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We demonstrated a multiple-exposure holographic lithography with phase shift. The phase shift was
utilized to translate two-dimensional (2D) and three-dimensional (3D) interference patterns. The
multiple exposure of the interference patterns with a controlled phase shift created partially
overlapped patterns, resulting in 2D and 3D polymer lattices of shape-anisotropic atoms. This
approach can be used to design directly the unit atoms in periodic patterns for tunable optical
properties. © 2004 American Institute of Physics. [DOI: 10.1063/1.1813644]
Lithographic pattern fabrication has been conducted by a
number of methods using a patterned mask,1 holographic
interference,2 and soft materials including self-assembled
nanospheres.3 In conventional photolithographic patterning,
a polymeric substrate such as a photoresist is carved into
periodic microstructures, which are used as templates for
novel materials. Among the aforementioned fabrication
methods, holographic lithography uses the interference pattern of multiple coherent laser beams instead of a mask in
conventional photolithography processes. Simple grating
patterns, two-dimensional (2D) dot arrays and threedimensional (3D) lattice patterns can be fabricated using
two-, three-, and four-beam interference, respectively. Moreover, holographic lithography has a number of desirable advantages, including one-step, large area recording, and
defect-free processing.
Recently, the design of unit atoms in periodic structures
has become an important issue because periodically structured materials can be used in surface relief gratings,4 microlens arrays,5 photonic crystal waveguides,6 and biosensors.7
In particular, submicron periodic structures of shapeanisotropic atoms rather than spherical isotropic atoms can
modify the resonance with a light such as photonic band
gaps8,9 and dichroic optical properties.10 In a holographic
interference pattern, highly versatile patterns in 2D and 3D
crystallographic groups are accessible by controlling beam
properties, such as amplitude, phase, wave vector, and
polarization.11–13 In this study, we employed holographic lithography to create 2D and 3D polymer patterns that are
manipulated by phase shift of laser beams. Several researchers have noted the use of an interference pattern with phase
shifts for designing 2D patterns as well as 3D space
groups.14,15 Here, phase shift was utilized for the translation
of the interference lattice pattern with shape-isotropic atoms.
Then, multiple exposures with the phase shift created the
patterns where the atoms partially overlap each other. In this
way, we created 3D as well as 2D polymer patterns consisting of shape-anisotropic atoms.
a)
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Holographic lithography is based on an optical interference mask. The intensity distribution of the interference field
of n coherent laser beams can be described by a Fourier
superposition as
I=

Ei · E j cos关共ki − k j兲 · r + 共i −  j兲兴,
兺i Ei2 + 兺
i⬍j
i, j = 1 − n

共1兲

in which Ei, ki, and i denote the amplitude, wave vector,
and phase of beam i, respectively. The period p of the maximum (or minimum) intensity in space is inversely proportional to the difference of the wave vector, 共ki − k j兲. It is
noteworthy that the phase shift that is manipulating the relative phase difference 共i −  j兲 induces a translation of the
interference pattern. Figure 1 shows the translation of the
interference pattern for two linearly polarized beams. In the
present study, the phase shift can be achieved by using birefringent crystals (so-called wave plates). Initially, a beam is
incident on a quarter-wave plate (QWP) or a half-wave plate

FIG. 1. The positions of the maxima of the fringe intensity as a function of
time during the rotation of waveplates: (I) phase shift with a quarter-wave
plate; (II) phase shift with a half-wave plate.
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(HWP), which is linearly polarized in the direction parallel
to the fast axis of the wave plate. Then, the rotation of the
wave plate in such a way that the slow axis of the wave plate
is parallel to the polarization direction changes the relative
phase difference by  / 2 for QWP and  for HWP. The phase
shift with a QWP or a HWP induces the translation of the
interference pattern by p / 4 or p / 2, respectively. Meanwhile,
the position of the interference pattern was sustained within
±0.06p for at least 1 min before and after the phase shift. For
multiple exposure with a proper phase shift, wave plates
were introduced after the first exposure, and the second exposure was conducted within around 1 min in order to
achieve the interference stability.
In experiments, we transferred the multibeam interference pattern onto a negative photoresist, prepared using
SU-8 (Shell Chemicals, Epon SU-8, glycidyl-etherbisphenol-A-novolac), a photoinitator (UCB, Uvacure 1600,
octoxyphenylphenyl-iodonium hexafluoro antimonate), and a
photosensitizer (Spectra Group Ltd, H-Nu 470, 5,7-diiodo-3butoxy-6-fluorene), dissolved in r-butyrolactone (Aldrich).
We controlled the photosensitizer concentration for pattern
contrast and found that the optimum weight ratio was
0.5:2.5:100. The photoresist was spin-coated on a fused
silica plate. After prebaking at 65 ° C, the resulting film
thickness was in the range of 5 – 10 m. The photoresist film
was exposed to focused interfering beams. The multilaser
beams were generated by splitting an Ar-ion laser (Coherent,
Innova 300, 514 nm) with beam-splitters. Single-frequency
operation was achieved by adding etalon to enhance the stability of the interference pattern. The dose of each exposure
was 0.13– 0.25 J / cm2 and the exposed region was about
5 mm in diameter. After postexposure baking at 65 ° C, the
exposed film was developed in 1-methoxy-2-propanol acetate (Aldrich).
First, we considered the basic geometry in 2D structure.
The interference pattern of a square lattice was created using
three beams of equal intensity16 and the intensity distribution
can be written as
3

I=

兺i 兩Ei兩2 + E1 · E2 cos关2x/p + 共1 − 2兲兴
+ E2 · E3 cos关2y/p + 共2 − 3兲兴.

共2兲

The interference pattern with intensity greater than a threshold value (60% of the maximum intensity) is shown in the
inset of Fig. 2(a). With this pattern, the 2D square lattice
photoresist patterns were produced after a single exposure
and subsequent development [Fig. 2(a)]. As noted previously,
the manipulation of the relative phase difference moves the
interference patterns. Here, the phase shift was achieved by
rotating one QWP (i.e., from the fast axis to the slow axis of
the plate or vice versa). Specifically, the phase shift of beam
1 with the QWP changes the relative phase difference 兩1
− 2兩 from the initial value by  / 2 and shifts the interference
pattern to the x direction by p / 4 according to Eq. (2) [the
inset of Fig. 2(b)]. Meanwhile, the phase shift of beam 3
changes the relative phase difference 兩1 − 3兩 and shifts the
interference pattern to the y direction by p / 4. [the inset of
Fig. 2(c)]. Therefore, if the photoresist is exposed twice with
the phase shifted second exposure, a 2D square lattice of
half-overlapped atoms can be created. Figures 2(b) and 2(c)
shows the SEM images of the double-exposed photoresist
patterns after development. The overall patterns exhibited the

FIG. 2. (Color online) (a) SEM images of the 2D square photoresist patterns
with single exposure. Inset shows the calculated interference patterns of the
2D square lattice. (b), (c) SEM images of double exposed patterns with
phase shift using QWP. Insets show the first and second interference patterns
in white and blue, respectively. The arrows indicate the direction of
translation.

2D arrays of shape-anisotropic atoms, elongated in the x and
y direction, respectively.
In the case of 3D interference patterns, a four-laser beam
was assembled in an umbrella-like configuration for a fcc
structure.2 The intensity distribution of the interference pattern can be approximated by
4

I⬃

兺i 兩Ei兩2 + E1 · E2 cos关2共x − y − z兲/p + 共1 − 2兲兴
+ E1 · E3 cos关2共− x + y − z兲/p + 共1 − 3兲兴
+ E1 · E4 cos关2共− x − y + z兲/p − 共1 − 4兲兴.

共3兲
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exposed photoresist pattern, where the unit atoms and interconnected plane along the 关11̄0兴 direction remain thick.
In summary, it was demonstrated that the translation of
the multibeam interference pattern could be achieved by
phase shift. By using a double exposure with the phase shift,
2D and 3D polymeric periodic patterns with atoms stretched
along a specific direction were created successfully. This
method is practically simple and direct approach for the design of unit atoms with anisotropic shape in periodic patterns. Furthermore, these polymeric patterns can be used as
templates for tunable optical materials.
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FIG. 3. (Color online) (a) SEM image of fcc photoresist patterns by single
exposure. Inset is the calculated interference patterns. (b) SEM image of
double exposured patterns with phase shift using two QWPs. Inset shows
the locations of the first and second interference patterns in white and blue,
respectively. The arrow indicates the direction of translation.

In Fig. 3(a), the transferred interference pattern shows
the fcc lattice structure with a facing (111) plane, where the
unit atoms are interconnected with triangular plane. (Specifically, the transferred interference pattern is an asymmetric
fcc with the basis elongated in the [111] direction.17) In Eq.
(3), the manipulation of the phase of each beam can translate
the fcc interference pattern in specific direction and extent.
Here, we translated the 3D interference pattern on the surface
plane, that is, 关11̄0兴 direction by p / 4. In this case, two QWPs
were used to modulate two linearly polarized beams in a
four-beam configuration. The phase shift was achieved by a
rotation from the fast axis to the slow axis for the first beam
and the other way around for the second beam. Therefore, in
the second exposure, the relative phase differences, 共1
− 2兲 and 共1 − 3兲 in Eq. (3) were  / 2 and − / 2, respectively. The inset of Fig. 3(b) displays the translation of the
interference pattern. Figure 3(b) shows the surface of double-
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