etching, leaving
behind a Si inverse opal structure. Advances in colloidal self-assembly have led to the
incorporation of defects into the structures [64], but the method is prone to assembly defects

such as vacancies, disorder, and stacking faults [65].

Method Advantages Disadvantages
Colloidal Self- ¢ Inexpensive e Slow process
Assembly e Variety of structures possible (limited e Prone to defects
by micro- or nanoparticles used for
assembly)
Electron Beam e Very high resolution (sub-10 nm) e Slow (layer by layer)
Lithography e Wide variety of nanostructures possible | ® Expensive
Direct Laser e Very high resolution (sub-10 nm) e Slow
Writing ¢ No limit on variety of structures e Can only fabricate small
areas.
Holographic e lLarge area fabrication e Resolution not as high as
Lithography e Wide variety of structures possible direct laser writing.
e Uniform fabricated structures
e Fast process

Table 3.1. A comparison of different methods of fabricating photonic crystals.

Electron beam lithography (EBL) has been used since the 1990s to fabricate photonic
crystals. [20, 66-68] In recent years, it is still used to produce photonic nanostructures on a sub-
10 nm scale, which is smaller than other methods are currently capable of. However, the slow,
scanning layer-by-layer nature of EBL means that fabrication of large area patterns or 3D
structures takes too long for rapid fabrication of photonic structures. [69] While EBL is too slow
for large area fabrication, it finds use in fabrication of photomasks, which are used in
lithography setups, particularly in the semiconductor industry.

Direct laser writing (DLW) is a method which rivals electron beam lithography in terms
of possible structures and resolution. DLW accomplishes this through two-photon absorption in
photoresist. Photoresists manufactured for use in lithography, such as SU-8, are sensitive to the
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ultraviolet (UV) range of light (below 380nm). In a two-photon polymerization process, the
photoresist molecule absorbs two photons simultaneously, which behaves like the molecule
absorbed a single photon with half the wavelength of the two photons. For example, two
532nm wavelength photons being absorbed simultaneously will cause the same excitation as a
single 266nm wavelength photon. To achieve two-photon absorption, the intensity must be
very high in order to have enough photons to have the chance of a two-photon excitation.49
Typically, this is achieved using a pulsed laser with a high numerical aperture microscope
objective lens to tightly focus the light into a very small spot.[70-72] Recently, a continuous
wave 532nm laser was used to direct laser write structures in SU-8.[72] Single photon
absorption was ruled out in that case, leaving two-photon absorption as the mechanism behind
the polymerization of SU8. DLW is a layer-by-layer process, and as such, is very slow to fabricate
even small structures.

Holographic lithography makes use of laser beams interfering in the same region to
form a periodic intensity distribution of light in photoresist, which is able to form an entire
photonic crystal lattice template in a vastly shorter timeframe than the other methods, with the
entire exposure process taking seconds. Holographic lithography has been shown to be a
versatile, low-cost method of fabrication. While the resolution achieved by this method is not
as fine as direct laser writing or electron beam lithography, it is able to pattern much larger
areas in a much shorter time. For these reasons, holographic lithography is used in our research

as a simple, versatile, low-cost method of rapidly fabricating photonic crystal templates.
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3.2 Interference
Holographic lithography is based on the interference of two or more coherent,
monochromatic electromagnetic plane waves (typically collimated laser beams) to produce a
periodic 1D, 2D, or 3D intensity pattern that is recorded in photoresist. The electric field of a
monochromatic plane wave (laser beam) is given by
E(r,t) = Ejexpli(k - T — ot + §)] (3.1)
where E(r,t) is the complex electric field, E, is the electric field strength constant in the
direction of the electric field polarization, k and w are the wave vector and angular frequency
of the plane wave, respectively, and § is the initial phase of the beam. [73] The real part of the
electric field, which is the physical solution, is given by
E(r,t) = Eqcos(k -1 — wt + &) (3.2)
From the superposition principle, the total electric field at a point where the separate electric
fields of two or more plane waves overlap is simply the vector sum of the individual fields:
Etotar = E1 + Ex + - (3.3)
The intensity of the total electric field is given by
I = (Efprar) = ((Ey + Ex + ) - (Ey + E; + ) (3.4)
which is to say that the intensity is the time average of the square of the total electric field. By
carrying out the dot product on the right side of Eq. (3.4), the equation becomes
N N
I = (Z E§)+2(Z E;-E) (3.5)
i=1 i<j
The first term on the right side of Eq. (3.5) takes the form

(E?) = (E3; cos?(k; - T — wt + &;)) (3.6)

32



Utilizing the trigonometric identity for cos(A-B), the cosine part of Eq. (3.6) becomes
cos?(k; - r — wt + &;) = [cos(k; - T + &;) cos(wt) + sin(k; - r + §;) sin(wt)]?
= cos?(k; - r + 5;) cos?(wt) + sin?(k; - r + &;) sin?(wt) (3.7)
+ 2cos(k; - r + 6;) sin(k; - r + §;) cos(wt) sin(wt)

Given the following time averages of the trigonometric functions,
1 ) 1 :
(cos?(wt)) = 5 (sin®(wt)) = > (cos(wt) sin(wt)) =0  (3.8)
and keeping in mind that E2; is a constant value, we find that
2 2 [ 2 2
(E?) = Ep; E(cos (k; -+ 6;) +sin?(k; -r + 5))) (3.9)

Making use of one more trigonometric identity,

E:
2

(Eiz) = (3.10)

The second term on the right hand side of Eq. (3.5), known as the interference term, and takes
the following form,
(E; - E;) = ((Eg; cos(k; - 7 — wt + §;)) - (Eq; cos(k; - 7 — wt + §;))) (3.11)
Using the same cos(A-B) identity as in Eq. (3.6), we find that
(E; - Ej) = (Eq;
-Egj(cos(k; - 7 + &;) cos(k; - 7 + &) cos? (wt)
+ sin(k; - 7 + §;) sin(k; - 7 + &;) sin?(wt) + (3.12)
+ cos(k; - r + §;) sin(kj T+ (Sj) cos(wt) sin(wt)
+ sin(k; - r + 6;) cos(kj 4+ 6j) cos(wt) sin(wt)))
After performing the time average, the two cross terms become zero, and the remaining terms

pick up a factor of 0.5, resulting in the following equation,
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1
(E; - E;) = ~Eoi - Eo;(cos(k; - 7 + &) cos(k; - 7 + &;) (3.13)

+ sin(ki -+ 61) sm(k] ‘r+ 6]))

which leads to
1
(E; - Ej) = 5 Eo; - Eo; cos[(ki — k;) -+ (6; = §))] (3.14)

Taking the results of Eq. (3.10) and Eqg. (3.14) and substituting them into Eq. (3.5), we arrive at a
general equation for the intensity distribution from the interference of an arbitrary number of
monochromatic electromagnetic plane waves (laser beams),
N EZ. N
=) 2 ) B Boj cos|(i — ky) -+ (8, — 8)] (3.15)
i=1 i<j
Eg. (3.15) presents the interference pattern in terms of parameters that can be
controlled in interference lithography. The number of beams, N, determines the dimensionality
of the lattice, as seen in Figure 3.1, where two interfering beams produce a 1D grating (Figure
3.1(a)), three beams produce a 2D lattice (here, a hexagonal symmetry) (Figure 3.1(b)), and four
beams can produce a 3D lattice(Figure 3.1(c)). Indeed, four non-coplanar beams can be
interfered to produce any of the 14 3D Bravais lattices in a single exposure [74-75] or in
multiple exposures [76-77]. By interfering more than 4 beams, even more structures are

possible, including woodpile photonic crystals [78] and photonic quasicrystals [79-82].
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Figure 3.1. Chart showing iso-intensity surfaces for interference patterns from the interference
of (a) 2, (b) 3, and (c) 4 beams (3 side beams + 1 central beam). Polar interference angle with
optical axis is identical for all side beams. Azimuthal angles between side beams are (a) 180°,
(b) 120°, and (c) 90 for angle between k1 and k2, and between k2 and k3.

The difference between the wave vectors of the different beams, k; — k;, determines
the reciprocal lattice vectors of the lattice, and subsequently, the lattice vectors of the crystal
lattice. The lattice constants of the photonic crystal resulting from the interference of multiple
beams are proportional to the wavelength, due to the reciprocal lattice vectors being inversely
proportional. The polarization vectors of the laser beams determine the distribution of intensity
within the unit cell. [47, 83] The phase difference between the beams, §; — §;, can have a great
effect on the interference pattern. By shifting the phase of one or more beams, the resulting
interference pattern will shift, and the intensity distribution within the unit cell can change. [47,

84-89] For example, with four side beams and central beam, as seen in Fig. 3.2, the pattern
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shifts from a lattice of isolated ellipsoids to an interconnected woodpile-like structure when

two of the beams are given a phase shift of i/2.

(a) (b)

Figure 3.2. Interference patterns of 4 side beams and a central beam (4+1) with (a) all of the
beams having the same phase, and (b) two of the side beams with phases shifted by /2
relative to the other two side beams.
3.3 Photoresist and Fabrication

Some of the conditions for holographic lithography are not represented in Eq. (3.15).
The properties of the exposure process and of the photoresist also have an effect on the
structure that develops. Photoresists consist of a monomer that has been sensitized to light of a
certain wavelength or range of wavelengths. There are two types of photoresists: positive and
negative. In a negative photoresist, the resist that is exposed to the light of the interference
pattern is polymerized, and the unexposed resist is removed with a developer. In a positive
photoresist, the resist that has been exposed to the interfering beams is removed, while the

unexposed regions are allowed to polymerize and remain, leaving the inverse structure of the
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interference pattern. For the research covered in this dissertation, negative photoresist was
used.

Photoresists are made to be sensitive to certain spectra of light, but mixtures of
photoresist monomer with various sensitizer chemicals can make the photoresist mixture more
sensitive to a particular wavelength. For example, SU-8 photoresist has strong absorption in the
UV range, [90] but adding photosensitizers will make SU-8 sensitive to wavelengths in the
visible spectrum. [91] Dipentaerythritol penta / hexa-acrylate (DPHPA), [92] the photoresist
used in the research described in later chapters, can be sensitized to light of 532 nm
wavelength by adding the photoinitiator Rose Bengal. [88] The amount of photoinitiator (as
well as co-initiator and chain extender) varies between setups and applications. [93-94]

The number and intensity of the interfering beams can affect these numbers, as well as
the exposure time of the photoresist to the interference pattern. In Figure 3.3, two simulations
in MATLAB of a five beam interference pattern are shown (4 side beams and a central beam).
The interference pattern is calculated, and then a threshold operation is performed, removing
the iso-intensity surfaces below that threshold. In Figure 3.3(a), the simulated exposure time is
longer, resulting in a structure with a higher filling fraction. In Figure 3.3(b), the exposure time
is less, resulting in a more isolated structure. Ideally, for a 3D photonic crystal template, the
structure should be bicontinuous, meaning that the polymerized photoresist structures are

interconnected and that the air regions are also interconnected.
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(a) (b)

Figure 3.3. Simulated effects of exposure threshold in MATLAB. (a) Longer exposure to laser
interference pattern leads to higher fill fraction and interconnected structure. (b) Shorter
exposure produces lower fill fraction and a lattice of isolated ellipsoids.

A bicontinuous structure allows the undeveloped photoresist to be dissolved and
removed from the polymerized photonic crystal template after exposure by allowing the
developer to flow freely throughout the template. For an overexposed structure, as in Figure
3.3(a), the undeveloped photoresist will become trapped and irremovable. For an
underexposed structure, as in Figure 3.3(b), the exposed regions are isolated, and the entire
structure will collapse and wash away with the photoresist in the development process.
Bicontinuity is not a necessary condition in 1D or 2D photonic crystal templates, as the
developer can wash completely over the entire surface, removing unpolymerized photoresist.

To produce the photonic crystal from the template, a silicon double inversion procedure
can be used. [95] After removing the unpolymerized photoresist, the inverse structure of a 3D

photonic crystal template can be made through infiltration with silica via chemical vapor
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deposition. The photoresist can be removed after this step using plasma etching or heating to
high temperatures. Then the inverse structure is infiltrated with Si, the silica is dissolved,
leaving behind a Si replica of the holographically fabricated photonic crystal template.

3.4 Methods of Holographic Lithography

Laser SF

Figure 3.4. Diagram of an example of a conventional holographic lithography setup. The beam is
expanded by the spatial filter (SF) and the polarization is adjusted by the waveplate (WP) before
it is split by the first beam splitter (BS). The two beams are split once again to produce 4 beams,
which are then directed by mirrors (M) to interfere at the photoresist sample. In the dashed
box, there are 12 bulk optical elements.

As seen in Figure 3.1, any structure fabricated through holographic lithography must use
two or more beams. There are many methods for generating the requisite number of beams
needed to produce any desired pattern. Conventional holographic optical setups [47, 87, 96]
generate the multiple beams using bulk optical elements such as beam splitters, mirrors, and
wave plates (for polarization), as seen in an example setup in Figure 3.4. Furthermore, to

modify parameters such as phase or polarization of the individual beams, additional optical
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elements have to be added to the setup. Such complex setups are subject to misalignment,
with even small deviations in the optical path length of the interfering beams introducing phase
delays which may not be desirable for fabrication of certain structures. Additionally, complex
conventional interference lithography setups are subject to vibration as well, which can further
complicate the fabrication process by adding a time-dependent phase delay to the beams. To
avoid such complex setups, some groups opted to use multiple exposures of two beam
interference patterns, but this increases the length of the exposure process. [97] To reduce
both fabrication time and the complexity of the optical setup and consequently, reduce the
probability of misalignment and the effects of vibration, holographic lithography setups can be
modified to use a single refractive, reflective, or diffractive optical element to generate the
interfering beams. A single laser beam can be used with a single optical element to generate
the beams and expose the photoresist film to the interference pattern in one step. Thus, the
process is shortened, complexity is reduced, and the optical setup is more stable.

Refractive single optical elements have found much use in the last decade for
fabrication of photonic structures. [78-81,98-104] Typically, a top-cut prism (TCP) is used with
an aperture array to simultaneously generate and interfere the beams together. A diagram of a
TCP-based setup is shown in Figure 3.5. A single, expanded, collimated laser beam is incident
upon an aperture array, which selects a number of side beams and a central beam. The beams
enter the TCP, whereupon they are reflected from the internal surfaces of the facets of the
prism and are transmitted through the bottom of the prism, where they interfere with the

central beam in a photoresist film positioned just beneath.
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Figure 3.5. Top cut prism with aperture to select beams and block unwanted illumination. This
example shows a TCP capable of generating 4 side beams and a central beam. Interference of
the beams occurs outside the bottom of the prism (shown to the right in this figure).

This approach was used in by Wu et al in 2005 [98] to fabricate 2D hexagonal and 3D
fcc-type photonic crystal in SU-8 photoresist. The following year, hexagonal TCPs were used to
holographically fabricate 2D honeycomb structures [99]. By using a four-sided, truncated
pyramidal prism with wave plates mounted in the aperture above the prism to adjust the
polarizations of each beam, Pang et al realized a woodpile photonic structure in SU-8
photoresist [78]. TCPs have also been used to fabricate through holographic lithography a
variety of photonic quasicrystal structures [79-81], and even metamaterial structures [101].
While a TCP can generate and interfere the beams needed to fabricate many different
structures, to create structures with large bandgaps requires tuning the phase of at least one
beam. In Xu et al [102], a glass slide was mounted on a rotation stage and positioned in front of

a top-cut, four-sided prism, providing a phase delay for one of the beams. By rotating the glass
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slide, the phase could be tuned to different values. With a phase delay A§ = 1t in one of the
beams, interconnected woodpile structures were produced that had a bandgap with a gap-

midgap ratio of 25%.

Circularly
polarized

Phase shift
by 11/2

Single optical
element frame

Figure 3.6. Diagram of single reflective optical element setup.

Reflective optical elements (ROE) make use of dielectric facets set into a mold or frame
[105-107]. A diagram of an ROE setup is shown in Figure 3.6. A circularly polarized beam is
incident upon the ROE. An aperture array (not shown) blocks unwanted light and allows certain
beams of the incident laser to enter the ROE. The allowed light is reflected from silicon (or
other dielectric) facets that have been placed inside at an angle B into 4 or more s-polarized
beams (depending on the number of facets in the ROE). If B is kept close to the Brewster angle
of the facet material, then most of the light will be s-polarized. Due to the intrinsic phase shift
of /2 in a circularly polarized beam, a four-faceted ROE will have a phase shift of /2 in two of
the side beams, resulting in a woodpile-type photonic crystal. ROEs with five facets were shown

to yield 3D five-fold symmetric quasicrystal structures when photoresist was exposed to the
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interference pattern created by the interfering beams generated by the ROE, and 6-fold
symmetric structures were fabricated with a 6+1 beam configuration generated by a
hexagonally arranged ROE. [107] ROEs will be discussed more in Chapter 5.

Diffractive optical elements (DOE) are typically diffraction gratings or arrangements of
diffraction gratings in which the beams diffracted from the gratings are interfered together to
produce photonic crystal templates. The diffraction from a grating is given by the grating
equation,

asinf = mA (3.16)
where a is the period of the grating, m is the order of the diffracted beam, A is the wavelength
of the incident laser beam, and 8 is the angle that the diffracted beam of order m is diffracted
into. Gratings can be readily fabricated using holographic lithography, [82,93-94,108] as seen in
the image of two interfering beams in Figure 3.1, or by using electron beam lithography. [109]
The gratings used in holographic lithography typically take the form of phase masks, where the
grating consists of a metal or dielectric deposited onto a substrate with a periodic height
difference, leading to a periodic difference in the refractive index. This leads to multiple
diffracted beams that can be used for fabrication of photonic crystal templates. Two examples

of DOEs are shown in Fig. 3.8
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Figure 3.7. (a) Single-layer DOE made of 4 diffraction gratings symmetrically arranged around a
mask. Diffracted beams are interfered beneath the DOE. (b) 3-layer DOE made of two
orthogonally-oriented gratings with a spacer in between.

Berger et al [110] first used a single DOE, a mask composed of three diffraction gratings
rotated 120° relative to each other, to holographically fabricate 2D hexagonal photonic crystals
in 1997. The three first order beams diffracted from the gratings were interfered in a region
below the mask, creating a 2D hexagonal interference pattern in photoresist. Following that
line of work, Divliansky et al [111]used a DOE similar to that of Berger et al, but added a hole in
the center of the 3 grating mask to allow a central beam to pass through. The resulting
structure was a 3D hexagonal structure. The interference of a central beam along the optical
axis of the setup with beams arranged symmetrically from off-axis introduces a periodicity in
the interference pattern parallel to the optical axis (typically labeled as the z-axis). More

diffraction gratings can be arranged symmetrically about the center of the mask, which
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generates more first order beams that can be interfered. By arranging five diffraction gratings
symmetrically about the center of the mask and allowing the central beam to pass through, 3D
ten-fold symmetric quasicrystal structures can be formed. [82] With four gratings arranged
symmetrically about a central aperture on the mask, four side beams plus a central 3D face-
centered tetragonal interference patterns can be formed. When a phase shift of it is introduced
into a side beam, a diamond —like lattice is formed. Additionally, by blocking part of the central
beam with an amplitude mask, a line defect can be created in the lattice. [94]

Another type of DOE used to fabricate 3D photonic crystals is a stack of two
orthogonally oriented gratings. In Ohlinger et al, [108] two orthogonally oriented diffraction
gratings were separated by thermally tunable spacer layer. A single circularly polarized laser
beam was incident upon the three-layer DOE. The first grating diffracts an incident, linearly
polarized laser beam into two first order beams, (+1, 0) and (-1, 0), and a zero order beam, (0O,
0). The second, orthogonally-oriented grating diffracts the (0, 0) beam, producing two new first
order beams, (0, +1) and (0, -1), and a zero order beam. But since the (+1, 0) and (-1, 0) beams
generated from the first grating have a longer optical path length, they have a phase delay. The
DOE was heated so that the spacer layer would expand, tuning the phase delay that was added
to the (1, 0) beams. The expansion of the spacer layer was controlled such that the phase
delay for the (1, 0) beams was adjusted to be /2. When the (0, 0), (1, 0), and (0, £1) beams
are interfered in photoresist thin film positioned beneath the DOE, interconnected woodpile
structures were produced. Earlier papers [163-164] reported the use of DOEs consisting of two
orthogonally oriented gratings separated by an air gap adjusted to produce a phase delay of

1/2 in the (1, 0) beams to fabricate diamond-like woodpile photonic lattices. The air gap was
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tuned using a pressure adjustable mount. Both approaches to the 3-layer phase mask method
display the capability to produce a range of structures using four 1° order diffracted beams and
a 0™ order beam by tuning the phase of two of the beams. However, the number of first order
beams generated, as well as the diffraction angle of the beams, is locked upon fabrication of
the phase mask. To dynamically change the number of beams generated, the diffraction angle
of the first order beams diffracted from the surface, and fine adjustment of the phases of the

those beams, a spatial light modulator with phase modulation can be used.
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CHAPTER 4
SPATIAL LIGHT MODULATORS
4.1 General Information

A spatial light modulator (SLM) is a device that creates a spatially varying modulation of
the amplitude or phase of incident light. Amplitude modulation spatially varies the amplitude of
the beams as a function of position. Phase modulation adjusts the phase of the beam by
modifying the optical path length.

Commercially available SLMs typically use two different methods of light modulation:
digital micromirror devices (DMD) and liquid-crystal-on-silicon (LCoS). DMDs, such as the Texas
Instruments digital light processing (DLP) chip, are devices which are often used in digital
projector units found in classrooms and cinema. DMDs use a rectangular array of microscopic
mirrors on hinges that tilt toward or away from the light source, creating a dark or bright spot
in the modulated beam. The advantages of using a DMD are the high damage threshold [112]
and high resolution. The disadvantage is that commercially available DMDs are binary
amplitude modulators, incapable of modulating the phase. [113] Since DMDs cannot modify the
phase of light incident upon the device, we look to LCoS devices.

LCoS-SLMs are capable of modifying the phase of an incoming beam by changing the
orientation of molecules in a layer of liquid crystal (LC) in an array of digitally addressed pixels.
This results in a change in the refractive index of the pixel, and the optical path length of the
beam changes, resulting in a phase delay for that portion of the beam. A diagram of the SLM
structure of the SLM used for this research, the HoloEye PLUTO, is shown in Fig. 4.1(b). Incident

light passes through the glass cover, transparent electrode, and alignment layers. Upon
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propagating through the liquid crystal layer, the incident light picks up a certain amount of
phase, dependent on the orientation of the liquid crystal molecules in that layer. Light passes
the second alignment layer and is reflected from the reflective pixel layer on the silicon CMOS
layer. The second traversal of the LC layer adds a second phase delay to the beam before the

leaving the SLM.

" Glass Cover
Transparent Electrode
Alignment Layer

Liquid Crystal Layer

Alignment Layer
CMOS with Reflective Layer

PCB / Control
Layer

Figure 4.1. Diagram of the structure of a LCoS-SLM, broken down into layers.
4.2 Phase Modulation from Liquid Crystals

Liquid crystals are states of matter that have properties that are between a solid crystal
and a liquid. While there are many different types of LC, the type used in LCoS devices is
primarily of the nematic phase. Nematic liquid crystals are composed of uniaxial, rod-like
molecules, as seen in Figure 4.2. The index ellipsoid for a uniaxial LC molecule, with the
principal axes and the refractive index along those axes indicated, is shown in Figure 4.2(a). For
a uniaxial LC molecule, the refractive index along two of the principal axes is the same. The
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director points along the long axis of the molecule, which has a refractive index of n, for a laser
with the electric field orthogonally polarized to the director. The short axes of the molecule
have a refractive index of n,. [114,115] These two values describe the birefringence of the
liquid crystal, given by

An =n, —n, (4.1)

Parallel-aligned nematic LC layer

.
1
114
0000

Y A %, Index
/ \ Ellipsoid
£ \

Director
Director

(a) (b) (c)

Figure 4.2. (a) Index ellipsoid for uniaxial LC molecule. Refractive indices along the principal
axes are shown. (b) Orientation of nematic LC molecules in a LC cell. The average orientation is
parallel to the director, but the positions of the molecules are random. (c) Schematic showing
the orientation of parallel-aligned nematic (PAN) LC molecules in a pixel between transparent
electrodes. The director of the LC layer is parallel to the surface of the electrodes.

Nematic liquid crystals tend to order themselves such that the long axes of all the molecules are
parallel, but the molecules do not organize into layers or planes like a solid crystal. This is
shown in Figure 4.2(b). Aside from the condition that the long axes are parallel, there is no
order to the arrangement of the nematic liquid crystal molecules. In the HoloEye PLUTO SLM,
the liquid crystals are parallel-aligned nematic, which means that the long axes of the liquid

crystal molecules are parallel to the electrode surfaces, as seen in Figure 4.2(c). [116-117]
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When a voltage is applied across the transparent electrode layers, the applied electric
field induces dipoles in the LC molecules, which cause a torque to be applied to the LC
molecules. The torque, described by N = p X E for each LC molecule, is in a direction such that
the long axis of the molecules will rotate to align with the electric field produced by the voltage.
The angle that the molecules rotate, due torque produced by the electric field from the applied
voltage, is given by [114]

Cc

T
0= 5~ 2tan"exp (— ),for V>V, (4.2)

0

where V is the applied voltage, Vc is a voltage below which no rotation of the molecules occurs,
and Vo is a constant. For a beam of light incident upon the liquid crystal cell, with the electric
field of the beam polarized parallel to the long axes of the LC molecules prior to application of

the voltage, the resulting phase shift [114] is described by

0 =22 o) @.3)

where d is the thickness of the liquid crystal layer, A is the wavelength of the incident beam,
and n(0) is the index of refraction of the liquid crystal cell, defined by

1 cos?6@ sin?6

= 4.4
n20) nz | nZ @4

The phase shift is governed by the tilt angle of the LC molecules in each pixel, which is
determined by the applied voltage across the pixel. The voltage across a pixel (LC cell) is
determined by the SLM software from a lookup table (LUT), also called a gamma curve, that
converts the gray levels in a grayscale image, sent from a computer’s graphics processing unit
(GPU), into voltages. [116] Thus, the phase shift for the beam at each pixel is determined by the

gray levels of each pixel of an image displayed on the SLM.
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4.3 4f Imaging System and Fourier Transforms
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Figure 4.3. Diagram of 4f imaging system used in SLM optical setup.

Figure 4.3 shows a diagram of the 4f imaging system used in the SLM optical setup. On
the left is the SLM with a phase image displayed on it. For the purposes of our research, the
phase images displayed on the SLM are either binary or contain few gray levels. A binary phase
image, such as the binary checkerboard image seen in Figure 4.4(a), can act as a diffractive
phase mask when displayed on the SLM. A collimated laser beam incident on the SLM while the
binary checkerboard phase is displayed will diffract into many orders according to Eq. (3.16).
The wavelength of the laser beam is fixed, so only the period of the phase pattern affects the
diffraction angles. In Chapters 6-10, we make use of phase patterns on the SLM and will discuss
the subject more in those chapters.

A shield and iris aperture in front of the SLM block most diffracted orders, allowing only
the lower order (zero, first, second, etc.) beams to propagate. To make use of the diffracted
beams, a converging lens is placed a distance f1 from the SLM, where f1 is the focal length of
the lens. The lens will individually focus each beam from directions (6x, 6y) to points

',y = (fex, fey) = (fAvy, fAvy) in the back focal plane of the lens, where (Bx, By) are the
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projections onto the x & y planes of the angle that the beam makes with the optical axis,
respectively, f is the focal length, A is the wavelength, and (vx,vy) are the spatial frequencies in

the x and y directions of the gray levels (different phase levels) constituting the phase pattern.

(a)

Figure 4.4. (a) 2D binary checkerboard phase pattern to be displayed on the SLM. (b) Fourier
plane image of beams diffracted from the SLM while the pattern in (a) was displayed.
Converging lenses have the very useful property of being able to Fourier transform an
input image such as the phase pattern on the SLM. [73 ,114] The diffracted beams that are at a
small enough angles to pass through the aperture of the lens will undergo a Fourier transform.
If f(x,y) represents the input phase distribution on the SLM at the front focal plane of the first

lens, then F(vx,vy) is the Fourier transform of the phase distribution, [114,] described by

F(vy, vy) = ﬂ f(x,y) exp[2mi(v,x + vyy)] dxdy (4.5)

But Eq. (4.5) does not alone describe the complex electric field amplitude of the distribution of

light diffracted into the 2f plane. Instead, it can be described with

i

E(x,y) = hyexp T (d-fx?+ yz)] F(vy,vy) (4.6)
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where f is the focal length, d is the distance from the f(x,y) plane to the lens, and hO is factor

from the propagation of the plane wave through free space, given by [114]

ho = 2-explik(d + f)] (4.7)
If the phase image displayed on the SLM is not at the front focal plane of the first lens, then the
exponential term in Eq. (4.6) will add a lens phase [114] to the field in the 2f plane. But if the
SLM is located exactly at the front focal plane of the lens such that d = f, then the exponential
term in Eq. (4.6) is equal to unity, hO becomes a constant, and the complex field amplitude
becomes
E(x,y) = hOF(vx,vy) (4.8)
The Fourier transform of the phase pattern on the SLM, represented by Eq. (4.8), forms
a diffraction pattern in the 2f plane from the beams diffracted from the pattern, as seen in
Figure 4.4(b). Each diffraction spot represents a spatial frequency of the phase pattern. It is in
the 2f plane that a filter can be placed to block unwanted diffraction spots. For example, in
Chapter 6, four of the first order diffracted beams are allowed to pass through the filter, but the
zero order beam (on the optical axis) and all beams with orders higher than the first are
blocked, preventing propagation to the second lens. The second lens is located a distance 2,
the focal length of the second lens, from the 2f plane. It performs an inverse Fourier transform
on the selected beams, which causes the individual beams to once again propagate as plane
waves and recombine at the 4f point. The recombination of the selected beams at the 4f point
creates an interference pattern. A thin film of photoresist placed at this point will record the

interference pattern (Eq. (3.15)), resulting in a photonic crystal template, as is demonstrated in

Chapters 6-10. If no filtering is performed, and all of the diffracted beams are allowed to
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interfere at the 4f point, then the resultant intensity pattern will reconstruct the original phase
pattern as an intensity pattern. [114]
4.4 Spatial Light Modulators in Holographic Lithography

Recently, SLMs have been used to engineer the phases of interfering beams through
computer generated holograms to fabricate various photonic structures, such as quasi-periodic
[118,119], periodic [89,119-120], multi-periodic [121], and chiral photonic structures [122].
Several methods have been used to incorporate desired functional defects into the PhC lattice
through SLM-based holographic lithography [123-136]. Pioneering works using SLM as a masks
or an adaptive optical element have demonstrated the formation of complex point and line
defects and zigzag waveguides in PhC [123, 136]. Desired point defects can be fabricated into
background PhC lattices using an SLM by superposing a Bessel beam into the background wave-
field [124,125]. By specifying the phases [126] or gray levels of simple geometric phase patterns
[127] and displaying them on the SLM, point or line defects can be embedded in PhCs. Gradient
photonic lattices can be generated through spatially varying pixel-by-pixel phase engineering of
phase patterns [128], or through production of hexagonal lattice wave fields with a gradient
basis [130]. Spatially variant photonic crystal lattices have been fabricated with the SLM using
an innovative synthesis approach that calculates the structure of the lattice while varying lattice
orientation, lattice spacing, and filling fraction [133,137-140]. Although these methods were
successful for the fabrication of functional PhCs using an SLM, arbitrary designs of phase
patterns can result in an assignment of several gray levels on a single pixel, thus having a super-

lattice effect.
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CHAPTER 5
HOLGRAPHIC FABRICATION OF 3D PHOTONIC CRYSTALS USING
A SILICON-BASED REFLECTIVE OPTICAL ELEMENT*

Conventional multiple-beam interference lithography setups typically require several
bulk optical elements, such as beam splitters, mirrors, and polarizers, to modify and control the
interference parameters. Such setups can be very complicated and optically unstable. To
reduce complexity and increase stability in the optical setup, single diffractive or reflective
optical elements can be used. In this chapter, we demonstrate a single beam and single optical
element based holographic fabrication method where the number of beams, the polarization of
the beams, the interference angle of the beams, and the ratio of the intensities of the beams
relative to the incident beam can be generated as desired.

5.1 Fabrication of the Reflective Optical Element

To generate a woodpile photonic crystal, previous works [78] used five beam
interference from a top-cut prism. Instead of using a prism to generate the five-beam
interference, we used a custom-made reflective optical element (ROE) consisting of a
polydimethylsiloxane (PDMS) mold and silicon strips. To create the PDMS mold, the top-cut
prism used in Xu et al [102] was seated into a plastic base with a window machined into it, as

shown in Figure 5.1(a), and then placed into a container. The PDMS (Dow Corning® Sylgard

! Parts of this chapter have been previously published, either in part or in full, from J.
Lutkenhaus, F. Farro, D. George, K. Ohlinger, H. Zhang, Z. Poole, K. Chen, and Y. Lin,
"Holographic fabrication of 3D photonic crystals using silicon based reflective optics element,"
Opt. Mater. Express 2, 1236-1241 (2012), and J. Lutkenhaus, D. George, K. Ohlinger, H. Zhang, Z.
Poole, K. Chen, and Y. Lin, "Holographic fabrication of woodpile-type photonic crystal templates
using silicon based single reflective optical element," Proc SPIE 8613, Advanced Fabrication
Technologies for Micro/Nano Optics and Photonics VI, 86131C (2013). Reproduced with
permission from OSA Publishing and from SPIE Publications, respectively.
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184) pre-polymer solution requires a weight ratio of 10 parts polymer base to 1 part curing
agent. 45.47g of polymer base was mixed with 4.56g of curing agent, making a weight ratio of
9.97 parts base to 1 part curing agent. After stirring the curing agent into the polymer and
blowing the bubbles away, the pre-polymer solution was then poured into the container and
placed onto a hot-plate to cure for 90 minutes at 130°C. After curing, the PDMS became rigid,
forming the mold, as shown in Figure 5.1(b). The prism was removed, and four silicon strips
were placed into each of the inner facets of the PDMS mold, completing the ROE, as shown in
Figure 5.1(c). With this configuration, the ROE can generate four side beams arranged
symmetrically about a central beam when a single expanded and collimated laser beam is
incident upon it. To combat undesired scattering from the PDMS mold, a cross-shaped
aperture, similar to that shown in Figure 5.1(d), was cut from black aluminum foil and attached
to the top of the ROE. Later iterations of the ROE were 3D printed, allowing more flexibility in
design of the number of generated beams, the interference angle, and better design of the

aperture to minimize undesired scattering. [106-107]

Silicon
N - PDMS i
Prism Mold Cross
\ Aperture
Plastic
Window
% "R
(a) ” (b)

Figure 5.1. Fabrication process of the silicon-based reflective optical element. (a) The prism is
seated into the plastic window. (b) The PDMS forms a mold around the prism. (c) The prism is
removed and the silicon strips are placed in the inner facets of the PDMS mold. (d) The cross

aperture is placed on top of the mold.
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5.2 Five Beam Interference from Reflective Optical Element

The laser beam was incident upon the surface of the silicon strip with an angle of 78°.
The refractive index of silicon for a wavelength of 514.5 nm is 4.225. [141] The amplitude
reflection coefficients, obtained from Fresnel’s equations, [73] are -0.05 and -0.9 from beams
with polarizations parallel with (p-polarized) and normal to (s-polarized) the incident plane,
respectively. According to the above calculation, the reflected beam is s-polarized when the
circularly polarized beam is incident onto silicon. The reflectance is 81% for the polarized beam
normal to the incident plane and 0.25% for the polarized beam parallel to the incident plane. If
the incident beam is perfectly circularly polarized, the theoretical reflectance for each side
beam is 40.6%. In our experimental setup, the linearly polarized laser passed through a A/4
wave plate, becoming elliptically polarized with an ellipticity of 1.28. For the incident laser
beam kO propagating in z direction with the original polarization in x direction and passing the
wave-plate, the measured reflectance from the silicon strips is 35.6%, 35.6%, 44.9%, and 44.9%
for beams k1, k2, k3, and k4, respectively. To address the elliptical polarization of the beam and
produce a perfectly circularly polarized incident beam, a polarizing beam splitter cube can be
used to completely select one polarization prior to the A/4 wave plate.

After passing the single reflective optical element, the formed four side beams and one

central beam can be written as (assuming a same initial phase for all side beams),

Eo(r,t) = Egy cos(ky - 7 — wt) + Eg,, cos(ky " 7 — wt + m/2), (5.1)
E;(r,t) =E;cos(k;'r—wt+96), {i =1,2}, (5.2)
Ei(rt) = Ej; cos(kj "r—wt+ 5), {j = 3,4}, (5.3)
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where k and w are the wave vector and angular frequency of the beam, respectively. E is the
constant of the electric field strength, and 6 is the initial phase of the beam. Wave vectors of
these five beams can be written as {kO, k1, k2, k3, k4} = 2r/A{[0, O, 1], [sin 6, O, cos 6], [-sin 6, 0,
cos 0], [0, -sin 6, cos 6], [0, sin B, cos O]}, where A is the wavelength of the laser (A = 514.5 nm)
and 0 is the angle between four side beams and central beam. When these five beams overlap,
an interference pattern will be formed, which is determined by the following equation:
5 5
1) = I+ A1) = Y B2 )+ ) B Byeos|(k— k) -r+ (8= 8)]  (54)
i=1 i<j
As demonstrated in [93], a five beam interference pattern can be considered to be two
overlapping three beam interference patterns. Due to the orthogonal polarization between
beams (k1, k2) and beams (k3, k4), this five beam interference can be treated as two parallel

three beam interferences. The interference part of Eq. (5.4) can be written as the sum of two

terms:
3
z Eiy - Ejy cos|(ki — k) -7 + 6] (5.5)
i<
3 VA
D Epy - Eqy cos [(ky = kg) -7+ + 0] (5.6)

p<q

Each term represents a three beam interference pattern as shown in Figure 5.2(a), but

the orientation of one term is rotated by 90° with respect to the other. The phase in Eq. (6) can
be written as (kp - kq) T +§+ 6= (kp - kq) “(r+ry)+ 6, where (kp - kq) Ty =1/2.

Thus, r4 = (0.25 a,0,0.25c¢) is the shift of interference (among beams ko, ki, and k3) due to the
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phase delay, where a and c are the lattice constants in x (or y) and z directions, respectively.

The lattice constants are given by the following equations,

A
= 5.7
a sing ’ (5.7)

2
© = 25in2(6/2)

(5.8)
where A is the laser wavelength, and 0 is the interference angle between the central beam and
a side beam. The interference pattern due to two parallel three beam interferences is shown in

Figure 5.2(b). The shift of pattern in one direction relative to the other is clearly observed and

the formed pattern is a woodpile-type structure.

Figure 5.2. (a) Three beam interference pattern. (b) Five beam interference pattern, shifted by

0.25c due to phase delay.
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5.3 Holographic Fabrication of Woodpile Photonic Crystal Templates
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Figure 5.3. Schematic of the experimental setup for the fabrication of woodpile-like photonic
crystal templates using the single silicon-based reflective optical element.

The experimental setup shown in Figure 5.3 used an Ar ion laser beam (Coherent, Inc.)
at a wavelength of 514.5 nm. The beam passed through a quarter-wave plate, changing the
polarization from linear to circular (elliptical, in this case). It was then passed through a spatial
filter to remove unwanted intensity variations in the beam, and expanded to a diameter of 2
inches. Then the cross aperture attached to the top of the ROE blocks all of the laser beam that
is not incident upon either the silicon strips or the central open part of the ROE. The central
part of the beam passes through the ROE unaltered, and the four side beams are generated
from the reflection of the beam from the silicon strips. The central beam and the four side
beams then interfere in a region below the ROE, where a sample of photoresist mixture was
placed.

The photoresist mixture consisted of the following components in the specified weight

concentrations: dipentaerythritol penta/hexaacrylate (DPHPA) monomer (Aldrich, 90.36%);
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rose bengal photo-initiator (0.16%); N-phenyl glycine co-initiator (0.67%); and N-vinyl
pyrrolidinone (8.81%), a chain extender. The DPHPA mixture was spin-coated onto a glass slide
at a speed of 600 rpm for 30 seconds. The photoresist layer on the glass slide was then placed
underneath the ROE in the region where all five beams interfered. The sample was exposed to
the interfering beams for a typical time of 1.2 seconds at a laser power of 200 mW. When a
batch of the photoresist with half the rose bengal concentration was used, the power was
increased to 260 mW. After exposure, the samples were developed in PGMEA for 3 minutes,

followed by a rinse in isopropanol for one minute, and then air dried.

Figure 5.4. (a) Optical microscope image (40X) of 3D photonic crystal template in DPHPA
fabricated using single silicon based reflective optical element. (b) Optical microscope image of
close-up of an area of 3D photonic crystal template.

Figure 5.4(a) shows an image taken from a CCD camera mounted on an optical
microscope of the 3D photonic crystal formed from the exposure of the DPHPA mixture to the
five beam interference pattern created by the single beam and single reflective optical element.

A grid pattern can clearly be seen. In Figure 5.4(b), another optical microscope image shows a
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close-up of an area of the sample where the 3D structure is visible. The next layer of the
woodpile structure can be seen underneath the top layer in the darker region in the middle.
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Figure 5.5. (a) AFM image of holographically fabricated 3D photonic crystal template in DPHPA
with incident angle of 78°; (b) Surface profile measured along the red line in (a); (c) SEM image
of woodpile-like structure in photonic crystal template in DPHPA with incident angle of 78°; (d)
AFM image of photonic crystal template in DPHPA with incident angle of 74.9°; (e) Plot of
surface profile measured

In Figure 5.5(a), an atomic force microscope (AFM) image of the 3D photonic crystal
template formed with an incident angle of 78° shows the grid pattern that has developed in the
photoresist. It looks similar to the simulated image of the woodpile structure, as seen in Figure
5.2(b). Figure 5.5(b) shows a plot of the surface profile along the red line in the AFM image.
From the surface profile, the lattice period along the red line is found to be 1.232 microns. The

scanning electron microscope (SEM) image in Figure 5.5(c) shows the woodpile-type structure
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in greater detail than the AFM image. Based on the scale bar in the lower right of the image,
the lattice period is measured to be 1.239 microns. Both measurements of the lattice period
are in good agreement with a theoretical calculation of 1.248 microns, using the incident angle
of 78°.

The multi-beam interference with a 78° incident angle (which is close to the Brewster
angle) can only generate tetragonal photonic crystals.[142] In order to improve the crystal
symmetry, thus increasing the photonic bandgap size, the incident angle needs to be changed.
For the incident angle of 54.7°, the interfering angle between side beam and central beam is
70.5°; thus, a face-centered cubic crystal can be generated. When the incident angle is
decreased from 78° to 54.7°, the reflectance for p-polarized beam is increased from 0.25% to
18% and for s-polarized beam the reflectance is decreased from 81% to 60%. The interference
patterns are still dominated by the interference between the central, circularly-polarized beam
and the side, s-polarized beam. However, a deviation from the ideal p-polarization will
influence the symmetry of the PhC and the motif in the unit cell of the PhC. When the incident
angle is decreased, the lattice constant c/a (c and a are lattice constant in the z and x-
directions, respectively) will change.[142] A compromise among the crystal symmetry, the
beam intensity ratio and the beam polarization can be made by a comprehensive calculation of
bandgap sizes in various formed structures.

To demonstrate the incident angle reconfiguration, we added a piece of glass slide with
a thickness of 1 mm under the silicon chips on the bottom edge of the PDMS mold in Figure
5.1(c). The incident angle was changed from 78° to 74.9°. Figure 5.5(d) shows an AFM image of

a 3D photonic crystal template fabricated in DPHPA using the reconfigured reflective optical
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element with a similar experimental condition to the templates fabricated using an incident
angle of 78°. A woodpile-like structure can be seen. A plot of the surface profile along the red
line in the AFM image in Figure 5.5(d) is shown in Figure 5.5(e). The lattice period in x-direction
is measured to be 1.023 micron from the surface profile, which agrees with the theoretical
value of 1.024 microns. The symmetry of the crystal is more easily observed because the AFM
tip can get more information of structures in the z-direction when the lattice constant in the z-
direction is decreased.

Using the top-cut prism, all five beams have the same intensity assuming the incident
beam is uniform. [102,143] With the single silicon based reflective optical element we
fabricated, the ratio of the central beam intensity to the side beam intensity is around 2.5. The
intensity contrast in the interference pattern is improved comparing the current optical
element with the top-cut prism (the best ratio is 4 for the five-beam interference).[144] The
improved intensity contrast can help remove unpolymerized monomers out of the 3D

polymerized interconnected structures during the development process.
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CHAPTER 6
DIGITALLY TUNABLE HOLOGRAPHIC LITHOGRAPHY USING A SPATIAL
LIGHT MODULATOR AS A PROGRAMMABLE PHASE MASK?

A geometric, grayscale phase pattern displayed on the SLM was used to demonstrate
the digital assignment of phase to diffracted beams. The relationship between the gray levels in
the phase pattern displayed on the SLM and the phases of the individual beams was calculated.
The validity of this relationship was tested by observing the change in structure in
holographically fabricated compound photonic crystal templates, and comparing them to
simulations of interfering beams with the assigned phases. This phase assignment method can
be used to holographically produce simple spatially varying structures, which will be discussed
in later chapters.

6.1 Experimental Setup

The experimental setup used for all SLM results to follow is shown in Figure 6.1. A 532
nm laser beam (Cobolt Samba 50mW) is expanded and collimated before fully illuminating a
phase-only SLM (Holoeye PLUTO) at an angle of 5 degrees (exaggerated in the figure for
visibility). The SLM has an area of 1920x1080 pixels with an 8 um pixel pitch and 87% fill factor,

and has a total phase retardation of 2m across 256 gray levels. The gray levels on the SLM

2 Parts of this chapter have been previously published, either in part or in full, from J.
Lutkenhaus, D. George, M. Moazzezi, U. Philipose, and Y. Lin, "Digitally tunable holographic
lithography using a spatial light modulator as a programmable phase mask," Opt. Express 21,
26227-26235 (2013), and J. Lutkenhaus, D. George, B. Arigong, H. Zhang, U. Philipose, and Y.
Lin, “Holographic fabrication of photonic crystal templates using spatial-light-modulator-based
phase mask method,” Proc. SPIE 8974, Advanced Fabrication Technologies for Micro/Nano
Optics and Photonics VII, 897419 (2014). Reproduced with permission from OSA Publishing and
from SPIE Publications.
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correspond to a given phase retardation based on the gamma curve used. We used a linear

gamma curve that converted gray levels from 0 to 255 to a phase level of 0 to 2m, respectively.

Figure 6.1. Diagram of experimental setup for the use of the SLM for holographic lithography.
BE: Beam Expander, SLM: Spatial Light Modulator, L1: 1st lens (f1 = 400mm), FF: Fourier Filter,
L2: 2nd lens (f2 = 200mm), MO: 20X Microscope Objective lens, TS: Translation Stage, CCD: USB
camera. The CCD and sample stage were interchangeable upon the translation stage.

A geometric hexagonal phase pattern is displayed on the SLM and diffracts the single
incident laser beam into multiple beams. The diffracted beams are then individually focused by
the first lens (r = 50.8mm, f1 = 400mm), which is located one focal length from the SLM. At the
Fourier plane, or the 2f point, located one focal length from the first lens, lies the Fourier filter,
which blocks the zero order and 2nd and higher order beams, and allows passage of the 1st
order beams. Located a distance f2 = 200mm from the Fourier plane is the second lens of the
same radius as the first lens, with focal length f2. The interfering angle of the beams after the
second lens is 1.83 degrees. The two lenses constitute a 4f imaging system. The second lens

focuses all remaining beams into the microscope objective lens (20X), placed inside the focal
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length of the second lens, which further de-magnifies the interference pattern and also serves
to increase the interfering angle between the beams. Mounted upon the translation stage is a
sample stage, which is located at the point where all desired, generated beams interfere. The
sample stage was interchangeable with a CCD USB camera, which allowed digital capture of the

interference pattern image at the focal plane.

6.2 Phase Pattern Design

A

VAV,

Figure 6.2. (a) A tile unit of the phase pattern displayed on the SLM. The orange lines are drawn
on the pattern to assist in the viewing of the hexagons and the triangles (I thru VI) in the
hexagons. The gray levels of the triangles are set digitally. (b) Enlarged view of phase pattern
with a scheme showing diffraction directions and spots. (c) Photograph of diffraction pattern in
Fourier plane (2f point) taken with a USB CCD camera. Diffraction spots in between the dotted
red lines are the 1st order diffracted beams.

An enlarged portion of the hexagonal phase pattern is shown in Figure 6.2(a), with each
hexagon consisting of six equilateral triangles. The triangles are created by drawing lines from

the center of the hexagon to its vertices. The gray levels of the triangles in Figure 6.2(a) are: 0
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for the black triangles, 51 for the dark gray triangles, and 153 for the light gray triangles. Each
triangle in the hexagon can be digitally set to a different gray level. The length of each side of a
triangle was designed to be 0.706mm at 100% zoom on the SLM display. This pattern was tiled
using the native SLM software, and then zoomed to 3.12% of the size of the pattern originally
displayed, making the triangle side length 22.0um. The side length of the triangles is not
necessary to be an integral number of the pixel pitch. The length of 22 um was chosen because
that’s the minimum value for the first-order diffracted beams to pass through the 4f image
system, due to the diameter of the lenses used in the optical setup.

In Figure 6.2(b), the directions of diffraction of a laser beam incident on the SLM when
the phase pattern is displayed are indicated by the thin green and purple lines. The green lines
indicate diffractions that are due to periodic arrangements of dark gray, black, dark gray, black,
or light gray, black, light gray, black, in the vertical direction and also in directions rotated £60
degrees from the vertical. The purple lines indicate diffraction due to periodic arrangements of
light gray, black, dark gray, light gray, black, dark gray. Where 3 lines of identical color intersect
indicates the location of a diffraction spot in the Fourier plane. The large green dot in the
center of Figure 6.2(b) represents the zero-order beam, the red dots surrounding it represent
the 1st order beams, and all other dots indicate the location of higher order beams.

The pattern of diffraction spots in Figure 6.2(b) looks very similar to the one in Figure
6.2(c), which shows a CCD image of the diffraction pattern after the 1st lens at the 2f point
(Fourier plane). The large diffraction spot in the center of the inner dotted red line overlaid
upon the image is the zero-order beam. The diffraction spots located in between the inner and

outer dotted red lines in Figure 6.2(c) are the diffracted 1st order beams. All diffraction spots
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outside the outer dotted red line are higher order beams. A calculation of the side length of the
triangles in the pattern from the diffraction pattern reveals a side length of 22.1um, which
agrees with the designed value.
6.3 Determination of the Phases of the Diffracted Beams

In Figure 6.3(a), a slightly enlarged view of the pattern in Figure 6.2(a) is shown with a
hexagonal unit cell overlaid upon it in orange, and the first order beams from Figure 6.2(b)
displayed as green circles. Given the agreement between the observed and predicted
diffraction patterns, we can begin to make predictions about the phases. The phase of each first
order beam is determined by the average gray level inside the corresponding kite-shaped
region. The phase of beam 1, for example, is determined by the gray level of the red,

highlighted kite, which is shown in detail in Figure 6.3(b). The phase of beam 1 is given by

2T

01 = 255

(11 ht +8bl k+1bl k+1bl k) (6.1)
3 light gray + T black + sz black + = blac -

Similarly, the phase of beam 2 is given by

2T

01 = 255

1 1
8 £ 1 6.2
( dark gray + 8black +—black + 6black) (6.2)

As can be determined from Figure 6.3(b), beams 3 and 5 have phases equal to the phase
of beam 1, and beams 4 and 6 have phases equal to the phase of beam 2. This is due to the
average gray levels being the same. Since the gray level of black is zero, the black triangles do
not contribute to the average gray level of the kites, and the phases of the beams are
determined only by the gray levels of triangles Il and IV from Figure 6.2(a). It should be noted
that this is a special case and a more general use of Egs. (6.1)and (6.2) will be discussed later in

this chapter.
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Figure 6.3. (a) Enlarged view of the pattern from Figure 6.2(a) with hexagonal unit cell overlaid
in orange. Green circles indicate the beams diffracted from the pattern on the SLM. (b) Close-
up of red-highlighted kite-shaped region in (a). The phases of the beams are determined by the
average of the gray levels in each kite-shaped region.

In references 118-119, it was shown that six interfering beams generated from a SLM
form rotationally and translationally symmetric interference patterns. To study how the gray
levels of the triangles affect the phases of the beams, a beam configuration was chosen that
produced interference patterns with easily visible changes due to the phase. A four-beam
configuration is capable of holographically producing dual lattice structures that are visibly
altered due to phase changes. By blocking beams 2 and 6 with the Fourier filter, the beam
configuration needed to produce the dual lattice structures was generated. Where the four
beams overlap after being focused by the second lens and passing through the microscope
objective lens, there is an interference pattern at the sample plane with an intensity profile

given by
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Isolating and expanding the sum in the second term on the right hand side of the equation,

Al(r) = E E;e; - e3 cos [Zn (Z i — % j) (x+y)+ (65 — 61)]

4
+E1E481 ' 84 CoSs |:27T (E l ) (x + y) + (64, - 61)]

3 1
+E,Ese; - e5 cos [Zn (E i+= j) (x+y)+ (65 — 61)]

B
(6.4)
+E3E,es - e, COS [Zn (% i+ % j) x+y)+ (6, — 63)]
+E3Eze; - es cos [271’ (% j) x+y)+ (65 — 63)]

1 1
+E,Ece, - es cos [27r (E i— [_3 j) x+y)+ (65 — 54)]

where a and B are lattice constants of the interference pattern in the x and y directions,

respectively, and &i is the phase given by Eqgs. (6.1) and (6.2). Since beams 1, 3, and 5 have the

same phase, and beams 2 and 6 are blocked, the only beam that has a different phase is beam

4, whose phase is determined only by the dark gray triangles. Thus, changing the gray level of

the dark gray triangles (triangle IV in Figure 6.2(a)) should produce changes in the interference

pattern.

In Figure 6.4, the pattern shifts due to the phase shift in beam 4 are explored. In Figure

6.4(al), beam 4 has the same phase as beams 1, 3, and 5, with the triangle containing beam 4

71



having a gray level of 153. For Figure 6.4(a2) and (a3), the gray levels of the triangles containing
beam 4 are 102 and 51, respectively. Simulations of the four beam interference patterns with
the phases of the beams defined according to Eqgs. (6.1) and (6.2) using the gray levels of the

phase patterns in Figure 6.4(al), (a2), (a3) are shown in Figure 6.4(b1), (b2), (b3), respectively.

Figure 6.4. (al, a2, a3) Hexagonal phase patterns with unit cell drawn in orange, and gray level
of 153 for all gray triangles contributing to beam phases. (a2) Phase pattern with 102 gray level
for dark gray triangles. (a3) Phase pattern with 51 gray level for dark gray triangles. (b1, b2, b3)

Simulated four beam interference patterns for the beams with phases determined by the phase
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patterns in (al, a2, a3), respectively. a and B in (b1) designate the lattice constants. In (b2), the
black arrows show the direction that the pattern shifts due to the change in phase. (c1, c2, c3)
are CCD images of the four beam interference patterns captured after the microscope objective
lens, as shown in the diagram in Figure 6.1.

The shift in the intensity pattern caused by the phase shift in beam 4 is given by

4
Al, = E1E,e; - e4 cOS [Zn (Ei) (x+y)— mn]

1 1
+E3E,e; - e, cos |21 (Ei + E]> (x+y)— mn]
1 1
+E,Ece, - es cos [271 (Ei - E]) (x+y)— mn]
(6.5)
- 5. 2w () oty m(~gaxga)]
= E,;E,e, - e, cos|2m al (x+y—m 8a_8ﬁ)

+E3E,e3 - e4 cos [Zn(%i +%j) (x+y—m<—%a—%/3>)]

+E,Ese, - es cos [271 (éi - %]) (x+y- m(—%a +%,8>)]
, Where m = (8; — 6;)/m. From Egs. (6.1) and (6.2) and the expression for m, we find that the
relative phase shift in beam 4 for the phase pattern in Figure 6.4(a2) is 0.13m and for the one in
Figure 6.4(a3) is 0.27m. The lattice constants, a and B, are shown in Figure 6.4(b1). Based on Eq.
(6.5), the pattern shifts in the (-1, +3) or (-1,-3) directions when the phase of beam 4 is changed.
This is seen in the simulations in Figure 6.4(b1), (b2), (b3), and also in the corresponding
recorded CCD images shown in Figure 6.4(cl1), (c2), (c3). The structures in the simulations and

the CCD images change from a fenced-in cylinders pattern to weakly linked dumbbells when the

gray level of the triangles changes. The CCD images agree closely with the simulations, with the
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change in the interference pattern clearly visible with the change in the gray level of the
triangles, validating this method of controlling the phase of generated beams by use of the SLM
as a phase mask.

6.4 Holographic Fabrication

To demonstrate this method of phase assignment to generated beams, we
holographically fabricated photonic crystal templates in a photoresist using the phase pattern
in Figure 6.4(al). The photoresist mixture was made from the following components in the
specified weight concentrations: dipentaerythritol penta/hexaacrylate (DPHPA) monomer
(Aldrich, 90.36%); rose bengal photo-initiator (0.11%); N-phenyl glycine co-initiator (0.65%);
and N-vinyl pyrrolidinone (8.88%), a chain extender. The photoresist mixture was spin-coated
onto a glass slide at a speed of 3000rpm for 30 seconds, resulting in a film thickness of
approximately 3.17um. The glass slide with photoresist thin-film was then placed on the sample
stage after the microscope objective lens (Figure 6.1), and exposed to the interference pattern
for 2 seconds. The sample was then immersed in propylene glycol methyl ether acetate
(PGMEA) developer for 3 minutes, rinsed with isopropanol, and then allowed to air dry.

Figure 6.5(a) shows an image recorded from a CCD camera mounted on an optical
microscope of a 2D compound photonic crystal template formed from the exposure of DPHPA
to the interference pattern in Figure 6.4(b1, c1). A scanning electron microscope (SEM) image
of another sample holographically fabricated in DPHPA using the phase pattern in Figure 6.4(al)
is shown in Figure 6.5(b), and a close up view of that SEM image is shown in the SEM image in
Figure 6.5(c). In Figure 6.5(a, b, c), the fenced-in cylinder structure from Figure 6.4(b1, c1) is

clearly visible. An atomic force microscope (AFM) image of the fabricated structures is shown in
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Figure 6.5(d), with the orange line indicating the location of the surface profile shown in Figure
6.5(e). The lattice period according to the surface profile along the orange line is 4.07um,

which matches closely with a theoretical calculation of 4.06um
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Figure 6.5. (a) Optical microscope image (40X) of 2D photonic crystal template in DPHPA,
holographically fabricated using the phase pattern in Figure 6.4(al) displayed on the SLM. (b)
SEM image of fenced-in cylinder structures fabricated in DPHPA. (c) Close-up view from the
sample seen in the SEM image in (b). (d) AFM image of photonic crystal template in DPHPA. (e)
Plot of surface profile along orange line in (d).
6.5 Further Discussion

In previous sections, the phase pattern used was relatively simple, since only two
triangles in the base hexagon shown in Figure 6.2(a) were not black. A more complicated case

would be a hexagonal phase pattern with all of the triangles set to different gray levels. In
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Figure 6.6(a), a tile unit of a phase pattern is shown with the gray levels of the triangles in the

hexagon set to 255, 202, 150, 99, 49, and O, for triangles I-VI, respectively.

Figure 6.6. (a) Tile unit of a phase pattern with triangles (I-VI) all set to different gray levels. (b)
Enlarged view of the pattern from (a) with hexagonal unit cell overlaid in orange. Green circles
indicate the beams diffracted from the pattern on the SLM.

Figure 6.6(b) shows the hexagonal unit cell overlaid in orange on the pattern. The
phases for the beams are, again, determined by the average of the gray levels inside the orange

outlined kite-shaped regions, given by the equations,

2 /1 8 1 1
8= (5 V) + gD+ N+ (VI)) (6.6)
6—2”111 81 1111 1VI (6.7)
2= o= (3UD + T (D + o UID + < (VD) -
2m /1 8 1 1
2 1 8 1 1
8y = —25”5 (5 I+ W+ D+ (VI)) (6.9)
2 /1 8 1 1
8 = 5= (3UV) + (D + - (D + = (VD)) (6.10)
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2m (1 8 1 1
8¢ = T (§ (I + 8 (IID) + 8 V) + A (VI)) (6.11)

where the Roman numerals indicate the gray level of the corresponding triangle in Figure
6.6(a). Figure 6.7(a) shows a simulated four beam interference pattern using beams 1, 3, 4, and
5 with phases of 1.17m, 0.49m, 0.81m, 0.89m, respectively, determined using Egs. (6.6)-(6.11) for
the phase pattern in Figure 6.6(a). A recorded CCD image of the four beam interference
pattern is shown in Figure 6.7(b), and an SEM image of the 2D holographically fabricated
photonic crystal template in DPHPA is shown in Figure 6.7(c). The simulation, CCD and SEM
images all agree very closely, with the dual lattice structures clearly visible in all three images,

further validating this method.

Figure 6.7. (a) Simulated four beam interference pattern for Beams (2, 3, 4, 5) from Figure
6.6(b) generated by the phase pattern in Figure 6.6 (a) with phases determined by Eqs.(6.6)-
(6.11). (b) CCD image of four beam interference pattern generated with the phase pattern in
(a). (c) SEM image of holographically fabricated 2D photonic crystal templates.

This method of controlling the phase of generated beams is similar to the use of
computer-generated holograms with a SLM, but while the generation of an arbitrary number of
1st order beams is not impossible, it is not practical. Computer generated phase holograms

displayed on SLMs have proven successful in generating non-diffracting beams [119,] and
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multiple beam interference patterns with up to 32-fold symmetry. [118,122,145] However, the
strength of pixelating the phase pattern into triangles is that the gray levels of triangles in
specific locations in the overall pattern can be changed to different values than the rest of the
pattern, creating spatial variations in the phase. The spatially varying phase pattern can be used
to fabricate photonic crystal templates that contain local variations in the filling fraction, and

subsequently, the effective refractive index.
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Figure 6.8. (a, b, c) Simulated four-beam interference patterns formed from beams 1, 3, 4, and
5, with phases of the beams assigned by the gray levels in the phase patterns in Figure 6.4(al,
a2, a3), respectively.

Figure 6.8 (a), (b), and (c) show simulated four-beam interference patterns formed by
beams 1, 3, 4 and 5 with phases assignments from the gray levels shown in Figure 6.4 (al, a2,
a3), respectively. The patterns were obtained by setting the iso-intensity surface to be half of
the maximum intensity. If a negative photoresist is exposed to these interference patterns, the
high intensity region becomes polymerized. The filling fractions of dielectric materials versus
the whole volume are 0.123, 0.143, and 0.176 in the patterns of Figure 6.8 (a), (b), and (c),

respectively. The effective refractive index is 1.09, 1.11, and 1.13, respectively, assuming a
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refractive index of 1.6 for DPHPA. By spatially varying the filling fraction and consequently the

effective refractive index, gradient index devices can be fabricated [128,137,146-147].
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CHAPTER 7
HOLOGRAPHIC FABRICATION OF FUNCTIONALLY GRADED PHOTONIC LATTICES
THROUGH SPATIALLY SPECIFIED PHASE PATTERNS®

7.1 Background Phase Pattern

A detail design of the background phase pattern consisting of hexagons is enlarged and
shown in Figure 7.1(a), which is an expanded view of the phase pattern in Figure 6.6(a). The
gray levels of six equilateral triangles inside the hexagon are assigned to be 0, 51, 102, 153, 204,
and 255, with 0 at the bottom and increasing by 51 in the counterclockwise direction. Figure
7.1(b) shows a diffraction pattern at the Fourier plane of the laser beams by the phase pattern
on the SLM. The pattern was recorded by a CCD camera. Surrounding the Oth-order diffraction
in the center, the six first-order diffractions (labeled 1, 2, 3, 4, 5, and 6) form a pattern that has
a hexagonal symmetry as shown in Figure 7.1(b). These diffractions were formed due to the
periodic arrangements of triangles in the vertical direction and in directions rotated from the
vertical direction by +60° 33, and are shown as white circles in Figure 7.1(a). The orientation of
diffraction patterns in Figure 7.1(b) can be explained by the red hexagon in Figure 7.1(a), where
the labels 1-6 correspond to the numerical labels in the diffraction pattern, respectively. The
phases of these diffracted beams were determined by the gray levels inside the unit cell,
indicated as a red hexagon in Figure 7.1(a) [89,128]. The hexagon was divided into six equal

areas, and each area formed a kite-type four-sided polygon with the same area as a triangle in

3 Parts of this chapter have been previously published, either in part or in full, from J.
Lutkenhaus, D. George, B. Arigong, H. Zhang, U. Philipose, and Y. Lin, "Holographic fabrication
of functionally graded photonic lattices through spatially specified phase patterns," Appl. Opt.
53, 2548-2555 (2014). Reproduced with permission from OSA Publishing.
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the figure. The phases of first-order diffracted beams located at the head of each kite were

determined by the average gray level covered by the kite according to Egs. (6.6)-(6.11).

. (.V'v

4
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Figure 7.1. (a) Detailed schematic of background phase pattern displayed on the SLM. (b) CCD
image of Fourier plane diffraction pattern from the laser diffracting from the phase pattern in
(a) displayed on the SLM. (c) Diagram of 4f setup showing diffraction angles (8;) and
interference angles (6,).

The average gray levels that determine the phase for beam 3, 4, 5, and 6 can be
calculated with Eq. (6.6-(6.11). Using a linear gamma curve, a gray level of 0 is converted to a
phase of Ot and a gray level of 255 to a phase of 2m. Digital potentiometer values of 2.38 and
1.36 V were used for the SLM’s bright and dark voltages, respectively. The relative phases of
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beams from 1 to 6 are therefore 1.18m, 1.49m, 0.49m, 0.81m, 0.89m, and 1.07m, respectively. A
Fourier filter blocked all other beams while allowing only beams 1, 3, 4, and 5 to pass through,
as shown in Figure 7.1(b). After going through the Fourier filter, these four beams (1, 3, 4, and
5) form an interference pattern where the beam intensity I(r) is determined by Eq. (6.3).
7.2 Missing Lattices in Periodic Photonic Lattices

The simulated interference pattern is shown in Figure 7.2(a). In the simulation, the same
linear polarization as the laser beam was used. It should be noted that the Fourier filtering
effect on the trench boundary was not included in the simulation. The cross section of the
simulated intensity profile shows sharp trench boundaries while the atomic force microscope
image in Figure 7.2(c) shows noticeable effects around the trench boundaries. The lattice
constant A in Figure 7.2(a) is related to the side length L of the equilateral triangle in Figure
7.1(a), as calculated in Eqgs.(7.1)-(7.4). As shown in Figure 7.1(c), the Bragg diffraction due to the

periodic structures in vertical direction can be written as in the following equation:

A= (L) (?) sin 6, (7.1)

where A is the laser wavelength and 0, the diffraction angle. Assuming the same focal length f
in 4f imaging system, the interference angle 8, [as shown in Figure 7.1(c)] relative to the zero-
order diffraction direction passing through the center of hexagon in Figure 7.1(a) is determined

by:

sinf, = fsin6,/ (?) /f (7.2)

The lattice constant A in Figure 7.2(a) in the interference pattern due to the four-beam

interference is determined by:
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A A
A== —— = = LV3
sin 6, sin 60 V3 (7.3)
<T) sin 92
After considering the magnification due to the 4f image system and objective lens, the
lattice constant A in the interference pattern is related to the side length L of the equilateral
triangle by:

V3

= (7.4)
demagnification of 4f imaging system and microscope objective lens

The interference pattern was recorded in a photoresist. The photoresist was photo-
sensitized to 532 nm by preparing a mixture with the following components in the specified
weight concentrations: dipentaerythritol penta/hexaacrylate (DPHPA) monomer (Aldrich,
90.36%), a photo initiator rose bengal (0.11%), co-initiator N- phenyl glycine (NPG, 0.65%), and
chain extender N-vinyl pyrrolidinone (NVP, 8.88%). The mixture was spin-coated on a glass slide
with a speed of 3000 rpm for 30 seconds. The exposed sample was developed in PGMEA for 3
minutes, rinsed by isopropanol for one minute and left to dry in air.

A gray level of 0 (zero) was assigned to the dark line in the phase pattern in Figure
7.2(a). In the first-order diffracted beam containing the spatial frequency information of the
dark line [see Figure 7.1(b)], the direction of the diffractions is off axis by an angle of 6, = 0.8°.
As a result, the amplitude patterns associated with each first-order diffracted beam are shifted
in spatial frequency from the origin by an amount of sin 64/A = 1/(2L sin 60°), as calculated by
Eq. (7.1). sin B/ is calculated to be 26.2 mm™. Thus, each off-axis beam creates a unique
complex electric field. The electric field amplitude for each beam is then the magnitude of the

complex electric field.
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Figure 7.2. (a) Simulated interference pattern with missing lattice line defect (dark line). (b)
SEM image of holographically fabricated structures in DPHPA photoresist with the designed
missing lattice line defect. (c) AFM image of the missing lattice line in the fabricated structures.
(d) AFM profile along the purple line crossing the dark line defect. (e) AFM profile along the
orange line running parallel to the dark line defect.

Figure 7.2 (b) shows an SEM image of the fabricated missing-lattice (dark line) photonic
structures. The photoresist was exposed to the interference pattern for a typical exposure time
of 2 seconds. The fabricated photonic structures look very similar to the simulated pattern in
Figure 7.2 (a). Figure 7.2 (c) shows an atomic force microscope (AFM) image of the fabricated
dark lines (missing lattice region). The lattice position or periodicity of these structures in close
proximity to the dark line remains unchanged. However, the projected dark line has a
noticeable effect on the photonic crystal motifs immediately surrounding the dark lines. Based
on the designed structural parameters in Figure 7.1 and Figure 7.2(a), the width of the dark line
is 4.91 L. For the dark line, the image will be demagnified only by the 4f lens system and the
objective lens. Based on Eq. (7.4), the period A of interference pattern is modified by V3
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besides the demagnification by the 4f lens system and the objective. Thus, we predict that the
ratio of the width of dark line over the period A of interference pattern in Figure 7.2(a) and
Figure 7.2(b) can be calculated by 4.91L/(\/§) = 2.86. Figure 7.2(d) and Figure 7.2(e) are AFM
profiles measured along the purple and orange lines, respectively. The width of the dark line is
measured to 18.46 um, and the lattice period A is 6.26 um. Thus the ratio of the width of dark
line over A is measured to be 2.95, which is close to the predicted value of 2.86.

If the Oth-order diffracted beam is allowed to pass through the Fourier filter and
interfere with these four first-order diffracted beams, 3D photonic structures and a positive
defect line will be formed. However, SU-8 photoresist [148] should be used for the fabrication
of 3D structures instead of using DPHPA. If a positive defect line is formed inside the 3D
photonic crystal, the defect line can function as a waveguide, and optical transmission along the
waveguide can be measured.

7.3 Embedding Single Motif Lattices in Dual Lattice Photonic Structures

In this section, the SLM was used as a spatially variant phase mask for the holographic
fabrication of spatially graded photonic lattices. Figure 7.3(a) shows an enlarged view of a
spatially specified phase pattern for the above purpose. The phase pattern has a unit cell (or
pixel) of hexagon, as shown in Figure 7.3(b1). The hexagon consists of six equilateral triangles
with gray levels of 153, 5, 51, 5, 5, and 5 in a clockwise direction with 153 at the top right. The
majority of the phase pattern was formed by such hexagons. The spatially variant phase pattern
was produced by embedding 33 hexagon pixels with gray levels 153, 5, 153, 5, 5, and 5 in a
clockwise direction with 153 at the top right and bottom right. The designed phase patterns can

generate six first order diffracted beams. The phase of the diffracted beams is determined by

85



the average gray level of kites inside the hexagon, as shown in Figure 7.3(b2). In Figure 7.3(b2),
the triangles with a gray level of 5 are not shown for the purpose of neatness. For the majority
of the phase pattern, the phase of diffracted beams 1, 3, and 5 is determined by Eq. (7.5), while

for diffracted beam 2, 4, and 6, it is determined by Eq. (7.6):
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Figure 7.3. (a) Enlarged view of embedded phase pattern in the majority phase pattern for
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single lattice defects in dual-lattice bulk structure. The red, green, blue, and yellow hexagons
represent the boundary of the defect region. (b1) Basic hexagonal unit cell with different gray
levels in the six equilateral triangles that compose it. (b2) Orange hexagonal unit cell indicates
diffraction orientation and phase determined by gray levels in the majority background pattern.
(b3) Purple hexagonal unit cell indicates diffraction orientation and phase determined by gray

levels in the embedded defect region. (c) Different gray levels in the six triangles linked by (c1)
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green, (c2) yellow, (c3) blue, and (c4) red hexagons corresponding to the hexagons of the same
color in (a).

The phase of the diffracted beams from the center of the embedded phase pattern is
determined by the gray level surrounded by the hexagon in Figure 7.3(b3) using Eq. (7.6) for all
beams. Around the boundary of the majority phase pattern and the embedded one, we
identified four types of hexagonal structures formed by six triangles, as shown in Figure 7.3(c1-
c4), that can be used to determine the phase of diffracted beams. Again, the triangles with gray
level of 5 were not shown in the hexagonal structures at the bottom of Figure 7.3(c) for the
purpose of neatness. In Figure 7.3(a), the upper boundary is indicated by four red hexagons and
labeled by R. The phase of diffracted beams is determined by the gray levels of six triangles at
the vertices of the hexagon as shown in Figure 7.3(c4). All triangles have a gray level of 153
except the top one. The bottom, left, and right boundaries are indicated by yellow (Y), green
(G), and blue (B) hexagons, respectively. The phases of the diffracted beams are related to the
gray level in six triangles that form hexagons, as shown at the bottom of Figure 7.3(c1, c2, c3)
for green, yellow, and blue patterns around the boundary, respectively.

Figure 7.4(a) shows a CCD recorded diffraction in the Fourier plane by a 532 nm laser
from the phase pattern of Figure 7.3(a) displayed on the SLM. Six first-order diffracted beams in
Figure 7.4(a) are labeled from 1 to 6, which correspond to labels 1 to 6 in Figure 7.3(b2),
respectively. Again, the Fourier filter lets beams 1, 3, 4, and 5 pass through, and they form
interference patterns as recorded by the CCD camera in Figure 7.4(b). A white dashed square
indicates the interference region of the embedded pattern, which is in good agreement with

the simulated interference pattern in Figure 7.4(c1) based on the gray level of the triangle in
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the hexagon in Figure 7.3(b3). Outside the white dashed square in Figure 7.4(b), the
interference pattern shows dual lattices that can be simulated, as shown in Figure 7.4(c2) by
four-beam interference, where the phases of the interfering beams are calculated by Egs.(7.5)
and (7.6), and the gray level of the triangles is shown in Figure 7.3(b2). Figure 7.4(d) shows the
SEM of a fabricated sample with embedded patterns made by exposing the DPHPA
photosensitive mixture to the interference pattern in Figure 7.4(b). The exposure time was 0.8
s. From the SEM, we can see that the embedded single- lattice structures are surrounded by
dual-lattice photonic structures. Both single-lattice and dual lattice structures are in good

agreement with the simulated structures in Figure 7.4(c1, c2).

Figure 7.4. (a) Diffraction pattern from the spatially variant phase pattern in Figure 7.3(a). (b)
CCD image of interference pattern in 4f region. (c) Simulated interference pattern for (c1) single
and (c2) dual lattice regions. (d) SEM image of holographically fabricated structures with single

lattice defect embedded in a dual lattice background.
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Figure 7.5(a) shows an SEM of a fabricated sample recorded at a location that was
slightly longitudinally translated along the z direction (the propagation direction of the zero-
order beam). Comparing Figure 7.4(d) with Figure 7.5(a), no changes are observed in recorded
structures, as the interference pattern is a two-dimensional structure. Both of them clearly

show the single-lattice structures surrounded by the dual-lattice ones.
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Figure 7.5. (a) SEM image of fabricated photonlc structures with defect boundary marked by

red, green, blue, and yellow hexagons. (b) Simulated interference patterns for the boundary
regions indicated by (b1) red, (b2) green, (b3) blue, and (b4) yellow.

Figure 7.5(b1, b2, b3, b4) shows the simulated interference patterns, where the phases
of interfering beams were obtained from the gray level of the triangles in Figure 7.3(c), for the
upper, left, right, and bottom boundaries of embedded structures in Figure 7.5(a), respectively.
From the simulations and SEM, we can see that the photonic structures along the boundary in
Figure 7.4(d) and Figure 7.5(a) are in a transition from the dual-lattice to the single-lattice

structures. The central region in the embedded structures has a circular dot-like structure

89



symmetrically supported by the chain-like structures. Along the upper, left, and right
boundaries, the intensity of weak dots just below the red-dots in the interference pattern in
Figure 7.5(b1, b2, and b3) is stronger than that in the central region of the embedded
structures, as shown in Figure 7.4(cl). The agreement between the SEM and simulated
structure is very good. Along the bottom boundary, simulations in Figure 7.5(b4) show dual-
lattice structures, in good agreement with the SEM in Figure 7.4(d) and Figure 7.5(a). Our
results indicate that it is possible to use a spatially variant phase mask for the fabrication of
graded photonic lattices. In Figure 7.4(d) and Figure 7.5(a), the filling fraction of dielectric
materials in regions of dual-lattice structures is higher than in single-lattice regions. Thus, the
effective refractive index in dual-lattice regions is higher than the single-lattice regions. The
local control of refractive index by the filling fraction can lead toward graded photonic crystals
[131,133,137-140,149] or transformation optics devices [146-147,150], if a coordinate

transformation-based phase pattern can be designed.
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CHAPTER 8
GRADIENT INDEX STRUCTURES THROUGH SPATIAL LIGHT
MODULATOR BASED HOLOGRAPHIC LITHOGRAPHY*

In Chapter 6, a phase pattern constructed from equilateral triangles with varying gray
levels was introduced. When the phase pattern was displayed on the SLM, diffracted beams
with defined phases were generated and interfered to fabricate photonic crystal lattices. In
Chapter 7, functionally graded lattices were fabricated from triangle-pixelated phase patterns
with locally defined gray levels for specific triangles. The advantage of using a geometric
pixelated phase pattern is that spatial variation of the phase and subsequent variation of filling
fraction in holographic structures is easy to accomplish by altering individual pixels or groups of
pixels. The disadvantage of using triangles as the base pixels in the phase pattern is that each
triangle consists of several SLM pixels, which limits the separation distance of the beams in the
Fourier plane, thus limiting the interference angle and how small the periodicity in the photonic
crystal templates can be. To take advantage of the full capability of the SLM, a phase pattern

with base pixels consisting of single SLM pixels needs to be used.

% Parts of this chapter have been previously published, either in part or in full, from K. Ohlinger,
J. Lutkenhaus, B. Arigong, H. Zhang, Y. Lin, "Spatially addressable design of gradient index
structures through spatial light modulator based holographic lithography," Journal of Applied
Physics, 114, 213102 (2013), from J. Lutkenhaus, D. George, B. Arigong, H. Zhang, U. Philipose,
and Y. Lin, “Holographic fabrication of photonic crystal templates using spatial-light-modulator-
based phase mask method,” Proc. SPIE 8974, Advanced Fabrication Technologies for
Micro/Nano Optics and Photonics VII, 897419 (2014), and J. Lutkenhaus, D. George, H. Zhang,
U. Philipose, and Y. Lin, “Spatial light modulator based holographic fabrication of 3D spatially
varying photonic crystal templates,” Proc. SPIE 9374, Advanced Fabrication Technologies for
Micro/Nano Optics and Photonics VIII, 93740V (2015). Reproduced with permission from
American Institute of Physics, and from SPIE Publications.
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8.1 Pixel-by-Pixel Phase Engineering

A checkerboard phase pattern was chosen, an enlarged view of which is shown in Figure
8.1(a), consisting of 2 pixel x 2 pixel square cells tiled across the SLM’s entire 1920 x 1080 pixel
area. The square tile cell is outlined by the orange box in Figure 8.1(a). Each square pixel within
the pattern measures 8um x 8um, the same size as the pixels of the SLM. The gray level of each
of the 4 pixels in the cell can be changed at will. The checkerboard pattern used is the simplest
pattern that allows variation in gray level and also maximizes the distance between the beams
in the Fourier plane by increasing the spatial frequency of the gray levels displayed on the SLM.
When the laser beam is incident on the SLM while this pattern is displayed, the diffraction
directions are in the horizontal and vertical directions through the centers of the pixels. Four
diffracted first order beams and a central zero-order beam are generated by the SLM, as
indicated by the green circles in Figure 8.1(b) and shown in the CCD image taken at the Fourier
plane in Figure 8.1(c). The diffraction angle from the pixels was 1.90 degrees, resulting in a

distance of 18.82 mm between the zero-order and first order beams at the Fourier plane.
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Figure 8.1. (a) An enlarged portion of the phase pattern displayed on the SLM for the

I
w [l

generation of four 1st order beams. Each dark gray or light gray square is a single pixel

measuring 8 x 8 um in size. The orange box is drawn on the phase pattern to indicate the tile
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unit of 2 x 2 pixels that is repeated to create the phase pattern. (b) Close up view of the pattern
from (a) with square unit cell overlaid in purple. Green circles indicate the beams diffracted
from the pattern on the SLM. (c) Photograph in Fourier plane of diffraction pattern generated
by the phase pattern in (a).

The purple square overlaid upon the pattern in Figure 8.1(b) represents the unit cell,
with the red lines dividing the cell into blocks that determine the phase of each individual beam
at the respective corners of the unit cell. The phases of the first order beams are determined

from the following equations,

5, = 22—"5 G 1) (8.1)
5, = zz?ne 11) (8.2)
53 = 22—”5(% 111) (8.3)
8, = %G 1V> (8.4)

where, in a similar fashion to Eqgs. (6.6)-(6.11), the Roman numerals indicate the gray level of
the corresponding pixel in Figure 8.1(a). But with Egs. (8.1)-(8.4), the fraction of the unit cell
contributing to the average gray level (and hence, the phase) is 1/4 the area of the pixel. As in
previous sections, changing the gray level of the block corresponding to the beam in that
block's corner changes the phase of that particular beam.

To demonstrate that these equations are valid, and that the area ratio factor is needed,
we present two test cases. In both cases, the gray level of pixels 1 and 3 is 30 (dark gray). In

the first case, the gray level of pixels 2 and 4 is 94 (lighter gray), as shown in Figure 8.2(al). If
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the light were simply reflected from the checkerboard phase pattern on the SLM, the phase of
beams 1 and 3 would be 0.24m, and the phase of beams 2 and 4 would be 0.24n+0.51. With
two beams being phase shifted by /2 relative to the other two, a woodpile structure can be
formed from the interference of the four first order beams and the zero order beam. However,
since the beams are diffracted from the phase pattern on the SLM, the actual phase for beams
1 and 3 is 0.06m, and the phase for beams 2 and 4 is 0.06m+0.125m. Since the phase difference
between two beams relative to the other two is only /8, the interference of the four side
beams with the central zero order beam will result in isolated, non-connected structures. This is
demonstrated in the CCD image of the interference pattern of the five beams in Figure 8.2(a2).
Figure 8.2(a3) shows a simulated unit cell of structures that can be formed from this
interference pattern. By moving the CCD on the translation stage in the zero-order propagation
direction, we observed the 3D interference pattern to change. The maxima light spots
disappeared and new maxima appeared in the center of four maxima from the previous image.
Moving the CCD further resulted in the pattern from the first image re-emerging. The changes
occurred in half lattice constant steps in the zero-order propagation direction, consistent with
the simulated 3D unit cell of the interference pattern shown in Figure 8.2(a3).

In the second case, the gray level of pixels 2 and 4 is 255, as shown in Figure 8.2(b1). The
phase of beams 1 and 3 is the same as the previous case, but the phase for beams 2 and 4 is
0.06m+0.51m. With the 1/2 phase difference of beams 2 and 4 relative to beams 1 and 3, the
interference of these four beams with the zero order beam can be expected to produce a
woodpile structure, which can be seen in the CCD image of the interference pattern in Figure

8.2(b2), and in the simulated unit cell of structures formed from the five beam interference in
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Figure 8.2(b3). The 3D woodpile structure of the interference pattern in Figure 8.2(b2) was
verified by moving the CCD on the translation stage along the zero-order propagation direction
and observing the pattern changing. When the CCD moved in the propagation direction, the
orientation of the pattern changed by 90 degrees, then changed back, but shifted by a half
lattice constant. When the CCD moved further, the pattern then changed back to the
orientation of the second image, but shifted by a half lattice constant relative to the second
image. Moving even further with the CCD, we observed the pattern to return to the first image.

Each of the changes occurred in quarter lattice constant steps in the propagation direction.

Figure 8.2. (al) Enlarged portion of phase pattern with pixels | and Ill having a gray level of 30,
and pixels Il and IV having a gray level of 94. (a2) CCD image of interference pattern formed
from beams generated by laser incident on SLM displaying pattern in (al). (a3) Simulated iso-

intensity surfaces of unit cell of interference pattern in (a2). (b1) Enlarged portion of phase
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pattern with pixels | and Il having a gray level of 30, and pixels Il and IV having a gray level of
255. (b2) CCD image of interference pattern from phase pattern in (b1). (b3) Simulated iso-
intensity surfaces of unit cell of interference pattern in (b2).

Using the optical setup in Figure 6.1, a DPHPA photoresist mixture was exposed to the
interference pattern in Figure 8.2(b2). The photoresist was spin-coated onto a 1" glass slide at
3000 rpm for 30s. The thin-film was exposed to the interference pattern for 1 to 1.5s,
immersed in propylene glycol methyl ether acetate (PGMEA) for 11 minutes, rinsed in
isopropanol for 1 minute, and air dried. Figure 8.3(a) shows a scanning electron microscope
(SEM) image of the resulting photonic crystal template formed in DPHPA. It very clearly has a
woodpile structure, which is verified by the atomic force microscope (AFM) image in Figure
8.3(b) and the surface profiles in Figure 8.3(c1) and (c2) taken along the red and green lines,

respectively, in Figure 8.3(b).
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Figure 8.3. (a) SEM image of fabricated woodpile photonic crystal template in DPHPA
photoresist mixture. (b) AFM image of woodpile template. (c1) Surface profile along the red

line in (b). (c2) Surface profile along green line in (b).
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By using the method of phase assignment to the beams diffracted from the pattern on
the SLM, we can arrange pixels of different gray levels to construct a phase pattern. By

rearranging Eqs. (8.1)-(8.4) into the form,

1)
Gray Level = 255 X (—) (8.5)

/2
we can calculate the gray levels of each pixel based on a desired phase to be assigned to a
particular beam. However, as can be seen in Eq. (8.5), the maximum phase that can be
assigned to any beam is /2. With an SLM capable of higher phase shift and smaller pixels, such
as the Holoeye LETO SLM, which has a pixel pitch of 6.4 um and a maximum phase shift of 6.21
at 405nm wavelength, even smaller periodicity and higher phase shifts assigned to the beams
are possible.

With the knowledge that specific phases can be assigned to beams generated by simple
geometric phase patterns displayed on the SLM, and knowing the relationship between the
gray level distribution in the phase pattern and the phases assigned to the beams, these phase
patterns can be used to design a phase mask for the fabrication of specified pattern defects or
spatially varying, gradient index structures.

8.2 Effective Refractive Index of Holographically Fabricated Structures

(b)

(c)
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Figure 8.4. (a) Schematic of a 5 beam interference. Iso-intensity surfaces of the unit cells of the
periodic five-beam interference pattern with one beam phase shifted by On (b), 0.6m (c), and
1m (d).

Figure 8.4(a) shows the schematic beam arrangement for a five-beam interference. The
four side beams are arranged symmetrically around the central one and tilted at an angle
relative to the central beam, forming a five-beam interference. The five-beam interference
pattern is determined by the individual beam intensity, polarization, phase, and propagation
direction. The intensity profile of a five-beam interference pattern can be calculated as,

5 5
I(r) =1y + AI(r) = (Z EZ(r,t)) + Z E;-Ejcos|(k; — kj) - 7 + ASy] (8.6)
i=1 i<j
where E; is electric field strength, k; is wave number, E; - E; is related to beam polarization, and
Ad;j = 6; — §; is initial phase difference. The calculated interference pattern based on Eq. (8.6)
is shown in Figure 8.4(b-d). The iso-intensity surfaces are illustrated by different colors. After
the photoresist receives a laser exposure and the exposed photoresist is developed, a 3D
pattern corresponding to a certain iso-intensity surface (liso) is formed. The volume fill fraction f
of the polymerized region (also the effective permittivity) is determined by the step functions:
e(r); = lwhen I(r) < I, (8.7)
g(r), = n?whenI(r) > I, (8.8)
where € is the dielectric constant, and n is the refractive index of the polymerized photoresist.
In the regions with €1, the photoresist is developed out and occupied by air, and in the regions
with €2, photoresist is polymerized. As shown in Figure 8.4(b-d), if one side beam is phase

shifted from 0 to 0.6m and to 1m relative to the others, the unit cell of the five beam
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interference pattern changes from isolated ellipsoids to an interconnected woodpile. Thus, the
filling fraction of polymer will be phase-dependent. Based on the effective medium

theory,[151-152] the effective refractive index can be calculated by the equation:

Nerr(r) = Je@) = /(L — Ha (@) + fe, (), (8.9)

From this equation, it can be seen that the effective refractive index of the
holographically fabricated structure, given by n., is dependent on the filling fraction of the
polymer and of the air, which is, in turn, dependent upon the phases of the interfering beams.
8.3 Demonstration of Simple Gradient Index Structures using the SLM

As shown in the previous chapters, geometric phase patterns displayed on the SLM are
capable of assigning specific phases to the generated diffracted beams, which can change the
fill fraction of the structures formed from the exposure of the thin-film photoresist to the
interference pattern. The checkerboard phase pattern in Figure 8.1(a) was shown to generate
four 1st order side beams with phases determined by Egs. (8.1)-(8.4) and a Oth order central
beam. This pattern changes gray levels pixel-by-pixel; however, manually setting the gray level
of each of the 1920 x 1080 pixels to achieve spatial variance is impractical. The 4 pixel unit cell
tile is capable of producing a large area uniform interference pattern, but cannot generate
spatially varying patterns alone. Increasing the size of the unit cell tile to a larger number of

pixels would allow greater variation in the pattern.
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Figure 8.5. (a) Supercell phase tile assembled from unit cell tiles from Fig. 12(al) & (b1). (b)

View of portion of phase pattern made from supercell phase tile in (a); repeat unit indicated.
(c) CCD image of the interference pattern in the 4f region, generated by tiling the supercell
phase tile in (a) across the entire SLM, and interfering the diffracted Oth order and four 1st
order beams.

For example, the large supercell phase tile in Figure 8.5(a) is composed of 4 super pixels
which in turn consist of 3 x 3 of the 2 pixel x 2 pixel unit cells. The gray levels of the unit cell in
the purple square in Figure 8.5(a) correspond to the phase pattern in Figure 8.2(al) with gray
levels of {30,94,30,94}; gray levels in the unit cell in the green square in Figure 8.5(a)
correspond to the phase pattern in Figure 8.2(b1) with gray levels of {30,255,30,255}. As shown
in the previous chapter, the phases of beams in the purple square are 0.06m for beams 1 and 3
and 0.06m+0.125m for beams 2 and 4; for the green square, the phases of the beams are 0.06m
for beams 1 and 3 and 0.06m+0.5m for beams 2 and 4. The interference of the four beams plus
the central beam generated by the phase pattern in Figure 8.2(al) produces non-bi-continuous
structures, whereas the interference of the 4+1 beams produced by the phase pattern in Figure
8.2(b1) results in a connected woodpile structure. Figure 8.5(b) shows a portion of the overall

phase pattern made from repeating the phase tile in Figure 8.5(a). In Figure 8.5(c), a CCD image
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showing the interference pattern produced by the phase pattern made from the composite tile
in Figure 8.5(a) can be seen. A small periodicity and a larger periodicity to the pattern can be
seen, and squares with the same color indicate structures with the same patterns.

Extending this method to a larger composite tile allows larger areas with the same
pattern to be produced. From the results in Figure 8.5, we can see that the area with the
pattern from Figure 8.2(al) produces an isolated structure, while the area with the pattern
from Figure 8.2(b1) produces a woodpile structure. Using the phase pattern with the
composite tile can produce an interference pattern with areas containing both structures. A
larger composite tile (supercell) is shown in Figure 8.6(a) that was made for this purpose,
consisting of 4 super-pixels, which are each composed of 6x6 unit cell tiles, with each unit cell
tile made of 2x2 SLM pixels. The supercell is tiled across the SLM, just as the original unit cell
was. A photograph of the Fourier plane is shown in Figure 8.6(b). The diffraction pattern is
complex, with the 1st order beams related to the periodicity of the individual pixels shown with
small red circles around them, and the 1st order beams related to the periodicity of the super-
pixels shown with a large red circle in the center around them. In fact, the supercell-tiled phase
pattern can be considered as the addition of two checkerboard phase patterns: one with a 2
pixel periodicity (16um), and one with a 24 pixel periodicity (192um). This can be demonstrated
in Figure 8.6(c), which shows two checkerboard phase patterns with the periodicities just
mentioned, and in Figure 8.6(d), which shows photographs of their respective Fourier planes,
with respective 1st order diffractions spots circled in red. In the Fourier plane photograph in
Figure 8.6(b), the circled beams are allowed to pass through the Fourier filter, and all other

orders are blocked.
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Figure 8.6. (a) Composite phase tile constructed from smaller phase tiles, which is repeated

across the SLM to produce a total phase pattern. (b) Photograph of diffraction pattern in the
Fourier plane generated by the phase pattern in (a); beams allowed to pass through the Fourier
filter are circled in red. (c) Phase tile with (1) 24 pixel period and (2) single pixel period. (d)
Fourier plane photographs of diffraction pattern from the phase pattern using the (1) (c1) tile,
and (2) the (c2) tile.

The beams diffracted from the larger 192um period pattern are only 1.87mm from the
optical axis, while the outer beams diffracted from the 16um period pattern are 18.82mm from
the optical axis. The electric field in the interference region at the 4f point due to the beams
allowed to pass through the Fourier filter, with phases assigned to the beams according to the
gray levels of the pixels in the phase pattern, is described by the following equation:

E(r,t) = Egexpli (ko - — wt)] + Z E, expli (k,, r — wt + 6,)]

n=1

(8.10)

4
+ Z E,, expli (ky, - T — wt + 8,)]

m=1

The 1st term in Eq. (8.10) represents the zero-order beam; the second term represents the

outer 1st order beams; and the final term represents the inner 1st order beams. The
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interference pattern of the four outer 1st order beams plus four inner 1st order beams plus the
central zero-order beam is given by:
9 9
I(r)=1,+Al(r) = (Z EX(r,t)) + z E; - Ej cos[(kl- — kj) r+ (6i - 6]-)] (8.11)
i=1 i<j
Figure 8.7(a) shows simulations of two transverse planes of the interference pattern
generated by the superposition of the allowed beams in Figure 8.6(b). Figure 8.7(b) shows a
CCD image from the 4f point where all the allowed beams interfere together. The pattern in the
CCD image resembles the simulated interference patterns in Figure 8.7(a). The interference
pattern has some regions with a bright, interconnected structure, and other regions having a

dimmer, more isolated structure.

Figure 8.7. (a) Two 2D intensity profiles taken at different

a N A «*

planes in the axial dirction, oing
the change in the interference pattern produced by the allowed beams in Figure 8.6(b). (b) CCD
image of the interference pattern produced by the superposition of the allowed beams in
Figure 8.6(b) at the 4f point. (c) Optical microscope image (40X) of holographically fabricated

structures in DPHPA.
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Holographic structures were fabricated by exposing a photoresist mixture to the
interference pattern shown in Figure 8.7(b). The mixture was made from the following
components in the specified weight concentrations: dipentaerythritol penta/hexaacrylate
(DPHPA) monomer (Aldrich, 89.75%), rose bengal photoinitiator (0.014%), N-vinyl pyrrolidinone
chain extender (9.6%), N-phenyl glycine co-initiator (0.58%), and triethylamine (0.055%). The
DPHPA mixture was spincoated onto a glass slide at 3000rpm for 30s. The thin film was then
exposed to the interference pattern for a typical time of 3.2-3.6s, developed in propylene glycol
methyl ether acetate (PGMEA) for 10 minutes, and rinsed in isopropanol and allowed to air dry.

Figure 8.7(c) shows an optical microscope image of a holographically fabricated sample
in DPHPA. There is a composite structure comprised of a large period square lattice with a
smaller woodpile structure within. The period of the larger structure is 22.22um, and the period
of the smaller structure is 1.71um, measured using comparison to a 3um period AFM
calibration sample. It should be noted that the exposure condition for the structure shown in
Figure 8.7(c) is very strict. As seen in the CCD image in Figure 8.7(b), the darker regions of the
interference pattern have a non-zero field. If the exposure time is too long, or the development
time too short, the void regions in Figure 8.7(c) will be filled in with polymerized photoresist.
While the fabricated lattices have a simple spatially varying structure, that structure is periodic
over the entire sample. One of the advantages of using the geometric phase patterns is the
ability to locally define a small region in the phase pattern to create local, non-periodic
designed defects in the fabricated structures, which will be explored further in the following

chapters.
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CHAPTER 9

REGISTERING FUNCTIONAL DEFECTS INTO PERIODIC HOLOGRAPHIC STRUCTURES®

In this chapter, we present methods for registering two types of defects in periodic
structures using SLM-based holographic lithography. For the fabrication of structures with
different fill fractions, different diffraction efficiencies were locally designed in the phase
pattern, which was displayed on the SLM. The fill fraction of local dielectrics in the holographic
structures was not only controlled, these local defects were registered in the background
lattice. Filling fraction control in holographic structures can lead toward the fabrication of
isotropic gradient refractive index photonic crystals for electromagnetic field control. We also
present the design and fabrication of a variant lattice of a 90° bend registered in a periodic
background lattice.
9.1 Design and Fabrication of Desired Defects with Different Filling Fractions

Figure 9.1(a) shows an enlarged view of the phase pattern displayed on the SLM. The
pattern consists of triangles arranged in hexagonal unit cells, one of which is indicated by the
purple hexagon in Figure 9.1(a). Six 1st order beams are diffracted from the phase pattern
when it is displayed on the SLM and illuminated by the laser beam, indicated by the green
circles in the triangles in Figure 9.1(a) and labeled 1-6 in Figure 9.1(a) and in Figure 9.1(b). The

phases of the diffracted beams are determined by the average of the gray levels; [89] for

> Parts of this chapter have been previously published, either in part or in full, from J.
Lutkenhaus, D. George, D. Lowell, B. Arigong, H. Zhang, U. Philipose, and Y. Lin, “Registering
functional defects into periodic holographic structures,” App. Opt. 54, 7007-7012 (2015), and
from J. Lutkenhaus, D. George, H. Zhang, U. Philipose, and Y. Lin, “Spatial light modulator based
holographic fabrication of 3D spatially varying photonic crystal templates,” Proc. SPIE 9374,
Advanced Fabrication Technologies for Micro/Nano Optics and Photonics VIII, 93740V (2015).
Reproduced with permission from OSA Publishing, and from SPIE Publications.
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example, the phase of beam 1 is determined by the average of the gray levels inside the red
kite shape in Figure 9.1(a). Figure 9.1(b) shows the diffraction pattern formed from the phase
pattern in the 2f plane with the 1st order beams allowed through the Fourier filter indicated by
the large, green circles. Beams 1, 3, 4, & 6 were chosen because a change in the phase of beam

4 will create an easily noticeable change in the interference pattern. [89]

Figure 9.1. (a) Phase pattern with selected reduced area triangles designed using MATLAB
program. The purple hexagon indicates the unit cell of phase pattern. Adjustable gray level and
area of triangles labeled 1-6: the area of triangles 2, 4, & 6 were reduced to 75% of the size of
triangles 1, 3, & 5. Beam 1 phase determined by the average gray level in the kite shaped area
with red border in (a). (b) Simulated Fourier plane diffraction with 1st order diffracted beams
labeled 1-6. Green circles indicate holes in the Fourier filter that allow first order diffracted
beams 1, 3, 4, & 5 and block all other orders of beams.

The filling fraction of the holographically formed structures is controlled by the
diffraction efficiency of the beams diffracted from the phase pattern on the SLM. The
diffraction efficiency is affected by changes in the period, gray levels, and cycle in the phase

pattern. The period of the pattern is fixed, so the diffraction efficiency will depend on only the
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gray levels and cycle of the phase pattern. Since the gray levels of the triangles in the pattern
determine the phases of the diffracted beams, this leaves changing the cycle (size of
triangles/period) as the means of controlling the diffraction efficiency. To rule out the effect of
the phase changing the interference pattern and study the effect on the filling fraction, we used
the four beams selected in Figure 9.1(b) because of the sensitivity of the interference pattern of
those four beams to small phase changes, which are easily seen. The intensity of the four
interfering beams is given by:
4 4
I(r) =1,+AI(r) = (Z El-z(r, t) + Z E;-Eje; - e cos[(ki — kj) r+ (SL- — 6j)] (9.1)
i=1 i<j
where k is a wave vector, & the initial phase, E and e the constant of electric field strength and
electrical field polarization direction, respectively. A lattice shift of mxa+nxb (a and b are
lattice constants in x and y directions, respectively) in the interference pattern is observed
when the phase of the beams is changed by ¢,
4
ZEi ' E] e;- ej COS[(ki - k]) T+ (61 - 6]) + (p]
i<j
(9.2)

4
=Z E;-Eje; e cos[(kl- — kj) “(xi +yj + ma +nb) + (Si — 6]-)]

i<j
where (kj-ki) e(mxa+nxb)=d¢.
We performed two studies to investigate the effects of changes in diffraction efficiency
on filling fraction: the first study included both phase and filling fraction effects; and the
second study excluded the influence of phase on the filling fraction. Figure 9.2 shows the phase

pattern generated by MATLAB using hexagonal unit cells similar to the one shown in Figure
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9.1(a) with 3 distinct regions, labeled 1, 2, & 3. Region 1 is the background phase pattern with
gray levels for triangles {1, 2, 3, 4, 5, 6} being {153, 51, 153, 51, 153, 51}, respectively. Region 3
is similar to the background phase pattern, but all of the triangles have gray levels of 153. In
Region 2, the area of triangles {2, 4, & 6} is reduced to 75% of the area of triangles {1, 3, & 5}.
Since the area of the triangles was reduced, the average gray level in the kite-shaped area, and
subsequently, the phases of the beams were changed as well. To attempt to keep the phase of
the beams in Region 2 to be the same as in Region 3, the gray level of triangles {2, 4, & 6} were
increased by a factor of 1/(75%)=(4/3), so that the gray levels of triangles {1, 2, 3, 4, 5, 6} in

region 2 were {153, 204, 153, 204, 153, 204}, respectively.
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Figure 9.2. Enlarged view of phase pattern with defect area. Region 1 triangle gray levels were
{153,51,153,51,153,51}. Region 3 triangle gray levels were all 153. Region 2 triangle gray levels
were {204,153,204,153,204,153}. The areas of the triangles in region 2 with gray levels of 204

were 75% of those with gray levels of 153.
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To measure the diffraction efficiency of each region, three phase patterns were
generated using unit cells from each region. The three defect-free phase patterns, with gray
levels, periods, and triangle areas kept the same as the regions described above, were each
displayed on the SLM separately with a linear gamma curve (0 gray level for 0 phase to 255 gray
level for 2m phase) in use. The ratio of the measured power of beam 5 over the measured
power of the zero order beam, or the diffraction efficiency, was recorded for each case. For the
phase pattern made from unit cells in region 1, the diffraction efficiency was measured to be
1.28%. For region 3, it was 0.41%. For the phase pattern made from the unit cell in region 2
with the triangles with 75% of the original area, the diffraction efficiency was measured to be
3.49%. Phase patterns similar to region 2 were created with triangles reduced to n% of the
original area and the gray level increased to 1/ (n%). The diffraction efficiency of the phase
patterns with triangles {2, 4, & 6} reduced to 90%, 80%, & 70% of the original area was
measured to be 1.08%, 2.41%, and 4.42%, respectively.

Theoretically, the phases of the diffracted beams in regions 2 and 3 should be identical.
But due to the fact that the triangles in the phase pattern are represented using the square
pixels of the SLM and that the base of the original triangle is only 12 pixels, the calculation of
the phases may not yield exactly the same phase for the beams in region 2 and the beams in
region 3. This would mean that simulation of the interference pattern using equations (1) and
(2) may not yield the correct interference patterns. To simulate the interference patterns of the
phase patterns with the embedded defects, fast Fourier transform (FFT) simulations were
performed in MATLAB using the phase pattern in Figure 9.2 as input. The first FFT simulation

gave the simulated Fourier plane (2f). A filtering operation was performed to simulate the
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Fourier filter that exists in the optical setup (as seen in Figure 6.1). Then an inverse FFT gave the
intensity pattern seen in Figure 9.3(a). This simulated intensity pattern in Figure 9.3(a) matches
closely with the optical microscope image of the holographically formed structures in DPHPA in

Figure 9.3(b).
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Figure 9.2 with a linear gamma curve. The red and white arrows point to boundaries between
the defect region and the background. (b) Optical microscope image of fabricated structures in
DPHPA. The red rectangle indicates the location of the defect produced from the interference
region corresponding to regions 2 and 3 in the phase pattern. The orange dotted line indicates
the boundary lattice between regions 2 and 3. The red arrow points to the right edge of the
defect boundary. Red scale bar is 100um.

Theoretically, the phase of beam 4 in the designed defect regions 2 & 3 was shifted
relative to the phase of beam 4 in the background region 1. Then, a lattice shift in the defect
regions in the horizontal direction, relative to the background lattice, is expected, which is what
is clearly observed in both the simulated interference pattern in Figure 9.3(a) and in the

fabricated structures shown in Figure 9.3(b). The shift of the lattice in region 2 of the fabricated
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structure in Figure 9.3(b) is smaller than the shift in region 3. This may be due to the fact that
the triangles are displayed using the square pixels of the SLM and the phase from the average
gray levels from the shrunken triangles may differ between regions 2 & 3. Another phase effect
that can be seen is that of the boundary lattices formed between regions, indicated by white
and red arrows in Figure 9.3(a) and (b). Because of the boundary lattices and the lattice shifting
between the defect regions and the background region due to the phase differences in the
interfering beams, the defect regions are not registered within the background lattice in the
fabricated structures in Figure 9.3(b). Also easily observed is that the fill fraction in the
fabricated structures corresponding to region 2 in the phase pattern is much higher than that
corresponding to region 3. The higher diffraction efficiency of region 2 is the cause of the higher
filling fraction in the corresponding region in the fabricated structures. The measured
diffraction efficiency for region 3 was lower than the measured efficiency for region 1, but in
the fabricated structures, the filling fraction is higher in the area corresponding to region 3 in
the phase pattern than in the area corresponding to region 1. The higher filling fraction in

region 3 is explained by phase-shifting-induced intensity redistribution.
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the gray levels of 51 and 53. (b) Simulated interference pattern using the non-linear gamma

curve. White rectangle indicates the location of the defect region corresponding to regions 2
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and 3 in the phase pattern from Figure 9.2. (c) Optical microscope image of structures
holographically fabricated in DPHPA using the phase pattern from Figure 9.2 and the gamma
curve in (a). White lines indicate the corners of the defect region, and the yellow dotted line
indicates the boundary region between regions 2 and 3.

To reduce the phase effects in the interference pattern and study the effects of the
diffraction efficiency change from the reduction in area of the triangles in region 2 of the phase
pattern, a gamma curve provided by HoloEye was used with the phase pattern displayed on the
SLM. This curve is shown in Figure 9.4(a). Gray levels 51 and 153 are labeled with black squares
on the curve. Due to the non-linear shape of the curve, the two gray levels are almost the same.
In fact, with this curve in use, the phases of all of the first order beams are nearly equal.
Recalling that the gray level scheme of region 1 was {153, 51, 153, 51, 153, 51}, the scheme of
region 3 was all 153, the gray level scheme of region 2 was {153, 75% of 204, 153, 75% of 204,
153, 75% of 204}, and 51 and 153 are almost the same using this curve, we see that the phases
do not vary much across the diffracted beams. Thus, we predict no lattice shifting in the
interference pattern. Figure 9.4(b) shows the simulated interference pattern in the 4f plane
using the HoloEye gamma curve and the designed phase pattern shown in Figure 9.2. As
predicted, no lattice shifting is seen in the simulated interference pattern in Figure 9.4(b). The
white box in Figure 9.4(b) demarcates the boundary of the defect region containing regions 2
and 3. Figure 9.4(c) shows the holographically fabricated structures in DPHPA. There is no
lattice shifting between the different regions, as predicted and seen in Figure 9.4(b), and the

defect regions are very well registered into the background lattice.
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The measured diffraction efficiencies for regions 1, 2, & 3 using the non-linear gamma
curve were 2.81%, 13.01%, and 4.68%, respectively. These values are higher than those with
the linear curve, with region 2’s diffraction efficiency being over three times higher. These
higher diffraction efficiencies caused the higher filling fractions observed in the fabricated
structures in Figure 9.4(c), with the filling fraction in region 2 being visibly much higher than in
regions 1 or 3. These results show that the diffraction efficiency of phase patterns displayed
on the SLM can be locally altered for the purpose of locally controlling the filling fraction in the
holographically fabricated structures, and that the designed defects are registered into the
background. This translates to local control over the index of refraction, which sets the stage
for a single exposure fabrication of gradient index structures such as photonic crystal GRIN
lenses [36-38] or cloaking applications. [39-41]

9.2 Registering Desired Defects with 90° Bend with Periodic Structures

In order to reduce the size of optical components for the integration of optical circuits, it
is important to have optically functional structures with the capability to flow a light beam
through a 90 degree bend.[6, 131,134,137-140] Spatially variant lattices have been synthesized
for 90 degree bending of light beams by simultaneously varying the lattice orientation, spacing,
and fill fraction.[131,134,137-140] These functional structures have been fabricated, but have
not been integrated with background periodic structures. [131,134,137-140] We used two
methods to register such functional defects into background periodic structures. This was
achieved by first establishing a uniform lattice, then defining the spatial variance parameters,

followed by the construction of a spatially variant wave vector field. From the spatially variant
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wave vector field, a grating phase function was calculated through a gradient function, a

relationship realized by:

where k; is the wave vector field for the ith beam, and ¢; is the phase of the ith beam. This was
accomplished by approximating the gradient function by central finite difference method, then
solving the set of equations for the phase using the least squares method. In Ref. 43, the
calculated phase function was used with a SLM to generate a 2D spatially variant wave field.
We further expanded on this method by introducing spatially variant defect structures within a
uniform lattice.

To generate the spatially varying phase pattern, we first chose the number of beams,
the initial phases of those beams, and the interference angle, which controls the periodicity, in
order to set up the initial uniform lattice. For the phase pattern in Figure 9.5(a), 4 beams were
specified, with the initial phases of those beams being set to zero. Then, the spatial variance
parameters are chosen. A MATLAB program is used to approximate the derivatives via finite
difference calculations, and numerically solve the set of equations for the phase functions of
the different beams. The phase functions are then used as the phases for the electric fields of
the beams, and the electric fields are summed. The phase of the total electric field is extracted
and used as a phase pattern on the SLM.

For the phase pattern for the pure desired defect region in Figure 9.5(b), the lattice

spacing parameter was held constant, and the lattice orientation parameter was chosen as
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where Xmax and ymax represent the size of the defect region. The orientation parameter only

exists in the defect region defined by Xmax and ymax. Outside of the defect region, the orientation

parameter is zero.
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Figure 9.5. (a) Background phase pattern of a periodic square lattice where a desired defect will
be registered. (b) Enlarged view of the phase pattern of desired defects with a 90° bend (c)

Enlarged view of phase pattern with phase of defect region and background calculated
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simultaneously. (d) Optical microscope image of fabricated thin-film sample using the phase
pattern in (c). Scale bar measures 20 um.

Initially, we calculated the phase function of the entire pattern all at once. This phase
pattern can be seen in Figure 9.5(c). The top left of the desired defect lattice was well
registered into the background lattice. However, this resulted in distortion near the other edges
of the defect region, as seen in Figure 9.5(c), and distortions throughout the phase pattern. This
carried over into the exposure of the thin-film samples, as seen in Figure 9.5(d), where the
lattice distortions are clearly observed. To address the distortion issue, the calculation of the
phase pattern was broken up into two steps. The first step was to calculate the uniform lattice
with constant lattice spacing, seen in Figure 9.5(a), and no lattice orientation parameter
specified. Then a second calculation was performed to find the phase of the defect region, seen
in Figure 9.5(b). Then the phase of the defect region was inserted into the uniform lattice

phase. The complete phase pattern, shown in Figure 9.6(a), was then displayed on the SLM.

(a)

Figure 9.6. (a) Enlarged view of the phase pattern with a 90° bend defect embedded in a

uniform background phase with defect region and background phase calculated separately. (b)

116



Photograph of diffraction pattern in Fourier plane produced by phase pattern in (a). (c)
Simulation of Fourier plane from Fourier transform of the phase pattern in (a).

Figure 9.6(b) shows the diffraction pattern in the 2f plane generated by the laser beam
diffracting from the phase pattern in Figure 9.6(a) on the SLM. The four 1st order diffraction
spots are circled in red. The ring of light connecting the 1st order spots is due to the spatially
varying defect. The Fourier filter blocked all higher order spots outside of the area indicated by
the yellow circle in Figure 9.6(b). The light inside the area of the yellow circle was allowed to
pass through the Fourier filter, which included the 1st order beams, the ring of light, and the
central Oth order beam. A Fourier transform (FT) simulation in MATLAB of the 2f plane can be
seen in Figure 9.6(c). The first order region in the simulated image closely resembles the
photograph of the diffraction pattern, with the first order spots and the ring of light apparent.

The diffracted beams allowed through the Fourier filter are interfered at the 4f point
after the second lens in the optical setup (seen in Figure 6.1). A subsequent FT of the simulated
2f plane in Figure 9.6(c) produces a simulation of the 4f plane, as seen in Figure 9.7(a), which
shows an interconnected structure and the 90° bend in the lattice orientation. If the desired
defect region is used to turn light by 90°, the light input and output directions are marked by
the arrows in Figure 9.7(a). In these two directions, the lattices in the desired defect region
were registered with the background lattice. Figure 9.7(b) shows a FT simulation of the 4f plane
if the zero order region is blocked by the Fourier filter. By blocking the zero-order region, small
voids appear around the edges of the defect, and the overall intensity in the 4f plane decreases.
If a thin-film photoresist is exposed to the interference pattern in Figure 9.7(b), the small voids

have the potential to cause the defect region to detach from the rest of the polymerized
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photoresist during the development process, resulting in a void instead of a spatially varying
defect. In comparison to the intensity pattern in Figure 9.7(b), the simulated intensity in Figure
9.7(a) does not have these voids around the edges of the defect. For this reason, the zero-order
beam was allowed to pass through the Fourier filter and interfere with the other beams.
Photonic crystal templates were holographically fabricated in photoresist by exposure to
the interference of the allowed beams shown in Figure 9.6(b). The photoresist was made from
the following components in specified weight concentrations: DPHPA monomer (Aldrich,
90.25%); rose bengal photoinitiator (0.045%); NPG co-initiator (0.67%); NVP chain extender
(8.92%); and triethylamine (0.12%). The mixture was spincoated onto a glass slide at a speed of
7500 rpm for 30s. The thin film on the glass slide was then exposed to the interference pattern
at the 4f plane for a typical time of 0.05-0.1s. Then, the exposed samples were immersed in
PGMEA developer for 10 minutes, followed by an isopropanol rinse. In the optical microscope
photograph in Figure 9.7(c), the holographically fabricated structure in DPHPA with a 90° bend
defect in a background pattern can be seen. The fabricated lattices along the left and bottom
edges of the desired defect region were registered with the background better than those
along the top and right edges. That is the desired result because the left and bottom edges of

the defect region will be used for coupling light beams, as shown in Figure 9.7(a).
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(a)

Figure 9.7. (a) Simulation of 4f interference pattern using Fourier transform of light allowed to
pass through the Fourier filter as indicated in Figure 9.6(b). (b) Simulation of 4f interference
pattern if the zero-order diffraction spot is blocked. (c) Optical microscope image (25X) showing
a fabricated spatially variant 2D photonic crystal template with a 90° bend defect in a uniform
background lattice. Scale bar measures 50 pum.

The period in the fabricated holographic structures was in the micrometer range. The
period of the background pattern in Figure 9.7(c) is 7.8uum, measured using comparison to a
3um AFM standard sample. These structures can be used to control mid-infrared light. [18
from registered defect paper] To produce structures that can control light in the visible range,
the period of the fabricated structures will need to be reduced. Further reduction of the period
can be achieved by demagnification of the 4f imaging system (f,/f,), using an objective lens with

a high magnification and using an SLM with a smaller pixel size.
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CHAPTER 10
HOLOGRAPHIC FABRICATION OF DESIGNED FUNCTIONAL DEFECT LINES IN
PHOTONIC CRYSTAL LATTICES USING A SPATIAL LIGHT MODULATOR®

In this chapter, we realize direct imaging of functional defect lines in PhCs through
holographic lithography by assigning one gray level for each pixel in the SLM. Because the
functional defects are integrated in the phase pattern, the interfering beams not only carry the
defect’s content, but also the defect related phase information. The phase shift of interfering
beams near the functional defects modifies the photonic lattice near the defects. The phase-
related lattice shift was studied in five beam and in three beam interference patterns, and this
knowledge was used to design and fabricate functional defects registered into the photonic
lattices.

10.1 Theory

(a)

Figure 10.1. (a) An enlarged view of the checkerboard phase pattern displayed on the SLM. The
dashed purple square indicates the size of one unit cell of 8 x 8 umz. (b) CCD image of the

diffraction pattern at the Fourier plane. The red circles indicate beams passing through the

® Parts of this chapter have been previously published, either in part or in full, from J.
Lutkenhaus, D. George, D. Lowell, H. Zhang, Y. Lin, “Holographic fabrication of designed
functional defect lines in photonic crystal lattice using a spatial light modulator,”
Micromachines 7, 59 (2016). Reproduced with permission from Multidisciplinary Digital
Publishing Institute.
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Fourier filter. (c) Scheme of the five beam interference arranged four-fold symmetrically. Beam
5 propagates along the z-axis. (d) Simulated intensity distribution for the interference of the
four first order beams with the central zero order beam.

Figure 10.1(a) shows an enlarged view of a square checkerboard phase pattern
comprised of 2 pixel x 2 pixel square cells tiled across the SLM’s entire 1920 x 1080 pixel area.
The purple square indicates one of the unit cells with the direction of periodicity at 45 degrees
with respect to horizontal and vertical directions. The size of the unit cell is 8 x 8 um?, which is
also the size of one pixel in the SLM. The gray level of each pixel in the unit cell can be
individually set to desired values. When the checkerboard pattern is displayed on the SLM and
then illuminated by the expanded and collimated 532nm laser beam, four first order beams,
labeled (1, 2, 3, 4) in Figure 10.1(a), and a central zero order beam (labeled 5 in Figure 10.1(a))
are diffracted from the SLM. The phases of the diffracted beams (1, 2, 3, 4) are determined by

the formula

¢ = (2m/255) * (Gray Level /4). (10.1)

The factor of 4 in the formula is due to the fact that a quarter of each pixel is included in
the dashed purple unit cell in Figure 10.1(a). Figure 10.1(b) shows an example of the diffraction
pattern of the laser beams diffracted by the checkerboard phase pattern on the SLM at the
Fourier plane of the 4f imaging system (shown in Figure 6.1). The pattern was recorded by a
CCD camera. Surrounding the Oth order diffraction in the center, four 1st order diffractions
(labeled 1, 2, 3, and 4) form a pattern that has 4-fold symmetry. A Fourier filter is used to let

the beams inside the red circles pass through. Propagating through the second lens, these five
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beams are overlapped in the 4f plane. The wave vectors of the diffracted beams at the 4f
interference plane are arranged four-fold symmetrically with beam 5 propagating on the optical
axis, as arranged in the coordinate system shown in Figure 10.1(c). The five beams are

represented by the following equations:

Ei(r,t) = E, cos[(k sinB) y + (k cos8)z — wt + ;] (10.2)
E,(r,t) = E, cos[—(k sinf) x + (k cosf)z — wt + 5] (10.3)
Es(r,t) = E5 cos[—(k sinf) y + (k cosf)z — wt + &5] (10.4)
E,(r,t) = E, cos[(k sinf) x + (k cosf)z — wt + 6,] (10.5)
E<(r,t) = Eg cos[kz — wt + &s] (10.6)

where E; is the electric field, k is the wave vector, and §; is the initial phase of the beam. An
interference pattern is formed when the five beams are overlapped. The intensity distribution
in the interference pattern can be determined by the following equation and the interference
pattern in x-y plane is shown in Figure 10.1(d):
5 5
I(r) =1, + Al(r) = (Z EZ (r,0)) + Z E; -Ejcos|[(kj — k;) -7 + (8; — 8] (10.7)
i=1 i<j
If we integrate the functional defects into the phase pattern, the first order diffracted
beams carry the spatial frequency information of the defect line. The amplitude patterns
associated with each first-order diffracted beam are shifted with the same spatial frequency
from the origin by an amount of sin 8/A. When the diffracted beams are overlapped for the

interference, the interfering beams not only carry the defect’s content, but also the defect
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related phase information. The phase shift of interfering beams near the functional defects will
modify the photonic lattice near the defects.
10.2  Functional Defect Lines in Square Photonic Lattices through 5-Beam Interference

In this section, the lattice shift during the direct imaging of functional defect lines in the
PhC lattice is studied through five-beam interference lithography. The checkerboard pattern is
used as a background phase pattern with a bright gray level of 255 and a dark gray level of 30,
as shown in Figure 10.2(a). For the functional defect line, the gray levels of a line of pixels are
changed to 255 to create a white line defect in the background phase as shown in Figure
10.2(a). In Figure 10.2(b), an enlarged view of the line defect in the phase pattern is shown. The
red dashed square indicates a unit cell from which the phase of the interfering beams can be
calculated. Before adding the defect line to the phase pattern, the pixel for beam 4 in the
defect phase shown in Figure 10.2(b) had a gray level of 30. After adding the defect, the gray
level of the pixel for beam 4 is changed to 255. Thus, the phase of beam 4 in the defect line in
Figure 10.2(b) is shifted by B*2m, where B = ((255-30)/255)*0.25. The lattice shift in the defect

region of the five-beam interference pattern due to beam 4 can be written as:
Al, = E, - E,cos[(—ksin8)x + (ksin0)y + (¢p; — ¢ps) — B - 27]
+E, - E, cos[(—2ksin 0)x + (¢, — 6,) — B - 2m]
(10.8)

+E; - E,cos[(—ksin@)x — (ksin0)y + (¢35 — ¢p,) — B - 2m]

+E, - Escos[(ksin@)x + (kcos@ — k)z + (¢, — ¢ps) + B - 2m].
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The lattice constant in the x-y plane is defined to be a=A\/sinB, and the lattice constant in the z-
direction is defined to be c=M((1-cosB)), where A is the wavelength of the interfering beams.

Based on these lattice constants, Eq. (10.8) can be rewritten as:
Al, =E; -E,cos[-(2n/a)x + 2n/a)y + (86, — 6,) — B - 2m]

+E, - E,cos[—(4n/a)x + (6, — 6,) — B - 2m]
(10.9)
+E; - E,cos[—(2n/a)x — 2n/a)y + (65 — 8,4) — B - 2]

+E, - Escos[(2n/a)x + 2n/c)z + (64 — 65) + B - 2m]
The shift in the defect lattice relative to the background lattice due to the phase shift of B*2min
beam 4 can be determined by the following equation (which is modified from Eq.(10.9)):
Al, = E,-E,cos[2n((-1/a)i + (1/a)j + Ok)(x +y + z
+ B(0.5a + 0.5a + O.SC)) + (6, — 54)]
+E,-E, cos[Zn((—Z/a)i +0j + Ok)(x +y+z
+ $(0.5a + 0.5a + 0.56)) + (6, — 64)]
(10.10)
+E; - E,cos[2n((—1/a)i+ (—1/a)j + Ok)(x + y + z
+ £(0.5a — 0.5a £ 0.5¢)) + (65 — 38,)]
+E, - Escos[2n((1/a)i+ 0j + (—1/c)k)(x +y + z
+ £(0.5a + 0.5a — 0.5¢)) + (8, — 65)]
The x and y axes are labeled in Figure 10.2(b). A phase shift of B*2m can result in a
pattern shift of B (0.5a+0.5a+0.5c) in the defect region, indicated by the red arrows in Figure

10.2(b). By applying different x- and y-axes, the same analysis can be applied to the unit cells

immediately above, opposite to, or to the right of the dashed red square in Figure 10.2(b). The
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blue arrows indicate the lattice shift directions for three unit cells. The theoretical analysis
predicts that the photonic pattern near the defect line is stretched and squeezed periodically in
the horizontal direction and shifted away vertically from the center of the defect line, leaving a
gap on either side of the line defect. Figure 10.2(c) shows an optical microscope image of the
fabricated PhC structures with designed defect line in DPHPA photoresist. Although a 3D
pattern is predicted in Eq. (10.7), a 2D PhC lattice is formed in Figure 10.2(c) when we use very
thin film of DPHPA. In the region near the defect line, the lattice pattern is squeezed
periodically in the horizontal direction and shifted away from the line center as predicted by the

theory.
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Figure 10.2. (a) Checkerboard phase pattern (with gray levels 30 and 255) and designed line
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defect (gray level 255). Each bright or dark square in the pattern represents a single square SLM
pixel. (b) Close-up of portion of line defect in phase pattern. Arrows indicate the direction of
the lattice shift due to the phase shift. Red square represents the unit cell for calculating phases
of the interfering beams. (c) Optical microscope image of fabricated structures in DPHPA. Scale
bar measures 8 microns.

If the gray level for the pixels in the defect line is assigned to be 30 (black) instead of 255
(white), the phase shift of beam 4 as shown in Figure 10.3(a) is B=((30-255)/255)*0.25 relative
to the background pattern. This causes an interference pattern shift in a direction of (-1, 1) or

(-1, -1) for 2D pattern in the defect region as shown by red arrows in Figure 10.3(b), the
125



opposite direction as shown by red arrows in Figure 10.2(b). As indicated by the red and blue
arrows in Figure 10.3(b), the lattice in the defect region is expected to squeeze together and
stretch away periodically in the horizontal direction and shift toward the center of the defect
line vertically. This is what has been seen in the interference pattern recorded in the DPHPA
photoresist in Figure 10.3(c). These studies approve that the diffracted beams not only carry

the defect-content but also shifted-phase information.
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Figure 10.3. (a) Checkerboard phase pattern with black (gray level 30) defect line. (b) Enlarged
view of line defect in phase pattern. Arrows indicate the direction of the lattice shift due to the
presence of the line defect phase. The red square represents the unit cell for calculating phases
of the beams. (c) Optical microscope image of line defect embedded in PhC lattice in DPHPA
fabricated through holographic lithography. Scale bar measures 8 microns.
10.3  Functional Line Defects in Square Photonic Lattices through Three-Beam Interference

As shown in Figure 10.2(b) and Figure 10.3(b), each unit cell carries the phase shift
information of the diffracted beams, and these phase effects cause unintended squeezing of
the lattice near the defect line. In an attempt to mitigate the effects of the phase content in the
diffracted beams, two of the beams (1 and 2 in red) were blocked at the Fourier filter as shown
in Figure 10.4(a). The two remaining diffracted beams (3 and 4) plus the central zero order

beam (5) form an interference pattern, as shown in Figure 10.4(b). The interference pattern still
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maintains a square lattice. Figure 10.4(c) and Figure 10.4(d) are enlarged views the of phase
patterns in Figure 10.2(a) and Figure 10.3 (a), respectively. The unit cell in the top dashed red
square in Figure 10.4(c) and Figure 10.4(d) has a shifted-phase contribution in diffracted beam
2, while the unit cell at the bottom dashed square contributes to the phase of beam 1. Because
the diffraction beams 1 and 2 are blocked, only diffracted beams from the blue solid squares in
Figure 10.4(c) and Figure 10.4(d) carry the phase shift signal and form the interference pattern

with shift directions as indicated by the blue arrows.
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Figure 10.4. (a) CCD image of the diffraction pattern at the Fourier plane. The red circles
indicate beams passing through the Fourier filter. (b) Interference pattern of two 1st order side
beams with the central zero order beam. Scheme of white (gray level 255) (c) and dark (gray
level 33) (d) defect phase. Blue arrows indicate direction of the lattice shift due to the presence
of the defect. (e-f) Optical microscope images of fabricated defects in PhC lattice using the

defect phases in background phase pattern in (c-d), respectively. Scale bar measures 8 microns.
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In theory, it can be understood by the formula for three-beam interference and

assuming a phase shift of B*2mn for beam 4:
I(r) =1, + Al(r) =1,
+E; -E, cos[Zn((—l/a)i +(—1/a)j + Ok)(x +y+z

+ B(0.5a + 0.5a + 0.50)) + (85 — 6,)]
(10.11)

+E; - Es cos[2n(0i + (—1/a)j + (—1/0)k)(x + y + z) + (65 — 65)]
+E, - Es cos[2n((1/a)i + 0j + (—1/c)k)(x + y + z+ £(0.5a £+ 0.5a — 0.5¢))
+ (84 — 65)]

We fabricated PhC patterns with the designed defects by exposing the photoresist
DPHPA to the interference pattern given by two first order diffracted beams (3 and 4) and the
central beam 5. Figure 10.4(e) and Figure 10.4(f) show optical microscope images of fabricated
PhC patterns with designed defects in DPHPA using the designed defect lines in Figure 10.4(c)
and Figure 10.4(d) in the background phase pattern, respectively. The fabricated samples in
Figure 10.4(e) and Figure 10.4(f) show no squeezing or stretching in the horizontal direction, in
contrast to the fabricated samples in Figure 10.2(c) and Figure 10.3(c). In the vertical direction,
the photonic lattice in Figure 10.4(e) is shifted away from the defect line center, similar to the
phenomenon in Figure 10.2(c), while the photonic lattice in Figure 10.4(f) is shifted toward the
defect line center, similar to the phenomenon in Figure 10.3(c). The theory predicts an
alternating shifting in defect lattices in vertical direction because beams 1 and 2 are blocked by
the Fourier filter. The width of the central squeezed region in vertical direction in Figure 10.4(f)

is narrower than the one in Figure 10.3(c) due to the alternating shifting. From these results,
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there is an improvement in the direct imaging of functional defects, by using 2+1 interference
rather than 4+1 interference.
10.4 45° Orientation of Functional Line Defect in Square Photonic Crystal Lattice

When the square pixels are periodically arranged along the horizontal and vertical
directions as in the checkerboard pattern in Figure 10.1(a), the interference pattern is a square
lattice that is aligned at 45 degrees relative to the horizontal direction as shown in Figure
10.1(d). However the fabricated defect line in the PhC is still in the original orientation as in the
designed phase pattern. In order to register the defect lines along the lattice vector directions
(oriented 45 degrees relative to horizontal or vertical direction) in the PhC lattice, the
orientation of the line defect in the phase pattern is rotated 45° from the horizontal (or vertical)

axis as shown in Figure 10.5(a).

(b)

Figure 10.5. (a) Enlarged view of a diagonal line defect phase in the checkerboard phase
pattern. (b) Diagram of defect phase with accompanying lattice shifts indicated by the red
arrows. (c) Optical microscope image of fabricated structures in DPHPA produced by
overlapping two of the 1st order beams with the central zero order region diffracted from the

phase pattern in (a) displayed on the SLM. The red arrow indicates the pattern shifting
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direction. The dashed blue line indicates the location of lattices if there is no pattern shifting.
Scale bar measures 8 microns.

The ordinarily black pixels along a diagonal line in the checkerboard phase pattern are
changed into white pixels, creating the line defect phase. Figure 10.5(b) shows an enlarged view
of a portion of the line defect in the background phase pattern. The red and blue squares
indicate the unit cells from which the phase shift is calculated. In the unit cell of solid red
squares, the diffracted beam 3 carries the information of the shifted phase relative to the
background phase pattern. Diffracted beams 1 and 2 carry the shifted phase information for the
unit cells in dashed blue squares and in solid blue squares, respectively. The first order
diffracted beams (1 and 2) are blocked by the Fourier filter at the 2f plane, so only the unit cells
indicated by the red squares in Figure 10.5(b) contribute to the shifting of the lattice due to the
presence of the defects. The red arrows indicate the direction of the lattice shift in the
interference pattern. Figure 10.5(c) shows an optical microscope image of the fabricated PhC
lattices with line defects in DPHPA. In the image, only photonic lattices on one side of line
defects are shifted away from the defect as indicated by the red arrows in Figure 10.5(c) and
the lattices on the opposite side are not distorted, in very good agreement with the prediction
in Figure 10.5(b). By orienting the defect at 45 degrees and using 2+1 interference, several
improvements have been realized including (a) alignment of the defect with the lattice side
direction (instead of diagonal direction) of the background lattice square and (b) the shifting is

only in one side of the defects.
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10.5 Registering the Functional Line Defect in Square Photonic Crystal Lattices

After fully understanding the lattice shift due to the “defect-content” and “shifted-
phase” in the diffracted beams, we improved the design from Figure 10.5(a). The new design
includes a defect with a smaller relative phase shift and utilizes the difference in diffraction
efficiency between the defect region and the background. Three beam (3, 4 and 5 as shown in
Figure 10.6(a)) interference was used. Gray levels of 158 and 254 were used for the dark pixels
and white pixels in the background phase pattern, respectively. These two numbers are
selected due to the high diffraction efficiency of 12.3% of the first order diffracted beams
relative to the total power reflected by the SLM. The dark pixels along the defect line in Figure
10.6(b)-top were changed to a light gray with a gray level of 224. A square phase pattern with
gray levels of 224 and 254 has a low diffraction efficiency of just 1.6% for the first order
diffracted beams. The dashed squares near the defect line indicate the unit cells that do not
carry the shifted phase information in the diffracted beams 3 and 4, relative to beams
diffracted from the background phase pattern. The solid red squares are the unit cells that carry
the shifted-phase information and will shift the lattice vertically up and the blue solid square is
for the unit cell that shifts the lattice to the left.

However the phase shift of 2rt* B=((228-158)/255)*0.25*2mn is three times smaller than
the phase shift of ((255-30)/255)*0.25*2m in Figure 10.5(b). Figure 10.6(b)-bottom shows the
fabricated defect line in the background PhC lattice. Due to the small phase shift, the PhC
lattices near the defect line are almost registered with the background lattice. In the middle of
defect line, we can see void lattices due to the low diffraction efficiency. For the lattice at the

ends of the defect line indicated by the blue and yellow arrows, the unit cells have half (158,
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254) and half (224, 254) pixels. These two lattices survive after the holographic lithography. The
lattice indicated by the blue arrow is smaller (or weaker) than the lattice indicated by the
yellow arrow due to the pattern shifting in the former lattice. Overall, walls at the boundaries
of the line defect are smaller than the other due to the diffraction efficiency. This effect can be
removed if the phase pattern at the boundaries is designed to shift the pattern from the
background toward the boundaries to compensate the low diffraction efficiency. Under an
exposure with a longer exposure time, the lattice in the middle of the defect line can also
survive. Figure 10.6(c)-top shows a CCD image of the interference pattern with a defect line.
Figure 10.6(c)-bottom shows a fabricated defects-integrated PhC lattice in DPHPA with smaller
(or weaker) but surviving defect lattices. These results clearly demonstrate that a desired and
functional defect lattice can be registered into the background lattice through direct imaging. A
similar method can be used to make more complex defect structures in 2D such as ring
resonators and resonant add-drop filters or couplers [22,153] or even to 3D if an objective lens

and a thick photoresist film are used.
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Figure 10.6. (a) CCD image of the diffraction pattern in the Fourier plane f1. All images are

rotated 45 degrees to orient the defect along the horizontal direction. Beams 1 and 2 were
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filtered out with a mask. (b) The phase pattern displayed on the SLM and an optical microscope
image of the fabricated structure. The background of the SLM image consists of single pixels of
grey levels 254 and 158 and in the defect, the grey pixels have been changed to 224. (c) CCD
image of the interference pattern and optical microscope image of the recorded interference
generated by the phase pattern in (b), however with a longer defect. Scale bar is 5.65 microns
as measured by atomic force microscope.

The direct imaging of designed defects in PhC lattices has been achieved by utilizing the
high resolution capability of the SLM. We understand the defect related pattern shifting near
the designed defect through the theoretical prediction and experimental validation. By
reducing the relative phase shift and incorporating different diffraction efficiencies for the
defect line and background phase pattern, we have simultaneously fabricated designed defects

in a PhC lattice where the defect lattices are registered with the PhC lattice.
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CHAPTER 11
CONCLUSION

To summarize, the research detailed in this dissertation focused primarily on the use of
a spatial light modulator to simultaneously generate multiple beams and locally manipulate the
phases of those beams for the purpose of interfering them for the holographic fabrication of 2D
and 3D photonic crystal templates in photoresist polymer. Through manipulation and control of
the phases of the beams, a multitude of structures are possible, including engineered defect
structures in the photonic crystal templates.

Before we explored the use of the SLM, we used a lab-made, silicon-based, reflective
optical element to generate and steer multiple beams, and also change their polarizations,
manipulate their phase shifts and intensity ratios. The generated beams were then used to
holographically fabricate 3D woodpile-type photonic crystal templates in DPHPA using a single
optical element and single exposure process. The PDMS mold technique used for the ROE in
Chapter 5 was later abandoned in favor of 3D printed ROEs, which allow more flexibility in
design and fabricated structures.

Then, we turned our focus to study tunable holographic lithography using an electrically
addressable spatial light modulator. For the first time, we were able to understand and assign
the phase for the diffracted beams from the phase pattern displayed on the SLM. The phases
of the interfering beams were found to be tunable by the gray levels in the phase pattern and
verified by the holographically fabricated structures. By assigning gray levels for cellular pixels
in the phase pattern at specific locations using the SLM, we were able to design spatially variant

phase patterns for the fabrication of graded photonic lattices, including a missing lattice or
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single lattice embedded in dual lattice structures. By interfering beams generated by a binary
checkerboard phase pattern displayed on the SLM, woodpile structures were fabricated. The
checkerboard pattern was explored further by arranging the gray levels into supercells in the
phase pattern, allowing us the ability to produce simple, spatially-varying holographic
structures. We then explored a method of registering defect lattices within background
periodic lattices through local modification of the diffraction efficiency of the phase pattern.
Through local modification of the diffraction efficiency, we were able to modify the local fill
fraction of polymerized materials, and simultaneously achieve lattice matching between
modified and background regions. We then turned to a second method of registering spatially
variant lattices with a 90° bend within the background periodic lattice through two steps of
phase engineering of the laser beam. Finally, we achieved direct imaging of designed defects in
PhC lattices by utilizing the high resolution capability of the SLM. We understand the defect
related pattern shifting near the designed defect through the theoretical prediction and
experimental validation. By reducing the relative phase shift and incorporating different
diffraction efficiencies for the defect line and background phase pattern, we simultaneously
fabricated the designed defects in PhC lattice where the defect lattices are registered with the
PhC lattice. Through SLM-based holographic lithography, the setup is made simpler, and local
manipulation of the phases of the beams allows the fabrication and registration of defect
structures in photonic crystal templates. The results reported in this dissertation mark a step
toward a fast, single step approach for holographic fabrication of photonic circuits embedded in

PhCs.
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