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Three-beam interference lithography methodology

J. L. Stay, G. M. Burrow, and T. K. Gaylord

School of Electrical and Computer Engineering, Georgia Institute of Technology,

Atlanta, Georgia 30332-0250, USA
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Three-beam interference lithography represents a technology capable of producing two-dimensional
periodic structures for applications such as micro- and nanoelectronics, photonic crystal devices,
metamaterial devices, biomedical structures, and subwavelength optical elements. In the present
work, a systematic methodology for implementing optimized three-beam interference lithography
is presented. To demonstrate this methodology, specific design and alignment parameters, along with
the range of experimentally feasible lattice constants, are quantified for both hexagonal and square
periodic lattice patterns. Using this information, example photonic crystal rodlike structures and hole-
like structures are fabricated by appropriately controlling the recording wavevector configuration
along with the individual beam amplitudes and polarizations, and by changing between positive- or
negative-type photoresists. © 2011 American Institute of Physics. [doi:10.1063/1.3535557]

I. INTRODUCTION

Multibeam interference lithography (MBIL) can be used
to produce a wide variety of one-, two-, and three-dimensional
micro- and nanoperiodic structures and is widely recognized
as a promising technology with numerous important appli-
cations. Major fields of application include (1) micro- and
nanoelectronics, (2) photonic crystal devices, (3) metama-
terial devices, (4) biomedical structures, and (5) subwave-
length optical elements. Micro- and nanoelectronics include
circuit configurations for devices such as dynamic random
access memory (DRAM) which consist of a highly peri-
odic layout of cells with an underlying periodic grid pat-
tern that defines the smallest feature size in these cells.!
MBIL can be used to define this underlying grid. As such
MBIL may serve as a cornerstone for future optical lithog-
raphy systems. Photonic crystal devices offer the potential of
truly dense integrated photonic circuits and systems.>> These
devices are based on periodic structures that provide a
high degree of light confinement through the mechanism
of diffraction (rather than through refractive index con-
trast). Individual components that are being developed in-
clude waveguides, resonators, antennas, sensors, multiplex-
ers, filters, couplers, and switches. Metamaterial devices
have many potentially important commercial applications*-
based on periodic structures at a size scale much smaller
than the wavelength of light. Metamaterials overcome the
natural lack of magnetic dipole in materials through cell
structures such as split-ring resonators. The index of re-
fraction, in general, is n = #(g.u;)"?. In a metamaterial
when both ¢, and u, are less than zero, the refractive in-
dex is negative. Applications include ultracompact objective
lenses, frequency-doubling devices, parametric amplifiers,
and parametric oscillators. Biomedical structures that are
periodic or quasiperiodic in one-, two-, and three-dimensions
are critically important in a wide variety of areas. For ex-
ample, in regenerating nerves, arrays of microchannels are
needed to guide nerve growth.” In facilitating bone regrowth,
periodic meshes are needed to retain and sequester bone mor-
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phogenetic protein.® In the forming, maintaining, and repair-
ing of tissue, engineered surfaces are needed that present con-
trolled densities of peptides to direct assembly of extracel-
lular matrices.” Subwavelength optical elements utilize high
spatial frequency periodic structures. These subwavelength-
based optical elements fall in three broad categories: (1)
synthesized-index elements, (2) form-birefringent polariza-
tion elements, and (3) guided-mode resonant elements.'”
Synthesized-index elements include two-dimensional crossed
gratings that have been implemented to provide polarization
independent antireflection behavior mimicking the effect of a
“moth’s eye”!'!*12 to increase the efficiency of solar cells.!>!#
A 100 nm period grating in an amorphous silicon thin film has
been used to stabilize the linear polarization of vertical-cavity
surface-emitting lasers (VCSEL’s).!> Guided-mode resonant
gratings are widely utilized for their very narrowband filter
characteristics'®'® in dense-wavelength-division multiplexed
communications and in chemical, biological, toxicological,
and environmental sensing applications. For all five applica-
tions areas, MBIL is well suited to provide an efficient, inex-
pensive method of fabricated the required periodic structures.

In the literature, MBIL results are typically presented for
unique sets of parameters that produce a specific desired pe-
riodic lattice. However, there is frequently little discussion on
how these parameters were selected. Further, it is unclear as
to what total range of periodic structure parameters might be
available for a given published experimental configuration.
To move MBIL toward becoming a routinely used technol-
ogy, a systematic configuration design methodology is needed
that provides the needed precise control of design parameters.
MBIL experiments are frequently sensitive to the orientations,
amplitudes, and polarizations of the individual beams. A sys-
tematic procedure to establish correct alignment, amplitude,
and polarization is needed. Accompanying this, it is neces-
sary to be able to check the alignment, amplitude, and po-
larization. An experimental method is needed to check and
to maintain the beam parameters. A systematic methodology

© 2011 American Institute of Physics
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for design, for determination of the possible range of parame-
ters, for establishing, checking, and maintaining alignment is
missing from the scientific literature.

In the present work, a systematic methodology for im-
plementing optimized three-beam interference lithography is
presented. The configuration and procedures presented here
were specifically developed to demonstrate experimentally
the methodology presented by Stay et al. to maximize the
absolute contrast while satisfying the conditions for uniform
contrast in three-beam interference.'® In general, the method-
ology presented here may be applied to other efforts requir-
ing multibeam interference. Specific design and alignment
parameters are quantified for optimized hexagonal periodic
patterns with p6m plane group symmetry and square pat-
terns with p4m plane group symmetry. The range of experi-
mentally feasible lattice constants is presented for both pat-
terns using the configuration described in the present work.
A real-time monitoring technique is presented that aids in
the validation and production of both rodlike structures and
holelike structures that are formed by appropriately control-
ling the recording wavevector configuration along with the in-
dividual beam amplitudes and polarizations, and by changing
between positive- or negative-type photoresists. As a demon-
stration of methodology, both hexagonal and square periodic
photonic crystal lattices are fabricated with a single optical
lithography exposure (rather than the conventional double ex-
posure technique 2%-21).

Il. SYSTEM DESIGN
A. Requirements

It has been shown that MBIL can produce all two- and
three-dimensional Bravais lattices and 9 of the 17 plane group
symmetries.'”?> Recently, conditions for primitive-lattice-
vector-direction equal contrasts have been introduced.!
These conditions require individual control for each recording
wavevector, k;, beam amplitude, E;, and polarization vector,
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é,, in order to produce an interference pattern with maximized
absolute contrast, Vs, and uniform contrast in the primitive-
lattice-vector directions as required for the desired lattice
translational and plane group symmetry. In this method, a
symbolic designation, =C,", is introduced, where the quan-
tity n is the total number of interfering beams and m is the
number of contributing interfering-beam pairs, where a given
beam pair may produce a one-dimensional fringe pattern that
contributes to the overall MBIL periodic pattern based on the
relative linear polarizations of the individual beams. The sign
of the symbolic designation indicates whether an intensity
maxima (+) or minima (—) is located at a lattice point. For
a hexagonal lattice with p6m plane group symmetry, the con-
ditions for C;® must be applied. Similarly, C;® condi-
tions are required for square lattices with p4m plane group
symmetry. By applying the conditions for +£C," and maxi-
mizing absolute contrast to determine the required individual
beam parameters, a high-quality, lithographically useful in-
terference pattern is possible. Using this methodology, it is
shown that unity absolute contrast, Vs = 1, can always be
achieved for a square lattice with p4m plane group symmetry.
For the hexagonal lattice with p6m plane group symmetry,
unity absolute contrast can only be achieved when intensity
minima are located at lattice points, satisfying the —C3® con-
ditions. For the +C;® case, Vi varies from a maximum of
unity absolute contrast (when all three recording wavevectors
are collinear or coplanar) to a minimum optimized absolute
contrast of Vs = 0.6 (when all three recording wavevectors
are orthogonal).

B. Three-beam interference configuration

A configuration to perform optimized three-beam inter-
ference satisfying the requirements for individual control of
beam direction, amplitude, and polarization was designed,
tested, and constructed as depicted in Fig. 1. In this configu-
ration, particular attention is focused on stability, design ver-
satility (in terms of wavevector configurations and control of

M2

Ml
LpCl__ ¥y _____
! Hwe2[ I |- __"___ _=>=
: - HWP3 BSC2 HWPS!
|
Tnput , HWP1 ‘ |
Laser Beam { i {
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HWP - Half-wave plate (363.8 nm)
M - UV-grade mirror

|
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T
|
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|

BSC - Broadband UV polarizing beam-splitter cube

OPM - Out-of-plane beam steering UV mirror

LPC - Variable-ratio beamsplitter with output linear

polarization control

M3

FIG. 1. (Color online) Three-beam interference configuration. The outlined variable-ratio beamsplitters with output linear polarization control (LPC) provide
individual control of each interfering beam amplitude and polarization, while the mirrors (M, OPM) provide control of the recording wavevector configuration.
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individual beam parameters), reduction of unwanted reflec-
tions, and phase front quality.

A Spectra Physics BeamLok 2065-5S argon ion laser
is used as the source for this configuration with an etalon
and etalon controller providing stable, linearly polarized, sin-
gle frequency operation at 363.8 nm with frequency jitter of
<10 MHz for <1 s and <20 MHz for <2 min for fabrica-
tion via interference lithography. Given a value of 20 MHz
frequency jitter and exposure times of well under 2 min, this
equates to a change in recording wavelength, AX, of no more
than AL = 4.41 x 10-6 nm over the duration of the expo-
sure. For a hexagonal or square pattern with a lattice constant
of 1.5 (545.7 nm), the lattice constant should change by no
more than 1.3 x 107%%. In order for one period of the in-
terference pattern to be completely washed out during an ex-
posure, the sample area would have to be greater than 40 m
in diameter. The wavelength stability in this configuration is
clearly sufficient.

From a chemistry standpoint, an ultraviolet (UV) based
fabrication process source is advantageous due to the wide
availability of UV-based lithographic materials. While some
groups have fabricated photonic crystal structures using visi-
ble light laser sources, these processes require unconventional
photoresist formulations to enhance absorption in the visible
part of the spectrum.>*>> Even with this enhancement, rel-
atively large exposure doses are required. By contrast, many
photoresists have been designed for operation at 365 nm (mer-
cury i-line) due to the microelectronics industry. The optical
lithography recipes for these photoresists are easily adapted
by replacing a traditional mask-based exposure with a MBIL
exposure.

In order to provide design versatility, individual control
of beam amplitude and polarization is accomplished with
a variable-ratio beamsplitter with output linear polarization
control (LPC) as outlined in Fig. 1. A single LPC stage
consists of three half-wave plates (HWP’s) and a polarizing
beamsplitter cube (BSC), all designed to operate at 363.8 nm.
Each half-wave plate rotates the plane of polarization of the
input beam about the plane of the crystalline optic axis normal
to the surface of the wave plate, thereby eliminating the need
to manipulate physically the laser. A polarizing cube beam-
splitter (as opposed to a slab beamsplitter) is used to eliminate
ghost beams. Each BSC reflects S-polarized light (vertical to
table) while transmitting P-polarized light (horizontal to ta-
ble). The input half-wave plate of an LPC stage rotates the
plane of the input linearly polarized light, thereby allowing
control over the amplitude, E;, of each BSC output wavevec-
tor, k;, as depicted in Fig. 1. An additional half-wave plate
is placed in the path of each linearly polarized BSC output
beam, thereby allowing control over the direction of the linear
polarization vector, &, of each wavevector, k;. In the three-
beam interference configuration shown in Fig. 1, the half-
wave plate in the output path of the transmitted BSC beam
of LPCI is used as the input half-wave plate to LPC2. Us-
ing this methodology, it is possible to individually control the
amplitude and polarization of each interfering beam.

UV-grade mirrors steer the beams in the appropriate di-
rections according to the recording wavevector, k;, require-
ments. The optics that compose both LPC stages and mirrors
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FIG. 2. (Color online) Three-beam interference critical experimental config-
uration parameters. The critical experimental parameters are illustrated in the
(a) top view and (b) side view of the configuration.

M1, M2, and M3 are set at a common height above the op-
tical table equal to that of the input laser beam. Mirrors M2
and M3 control the incident angle upon the sample plane with
respect to the z axis, 0,57 and 6,3 of wavevectors k; and
k; respectively, as depicted in Fig. 1. The first out-of-plane
beam steering mirror (OPM1) in the path of beam 2 is set at
the common height above the optical table equal to that of the
input laser beam and adjusted such that the beam is reflected
perpendicularly to the optical table as depicted in Fig. 1. The
second mirror OPM2 is set at a variable height above OPM1
and adjusted to control the incident angle, 0, >, for wavevec-
tor kK, as depicted in Fig. 2. With this configuration, all of the
wavevector configurations required for the fabrication of one-
and two-dimensional periodic patterns are possible via single
exposure. Three-dimensional patterns are possible with mul-
tiple exposures. Alternatively, an additional LPC stage can be
incorporated into this configuration to add a fourth interfering
beam, allowing for single exposure, four-beam interference
for fabrication of three-dimensional periodic patterns.

In order to create a hexagonal interference pattern with
p6m plane group symmetry and high absolute contrast, Vg,
the polarizations and amplitudes of the recording beams are
adjusted accordingly. Given the two fundamentally differ-
ent types of interference patterns, +C3® and —C;®, and
the different indices of refraction, npr, of the two record-
ing media (1.736 for the Shipley 1813 positive resist and
1.58 for the Futurrex NR7-1500P negative resist), there are
four distinct optimal configurations for the polarizations and
beam amplitudes and two recording wavevector configura-
tions, one for each resist. Each beam at a common free-space
incidence angle, 0, as depicted in Figs. 1 and 2) is re-
fracted at the air—photoresist interface, changing the common
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TABLE I. Summary of optimized beam parameters and resulting absolute contrast for a hexagonal interference pattern (lattice constant a = 1.51) with p6m
plane group symmetry defined in Shipley 1813 and Futurrex NR7-1500P photoresists.

Parameter Shipley 1813 Futurrex NR7-1500P
Opr 14.83° 16.34°
ky/(nprko) [0.130.22 0.97] [0.14 0.24 0.96]
k,/(nprko) [—0.26 00.97] [—0.28 0 0.96]
k3/(nprko) [0.13 —0.22 0.97] [0.14 —0.24 0.96]

+Cy® -c;® +C,® -c;®
E>/E; —1.08 1 —1.09 1
E3/E; 1 1 1 1
[ [—0.99 0.04 0.12] [—0.870.50] [—0.99 0.05 0.13] [—0.87 0.5 0]
€ [0.97 0 0.26] [0—-10] [0.96 0 0.28] [0—-10]
& [—0.99 —0.04 0.12] [0.87 0.5 0] [—0.99 —0.05 0.13] [0.87 0.5 0]
Yyl —88.68° —117.35° —89.11° —117.35°
Y2 90° 0° 90° 0°
Y3 —91.32° 117.35° —90.89° 117.35°
Vabs 0.96 1 0.96 1

incidence angle in the photoresist, Opg, as described by Snell’s
Law, n,; sin(f,ir) = npr sin(fpr). Since the sample is placed
normal to the z axis, both the common incidence angle and the
source wavelength are altered such that the lattice constant of
the periodic pattern in the photoresist is the same as that of
the free-space periodic pattern. Similarly, the amplitudes, E;,
of the each beam do not change at the air—photoresist inter-
face. However, the polarization vectors, &;, contained in the
plane normal to the wavevector, do change within the pho-
toresist. Accordingly, the calculated free-space polarization
vectors are adjusted such that the refracted beam polarization
vectors are optimized within the photoresist.

In order to facilitate the accurate adjustment of the free-
space polarizations for each beam, a rotation angle, ¥, ;, is
calculated with respect to X x k; via a counterclockwise an-
gular rotation (when looking antiparallel to the wavevector
k;) where ¥,; = 0 and €,; = X x K;. This parameter is use-
ful since the polarization direction of v, ; = 0 is parallel to
the optics table, and thus straightforward to locate and adjust
experimentally. Using the calculated value for v, ;, a Glan—
Thompson polarizer is placed in the path of each recording
beam (after the beam directing mirrors) and the axis of polar-
ization is rotated to ¥ ; + 7/2. A power meter is used to mon-
itor the beam after the polarizer as the output half-wave plate
for the appropriate LPC stage (HWP2 for beam 1, HWP5 for
beam 2, HWP4 for beam 3) is rotated until the beam intensity
is minimized.

It should be noted that the beam steering mirrors, though
low loss, do alter the polarizations the individual beams based
the phase difference of the orthogonal polarization compo-
nents of the reflected beam, making the polarization of the
reflected beam slightly elliptical. However, the procedures for
adjusting the polarization of the BSC output beams effectively
align the semi-major axis of any elliptical polarization with
the desired linear polarization vector, €;, thereby allowing for
optimized interference patterns that accurately represent the
desired lattice translational and plane group symmetry.

The four solutions for the optimized beam parameters
and resulting absolute contrast for a hexagonal interference
pattern with p6m plane group symmetry are summarized in

Table 1. The solutions for a square interference pattern with
p4m plane group symmetry are listed in Table II.

C. Alignment procedures

Initial alignment parameters for the three-beam configu-
ration depicted in Fig. 1 are obtained from design plots that
illustrate the relationships between critical experimental con-
figuration parameters for a given periodic lattice translational
symmetry. Areas of experimental feasibility are shaded within
each of these plots depicting the range of periodic pattern lat-
tice constants that can be fabricated given the physical con-
straints of the configuration: size of optomechanics, size of
optics table, etc. For the present configuration, there are five
critical experimental configuration parameters. These are the
perpendicular distance from the optical axis (z axis) to mir-
rors M2 and M3, y,,, the distance along the optic axis from
mirror M2 and M3 to the sample plane, z,p, the distance along
the optic axis from mirror M2 and M3 to mirrors OPM1-2,
ZopMm, the perpendicular distance above the plane containing

TABLE II. Summary of optimized beam parameters and resulting absolute
contrast for a square interference pattern (lattice constant a = 1.51) with p4m
plane group symmetry defined in Shipley 1813 and Futurrex NR7—1500P
photoresists.

Parameter Shipley 1813 *C3® Futurrex NR7-1500P +C3®
OpR 15.75° 17.36°

Kk, /(nprko) [0 0.27 0.96] [00.30 0.95]
Kk,/(nprko) [—0.27 0 0.96] [—0.30 0 0.95]
k3/(nprKko) [0 —0.27 0.96] [0 —0.30 0.95]
E>/E; V2 V2

E3/E, 1 1

& [0.23 —0.94 0.26] [0.96 —0.26 0.08]
& [0.84 —0.48 0.24] [0.84 0.48 0.26]
& [0.96 0.26 0.07] [0.22 0.93 0.29]
Vi —88.68° —89.11°
V2 90° 90°

Vs —91.32° —90.89°

Vabs 1 1
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the input laser beam and normal to the x axis to OPM2, xopwm,
and the perpendicular distance above the plane containing the
input laser beam to sample plane spot, x,,. These critical ex-
perimental configuration parameters are labeled in Fig. 2. An
additional parameter of interest is the incident angle of the
recording beams on the sample plane with respect to the z
axis, @, This parameter is needed in order to calculate the
optimized plane wave parameters as previously discussed.
All five critical experimental configuration parameters
are relevant when aligning the configuration for a two-
dimensional hexagonal lattice. For a two-dimensional square
lattice, only four parameters are relevant as beams 1 and
3 are adjusted to be parallel to the optics table by setting
xsp = 0. For both configurations, a restriction is placed upon
zopm. This is done because the lattice constant, a, is a function
of vy, xopm, and zopm. Since this four-dimensional relation-
ship is difficult to visualize, the polarization optics and beam
steerer are placed as close as possible, resulting in a value of
Zopm = 7.62 cm. The relationships between the remaining
four critical experimental configuration parameters for the
hexagonal lattice are

a/x =2/[3sin ()], ()
tan (77/6) = Xg/ Y, @)
tan (Byir) = [y tan (7/3) — xgp| /zsp, 3)
tan (Oir) = (Xopm — Xsp) / (zsp — ZoPm) - “)

Similar geometric relationships are also defined for the square
lattice using

af%=1/[V2sin 6] )
These relationships are illustrated in Figs. 3 and 4. Given
these design constraints, a lattice constant of a = 1.5\
100 : : : —
(a) Hexagonal 7
901 — — (b)Square
80+

701
60}
50
40t
30t
201
10} ' —
.75
0 0 15 20 25 30
Distance to M2/M3, YM (cm)

Distance to sample plane, Zsp (cm)

FIG. 3. (Color online) Design plot for aligning the recording beams needed
to create two-dimensional (a) hexagonal and (b) square interference patterns.
The relationship between the critical experimental configuration parameters
Y. Zsp» and a is illustrated. The shaded area represents the range of experi-
mental feasibility. The design used in the present work is marked with a solid
dot on the plot.
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(a) Hexagonal
— — (b) Square

Beam steerer mirror height, £ opm (cm)
N
[6)]

20 Square,
154
10} @/A=10

2
5'///

~

0 L L . L L
0 5 10 15 20 25 30

Distance to M2/M3, ¥ (cm)

FIG. 4. (Color online) Design plot for aligning the recording beams needed
to create two-dimensional (a) hexagonal and (b) square interference patterns.
The relationship between the critical experimental configuration parameters
Yum, XopMm, and a is illustrated. The shaded area represents the range of experi-
mental feasibility. The design used in the present work is marked with a solid
dot on the plot.

(545.7 nm) was chosen and marked with a solid dot in the
design plots. The values of the resulting critical experimental
configuration parameters are listed in Table III. These values
are used as the initial alignment parameters for the three-beam
interference configuration in the present work.

Fine adjustment of the recording beams is facilitated by
the use of an alignment card specifically designed and fabri-
cated for the desired periodic lattice translational symmetry.
The alignment cards for a hexagonal lattice and a square lat-
tice are shown in Figs. 5(a) and 5(b), respectively. The align-
ment card required for a hexagonal lattice includes three alter-
nating holes (approximately the diameter of the laser beam)
and three alignment marks (crosses) creating an equilateral
regular hexagon. The alignment card required for a square lat-
tice includes three holes and an alignment mark (cross) cre-
ating a square. To use the alignment cards, a mirror is placed
at the sample plane at a height equal to the calculated sam-
ple plane spot height, xs,. The alignment card is then posi-
tioned at a calculated distance from the mirror. Mirrors M2,
M3, and OPM2 are then adjusted such that each beam passes
through the appropriate hole on the alignment card, reflects
off the mirror in the sample plane, and projects on to the

TABLE III. Critical experimental configuration and alignment parameters
and incident angle of the recording beams on the sample plane 6, for a
hexagonal and square lattice.

Parameter Hexagonal lattice value Square lattice value
a/k 1.5 1.5

Y 16.51 cm 16.51 cm

Zsp 38.43 cm 30.89 cm

Xsp 9.53 cm 0cm

XOPM 24.82 cm 12.44 cm

D 5.08 cm 5.08 cm

Zac 5.12 cm 4.75 cm

O air 26.39° 28.13°
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Alignment Card
(@) -

/

Mirror

Alignment Card

(b)

FIG. 5. (Color online) Alignment card used to facilitate fabrication of
two-dimensional (a) hexagonal and (b) square lattices. The multibeam-
interference configuration is adjusted such that the three separate beams pass
through holes H1, H2, and H3, reflect onto the mirror and project onto align-
ment marks AM1, AM2, and AM3, respectively.

appropriate alignment mark. For the hexagonal lattice, this
procedure guarantees three rotationally symmetric beams
with respect to the optic. For the square lattice, this procedure
guarantees that the projections of beams 1 and 3 are collinear
of which the projection of beam 2 is orthogonal to the other
two.

Given the diameter of the circumscribed circle of the
hexagon or square, D, and the distance from the alignment
card to the mirror, z,., the lattice constant of the interference
pattern is calculated as

a = (2x/3D),/D? + 422, (hexagonal), 6)
a= («/5)\ / 2D) \/ D? 4422, (square). 7

The positioning of the alignment card is performed with
the aid of Fig. 6. This plot illustrates the relationship between
the distance separating the mirror and the alignment card,

Rev. Sci. Instrum. 82, 023115 (2011)

4 - - - - -
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2 — — (b) Square D—95
3| /

-
wn

Lattice constant, a/A
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—_

Square  Hexagonal

o
©

0O 1 2 3 4 5 6 7 8 9 10
Distance from alignment card to sample plane plane, Zac(cm)

FIG. 6. (Color online) Design plot for aligning the recording beams needed
to create two-dimensional (a) hexagonal and (b) square interference patterns.
The relationship between the critical experimental configuration parameters
Zac, D, and a is illustrated. The shaded area represents the range of experi-
mental feasibility. The design used in the present work is marked with a solid
dot on the plot.

Zae, the diameter of the circumcircle of the hexagon, D, on
the alignment card, and the lattice constant, a. In the present
work, a diameter of the circumcircle on the alignment card
of D = 5.08 cm is used resulting in a distance separating the
mirror and the alignment card of z,. = 5.12 and 4.75 cm for
the hexagonal and square lattices, respectively. All relevant
configuration and alignment parameters, including the angle
of incidence on the sample plane, 6, are summarized in
Table II1.

For experimental fabrication purposes, the diameter of
the interfering beams at the sample plane remained un-
changed from that of the source laser, approximately 1.7 mm.
However, one of the advantages of an MBIL fabrication is
the ability to create large-area, wafer-scale, periodic patterns
with a single exposure. In order to expand the area of inter-
ference at the sample plane, the beams should be collimated
to the desired beam width prior to final adjustment of the
recording beams. The final alignment procedures presented
in this paper remain unchanged for the collimated beams, not-
ing that the amplitude of light passing through the alignment
holes depicted in Fig. 5 would be reduced as a portion of the
light incident on the alignment card would be blocked. It is
also noted that the exposure time would increase accordingly
in order to satisfy the required exposure density of a given
photoresist.

lll. SYTEM PERFORMANCE
A. Real-time monitoring

It has been reported that a microscope objective can be
used to record the intensity pattern resulting from multibeam
interference by placing a photosensitive film directly after the
objective for pattern “magnification.””® In practice, a micro-
scope objective placed at the sample plane such that the in-
terfering beams enter at the front lens assembly serves two
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purposes. One, the interfering beam diameters are increased,
thus producing an increased area of interference. Two, the in-
cidence angles of the recording beams, 0,;;, are decreased,
thus increasing the lattice constant of the resulting interfer-
ence pattern in accordance with Eqs. (1) and (5). With ad-
vances in digital image capture devices, real-time monitoring
of this “magnified” pattern is readily possible. For the con-
figuration presented in the present work, a Newport micro-
scope objective lens with a 0.85 numerical aperture (NA) and
2.9 mm focal length (60x) provides sufficient “magnifica-
tion” and acceptance angle for the designs considered. Next,
a cooled 3.2 Megapixel Olympus Q-Color3 imaging system
digital charge-coupled device (CCD) camera is placed after
the microscope objective a distance away such that the CCD
array is illuminated by the intersecting area of all three record-
ing beams.

This real-time monitoring system is invaluable in terms
of stability analysis, confirmation of translational symmetry,
confirmation of group symmetry, and general design verifi-
cation. Interference patterns may be monitored in real-time,
observing the effects of adjustments to individual beam am-
plitude or polarization, allowing preliminary experimental
validation of theories or designs before beginning the more
time-consuming fabrication process.

It should be noted that the interference pattern im-
aged using the CCD camera differs from the interfer-
ence pattern produced at the sample plane. The micro-
scope objective changes the relative orientation of both the
recording wavevectors and the polarizations that are used to
create the interference pattern on the CCD array. However,
for the design considerations, the real-time monitoring still
provides useful information. Specifically, the translational
symmetry of the lattice (e.g., two-dimensional square lat-
tice, two-dimensional hexagonal lattice) does not change dur-
ing imaging. Additionally, a correctly configured multibeam-
interference experiment will still result in an image with high
contrast.

B. Fabricated examples

Existing optical lithography recipes for Shipley 1813
positive photoresist were adapted for exposure and develop-
ment on a UV-grade fused silica substrate using the configu-
ration described in the present work. Once developed, a thin
layer (15 nm) of copper was sputtered on the samples for
imaging with a Zeiss scanning electron microscope (SEM)
Ultra60. Figure 7 depicts fabricated examples of hexagonal
rod and hole patterns using the recording and alignment pa-
rameters listed in Tables I-III for the Shipley 1813 positive
photoresist, —C 503 case.

Figure 8 depicts fabricated examples of square rod and
hole lattice patterns using Shipley 1813 positive photoresist
defined by an optimized +C3® interference pattern. For this
example, the common incident angle of the recording beams
on the sample plane was set to 0, = 19.19° producing a lat-
tice constant of a = 782.6 nm (a/A = 2.15). All recording and
alignment parameters were adjusted accordingly to optimize
absolute contrast for the required symmetry.

Rev. Sci. Instrum. 82, 023115 (2011)

(b)

FIG. 7. SEM of hexagonal photonic crystal of (a) rods (lattice constant
a = 545.7 nm, rod radius r ~ 0.115a ~ 63 nm) and (b) holes (lattice con-
stant ¢ = 545.7 nm, hole radius » & 0.30a &~ 166 nm) defined by three-beam-
interference lithography. Shipley 1813 positive photoresist is defined by a
—C3® interference pattern, developed, and copper sputtered.

IV. DISCUSSION

A methodology for implementing MBIL has been pre-
sented. The role of each design and alignment parameter
was quantified for both hexagonal and square periodic lattice
patterns, along with the associated range of experimentally
feasible lattice constants. An experimental procedure for es-
tablishing, checking, and maintaining beam alignment in real
time was presented. The methodology includes an approach
for stabilizing the interference pattern while providing inde-
pendent control of recording beam parameters for design ver-
satility. Both rodlike structures and holelike structures were
fabricated by specifically controlling the recording wavevec-
tor configuration along with the individual beam amplitudes
and polarizations. To demonstrate the methodology, for the
first time to the best of the authors’ knowledge, square lat-
tice photonic crystal structures were fabricated with a single
optical lithography exposure.

The methodology can be applied to two-beam interfer-
ence lithography used for producing a wide variety of one-
dimensional gratings. Additionally, the configuration may be
modified with the additional of a third LPC stage to ac-
commodate four-beam interference lithography used for fab-
ricating three-dimensional periodic structures. The method-
ology would be compatible with silicon double inversion.'!
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FIG. 8. SEM of square photonic crystal of (a) rods (lattice constant
a = 782.6 nm, rod radius r & 0.18a ~ 138 nm) and (b) holes (lattice con-
stant ¢ = 782.6 nm, hole radius r &~ 0.36a =~ 285 nm) defined by three-beam-
interference lithography. Shipley 1813 positive photoresist was defined by an
optimized +C3? interference pattern, developed, and copper sputtered.

Similarly, the methodology can be applied to N-beam inter-
ference lithography.

Rev. Sci. Instrum. 82, 023115 (2011)
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