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Employing refractive beam shaping in a Lloyd’s interference lithography
system for uniform periodic nanostructure formation
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Department of Photonics, National Sun Yat-sen University, No. 70, Lienhai Rd., Kaohsiung 804, Taiwan
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Uniform periodic structure formation over a large sample area has been challenging in laser
interference lithography (LIL) mainly due to the Gaussian intensity distribution inherent to a laser
beam. In this work, refractive beam shaping devices are applied in a Lloyd’s interferometer to create a
flat-top light field (2.8% intensity variation over an area of 20 x 20 cm?) for wafer-scale nanopattern-
ing. Around 102 variation in fill factors are obtained for all the reported one dimensional and two
dimensional periodic structures across a 2-in. wafer, which is 1 order of magnitude lower than the val-
ues obtained for the samples exposed to a Gaussian light field. The proposed LIL system also allows
gradual light field transitions from the Gaussian, super-Gaussian, and flat-top to the inverse-Gaussian
by simply adjusting the spot size of the laser incident to the beam shaper. The authors believe that the
proposed LIL system can be applied for a variety of applications that benefit from the nature of peri-
odic nanostructures. © 2017 American Vacuum Society. [http://dx.doi.org/10.1116/1.4980134]

I. INTRODUCTION

Laser interference lithography (LIL) has been an effective
technique for patterning regular arrays of fine features over a
large sample area without the use of complex optical systems
or photomasks. Among all the LIL systems, Lloyd’s mirror
interferometer, in which the mirror is placed perpendicular to
the exposed surface to create a second beam, is the most com-
mon approach for generating finely detailed interference pat-
terns of sufficient visibility.'> The pitch of the interference
patterns can be accurately controlled by placing the sample and
the mirror on a rotating stage. The grating period is therefore
determined by the wavelength of the laser, the angle of inter-
section between the mirror and the sample, and the stage orien-
tation with respect to the direction of the laser beam. A Lloyd’s
mirror interferometer using an ultraviolet laser as the irradia-
tion source is effective only for short-period (200400 nm)
grating formation. Even when using a 4-in. mirror, the illumi-
nation coverage of a Lloyd’s mirror interferometer is still less
than 1 in. while the grating periodicity is larger than 500 nm.*
On the other hand, the illumination coverage for <250-nm
grating periods is always larger than the size of the mirror. As a
result, a LIL system equipped with a Lloyd’s mirror has been
widely used in the semiconductor laser industry for distributed
feedback laser fabrication, which requires a precise and uni-
form grating periodicity of 202 or 240 nm on 2-in. III-V epiwa-
fers for emitting 1310- or 1550-nm of telecom wavelengths.
Other applications such as wire-grid polarizers for displays and
silicon antireflective surfaces for solar harvesting also require
closely packed one-dimensional (1D) or two-dimensional (2D)
gratings distributed uniformly over a large area. However, the
Gaussian distribution inherent to laser beams causes the
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exposure dose in a Lloyd’s mirror interferometer to vary across
the exposure area,'” with the maximum exposure intensity
occurring at the intersection between the mirror and the sample
stage, as shown in Fig. 1(a). The dose variation can lead to var-
iations in the fill factor of the resulting grating patterns. The
parameter “fill factor” is defined as the volume fraction of the
resist material remaining on the sample after development. In
cases where a double exposure of the interference fringe is exe-
cuted with the sample rotated by 0° and 90°, a 2D grating pat-
tern with a square lattice of circular geometry can be produced.
When the exposure energy is not uniform across the entire
sample, the resulting 2D grating profiles can be distorted.

A two-beam interferometer allows the sample to be cen-
tered at the maximum intensity of the Gaussian beam profile,
thereby allowing higher illumination intensity with a greater
uniformity, as shown in Fig. 1(b). But the two-beam LIL sys-
tem is rendered highly sensitive to vibration and fluctuations
in air flow, thereby degrading the visibility of the resulting
interference fringes.“’6 In addition, the use of a two-beam
interferometer only reduces the impact of a nonuniform light
field on the resulting resist grating profile, but the on-wafer
variation in the grating fill factor still exists. The conversion
of the Gaussian intensity profile of a laser beam into a more
uniform distribution seems to be the most straightforward
way to solve this issue, as shown in Fig. 1(c). Recently, a
beam flattening device based on a cascaded optical filter has
been designed to obtain an optical transmittance with an
inverse Gaussian shape versus incident angle. This beam
flattening device is then utilized in a Lloyd’s mirror interfer-
ometer to convert the divergent Gaussian laser beam into a
more uniform intensity distribution.” However, about 10%
variation in the fill factor of resultant gratings over a sample
area of only 1.4-cm was still observed. In contrast, beam

© 2017 American Vacuum Society 030601-1
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FiG. 1. (Color online) Calculated energy distribution of the laser beam on the sample and the corresponding dose modulation profiles in the formation of 1D
and 2D gratings, respectively: (a) Lloyd’s mirror interferometry with a Gaussian laser intensity distribution, (b) dual-beam interferometry with a Gaussian laser
intensity distribution, and (c) Lloyd’s mirror interferometry with a flat-top laser intensity distribution.

shaping techniques based on optical refraction have been
developed for years to convert Gaussian intensity distribu-
tion into a flat-top 0ne,8_ll but none of them had been uti-
lized in a LIL system to generate a flat-top laser beam for
uniform nanopatterning. This paper aims to bridge this gap
by utilizing a refractive beam shaper in a Lloyd’s mirror
interferometer to achieve an expanded and flat-top beam
intensity profile for successful wafer-scale nanopatterning of
1D and 2D periodic structures with superior pattern unifor-
mity. The variation in the fill factor of resultant 1D gratings
can be as low as only 0.011 over a 2-in. sample area.

Il. EXPERIMENT

Most of the He-Cd lasers widely used in interference lithog-
raphy have a coherence length of only around 30 cm, which
limits the useful illumination coverage to approximately 4 in.
even when a larger Lloyd’s mirror is employed.* Figure 2
presents a schematic diagram of the proposed LIL system

equipped with a refractive beam shaper and a Lloyd’s mirror.
We adopt a 355-nm diode-pumped solid-state laser (Cobolt
Zouk™) with a TEMy, spatial mode (M*< 1.1), an output
power of 20 mW, and a coherence length exceeding 40 m
(spectral linewidth <1 MHz) as the radiation source in the pro-
posed LIL system. This laser not only has a longer coherence
length than the widely used 325-nm He-Cd laser but also has a
relatively compact size (12.5 x 7 x 4.5cm). With a highly
coherent laser source, the illumination coverage of a Lloyd’s
interferometer is therefore limited only by the size of the mir-
ror.* Consequently, the variation in the fill factor of resultant
resist patterns across the wafer solely depends on the intensity
uniformity of the laser light field. After passing an automatic
optical shutter, the laser beam then enters a volume-grating-
based spatial filter to remove its aberrations, a variable optical
attenuator to adjust the laser intensity, a beam shaping device
to transform the Gaussian intensity profile of a laser beam into
a uniform one, and a planoconcave lens to expand the light
field for the following interference taking place at the Lloyd’s
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R beam expander
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¥
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FiG. 2. (Color online) Schematic diagram of the proposed Lloyd’s mirror interferometer with a flat-top laser intensity distribution.

. Vac. Sci. Technol. B, Vol. 35, No. 3, May/Jun 2017



030601-3 Hung et al.: Employing refractive beam shaping

mirror interferometer. The variable optical attenuator consists
of a half-wave plate and two polarizing cube beamsplitters,
while the beam shaping device is composed of a tunable beam
expander and a refractive beam shaper. The refractive field-
mapping beam shaper (mshaper from AdlOptica GmbH) is
implemented as a Galilean telescopic system with two aspheric
lenses. The transformation of the intensity profile from the
Gaussian to the flat-top is realized in a controlled manner by
accurately introducing wave aberration by the first lens and
further its compensation by the second lens. Thus, the resulting
output beam has a uniform irradiance profile, a flat wavefront,
and a low divergence. In other words, the beam shaper trans-
forms the irradiance distribution without the deterioration of
the wavefront shape or increasing the beam divergence. The
deviation from flatness for the output phase front is less than
one tenth of the laser wavelength. However, the successful
transformation of a laser irradiance distribution requires the
fulfillment of a predetermined input beam size with a
Gaussian-like irradiance distribution. It is also important to
ensure the proper alignment of the beam shaper to avoid the
lateral shift of a laser beam or angular tilt of the beam shaper,
all leading to a skewed intensity profile. In this work, a tunable
beam expander is utilized to enlarge the laser beam size from
originally 0.7-6 mm in order to obtain a uniform irradiance
profile after passing the beam shaper. A beam profiler is used
to assist the alignment of the beam shaper through in situ
measurements of the transformed irradiance profile of the laser
beam. Since the saturation intensity for the beam profiler is
only 2.2 uW/cm?, it is necessary to attenuate the output power
of the laser beam without changing its spot size during the
alignment of the beam shaper, which describes a polarization-
based variable optical attenuator. We cascade two polarizing
cube beamsplitters after the half-wave plate to achieve an
extinction ratio of >40000 for ultraviolet light such that the
laser power can be attenuated to be within the operational
intensity of the beam profiler while maintaining the s-
polarization of the laser beam and its spot size.

When a TEM laser beam with Gaussian irradiance dis-
tribution propagates in space, its size varies due to inherent
beam divergence but its irradiance distribution remains sta-
ble. However, when light beams with non-Gaussian irradi-
ance distributions such as flat-top beams propagate in space,
they simultaneously show a variation in both the size and the
irradiance profile. In infinity, the profile of the laser beam
becomes the well-known “Airy disk” distribution, which is
the result of the Fourier-Bessel transform for a circular beam
of uniform initial irradiance.'>"'* There exists, however, a
certain propagation length where the uniform intensity pro-
file is relatively stable. This length is inversely proportional
to the wavelength and is in square proportional to the beam
size. Coincidentally, for the interference lithography applica-
tion, we also need an expanded laser beam of uniform inten-
sity whose coverage is a lot larger than the output beam size
of a refractive beam shaper. As a result, a planoconcave lens
is used in the proposed LIL system for light expansion after
beam shaping not only to extend the “depth of field” after
the beam shaper where the resulting irradiance profile is sta-
ble but also to obtain an enlarged laser beam for wafer-scale
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nanopatterning. Finally, an expanded and uniform light field
illuminates a Lloyd’s mirror interferometer equipped with a
3-in. dielectric mirror to generate interference fringes.

For experimental demonstrations, we have produced a
variety of 1D and 2D resist grating patterns over 2-in. silicon
wafers. The fabrication flow is outlined as follows. A 160-
nm-thick bottom antireflection coating (BARC) (Brewer
Science iICON-16) layer was deposited on a cleaned silicon
substrate by spin coating. After prebaking the BARC layer at
165°C for 60s, a 200-nm-thick positive layer of photoresist
(TOK THMR-iP3600) was deposited and soft baked at 90°C
for 90s. The sample was then transferred to the LIL system
and exposed to interference fringes with a suitable dose dur-
ing each exposure step. The periodicity of as-realized 1D gra-
tings is around 240 nm. The exposure energy for 1D gratings
is about 28 mJ/cm?. Employing multiexposures of interfer-
ence fringes with the sampled rotated by (0°, 90°), (0°, 60°,
—60°), (0°, 45°, 90°, 135°), (0°, 36°, 72°, 108°, 144°), and
(0°, 30°, 60°, 90°, 120°, 150°) would form 2D gratings with
an orientation of square, hexagonal, and higher rotational
symmetries (eightfold, tenfold, and 12-fold), respectively.
The energy for each exposure step from square and hexagonal
2D gratings is about 22 mJ/cm?. For gratings with higher rota-
tional symmetries (eightfold, tenfold, and 12-fold), the energy
is reduced to only 4-6 mJ/cm? for each exposure. For compar-
ison, all the 2D gratings are generated with the same interfer-
ence angle of 30°. Postexposure baking was performed at
110°C for 120s to reduce the standing-wave effect. Finally,
the sample was immersed in a standard 2.38% tetramethylam-
monium hydroxide photoresist developer for 10s to produce
the grating structures. Although the interference fringe has a
sinusoidal intensity profile, we can still produce resist gratings
with a squarelike profile by operating the photoresist in strong
nonlinear conditions.>'>™"” This trick works for not only 1D
gratings but also 2D gratings with a square or hexagonal lat-
tice. The formation of 2D resist gratings with a rotational
symmetry of eightfold or higher requires at least four expo-
sures to interference fringes. This leads to at least four differ-
ent levels of exposure doses in the resultant photoresist
patterns. Therefore, such a complex grating structure can only
be formed by operating the photoresist in linear conditions.

lll. RESULTS AND DISCUSSION

The operation principle of a refractive beam shaper used
in the proposed LIL system presumes that a perfect Gaussian
beam with a 1/e* diameter of 6 mm is converted to a beam
with uniform intensity. Figure 3(a) shows the measured beam
intensity profiles of the original laser beam and the laser
beams after shaping. When the input beam size is exactly
6 mm, the output laser beam has a flat-top intensity profile
after passing the refractive beam shaper. The increase in the
input beam size to 7.1 mm leads to a reduced intensity in the
center of the output laser beam, thus generating a laser beam
with the so-called inverse-Gaussian intensity profile. In con-
trast, the size reduction of the input laser beam to 4.9 mm
enables a convex intensity profile in the output laser beam
that can be approximately described by super-Gaussian

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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FiG. 3. (Color online) (a) Measured beam intensity profiles before light expansion under different spot sizes of the input laser beams. (b) Measured beam inten-
sity profiles after light expansion and the corresponding fill factors of the resultant grating profiles.

functions. Evidently, a simple variation in the laser beam size
by using a zoom beam expander allows us to steadily vary
the resulting beam profile and choose an optimum one for
specific applications. For example, large-area formation of
uniform grating structures by using a Lloyd’s interferometer
requires a flat-top intensity profile of the laser beam. But the
formation of gradient-period grating structures may need an
inverse-Gaussian intensity profile due to the difference in
exposure energy required for short- and long-period gra-
tings.'®'? After light expansion by a plano-concave lens, the
light field covers an area of 20 x 20 cm? sufficient to illumi-
nate the entire sample holder while maintaining its intensity
profile, as shown in Fig. 3(b). We clearly observe that after
light expansion, a flat-top laser beam can provide a uniform
light field area (L = 12.5 cm) that is two times larger than that
provided by a Gaussian laser beam (L =5.5cm). The optical
power variation from the center to the edge of an expanded

J. Vac. Sci. Technol. B, Vol. 35, No. 3, May/Jun 2017

Gaussian laser beam can be as high as 34.5%. When this non-
uniform light field is utilized in a LIL system, the sample hol-
der is usually positioned far away from the planoconcave
lens so that only the central maximum of the light field
exposes to the sample area. The approximately parabolic
shape near the maximum dictates that an increase in the
width by a factor of two results in an improvement in unifor-
mity by approximately a factor of four. But this also leads to
a reduced intensity by a factor of four—the tradeoff in a
conventional LIL system. In contrast, the optical power varia-
tion from the center to the edge of an expanded flat-top
laser beam after refractive beam shaping is reduced to only
2.8%, making this light field highly desirable for LIL
applications.

All light fields (named Gaussian, flat-top, inverse-
Gaussian, and super-Gaussian) generated by the refractive
beam shaper are applied in a Lloyd’s mirror interferometer
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with their beam centers aligned to the intersection between
the mirror and the sample stage. Figure 3(b) reveals the vari-
ation in the fill factor of as-recorded resist gratings across
the 2-in. wafer in which the sample positions A, B, C, D, and
E correspond to the center, top, bottom, left, and right (major
cut) of the wafer, respectively, and the major cut edge is
positioned close to the intersection of the sample stage.
When a Gaussian light field is used to generate interference
fringes, sample position E receives the highest exposure
dose while sample position D has the least. This leads to a
gradually changed fill factor of resultant gratings across the
wafer from 0.5 at position E to 0.41 at position D, corre-
sponding to a variation of 0.09 in the fill factor. The use of a
super-Gaussian light field still leads to a nonuniform grating
pattern but with a reduced variation of 0.06 in the fill factor
(from 0.55 at position E to 0.49 at position D). As the inter-
ference fringes come from the light field with an inverse-
Gaussian intensity distribution, sample position E then
receives the least exposure dose among all the positions.
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This otherwise leads to the highest fill factor of 0.57 at sam-
ple position E and the lowest fill factor of 0.5 at sample posi-
tion D, corresponding to a 0.07 fill factor variation across the
2-in. wafer. Uniform gratings with an almost constant fill
factor of 0.45 (about 0.011 variation in the fill factor across
the 2-in. wafer) can be finally achieved by employing a flat-
top light field.

To further validate the advantages of a flat-top beam pro-
file in a Lloyd’s mirror interferometer, 2D grating structures
with a hexagonal lattice are realized by triple exposures to
the interference fringes and the rotation of the sample by 60°
and —60°, respectively, before the second and third expo-
sure, as illustrated in Fig. 4(a). Prior to grating fabrication, a
simulation model is built to calculate the profiles of holo-
graphically recorded patterns to initially understand the
effects of each process parameter.’ Typically, the profile of
recorded structures in the photoresist depends on the inter-
ference pattern and photoresist sensitization and develop-
ment.’ Figures 4(b)—4(e) show the calculated light intensity

3" Exposure

7 |
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(e)

FiG. 4. (Color online) (a) LIL process procedures for forming hexagonal 2D grating structures by triple exposures to 1D interference fringes generated by a
Lloyd’s mirror interferometer and the sample rotated by 60° and —60°, respectively, before the second and third exposure. Assuming a Gaussian intensity dis-
tribution for the incident light field, the exposure energy received at respective wafer positions (A, B, C, D, and E) varies during the triple-exposure step.
(b)—(e) Calculated light intensity distributions under triple-exposure of two-beam interference (upper figures) and their resultant resist patterns after develop-

ment (lower figures) at respective wafer positions (A, B, C, and E).
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(a) 2D hexagonal gratings (Gaussian)
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Fic. 5. (Color online) Top SEM views of as-realized 2D hexagonal gratings realized by employing (a) a Gaussian light field or (b) a flat-top light field.

distributions under triple-exposure of two-beam interference
and their resultant resist patterns after development at
respective wafer positions (A, B, C, and E). Hexagonal 2D
gratings with a circular geometry are realized at position A
[Fig. 4(a)] since the exposure energy remains almost the
same during the triple-exposure LIL process. In contrast,
Gaussian intensity distribution combined with the sample
rotation leads to the variation in exposure energy at other
wafer positions and thus distorts the resultant grating profile.
Elliptical 2D gratings with their major-axis along the vertical
direction shown in Fig. 4(e) can be found at sample position
E. Such a distorted profile is attributed to a higher exposure
energy at the first exposure step than that of the second and
third exposures. Similarly, elliptical 2D gratings with a tilted
major-axis direction are found at sample positions B and C,
as shown in Figs. 4(c) and 4(d). The resultant resist pattern
profile at sample position D is similar to that at sample posi-
tion E but the exposure energy difference among three expo-
sure steps at position D is not as large as that at position E.
So, the profile distortion of the resist patterns at position D is
not obvious. For experimental demonstration, a BARC layer
is used to avoid the interface reflection of incident UV light

2D square grating
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between the substrate and the photoresist and thus eliminates
the standing wave effect that may distort the resist profile.
As a result, the profile of resulting 2D gratings would loyally
reflect the spatial intensity variation of the incident light
field. Figure 5(a) shows the top SEM views of as-realized
hexagonal 2D gratings over a 2-in. wafer generated by a
Gaussian light field. The impacts of Gaussian intensity distri-
bution on the resultant resist profiles are verified experimen-
tally, and the results agree well with the theoretical
predictions shown in Fig. 4. The pattern distortion on square
2D gratings produced by the double-exposure of two-beam
interference with a sample rotation of 90° before the second
exposure is also observed.”” If a uniform light field is used
for the triple-exposure LIL process, 2D hexagonal gratings
with a circular geometry can be realized throughout the
entire sample area, as verified experimentally in Fig. 5(b).
We therefore characterize the fill factor and ellipticity (e) of
the 2D hexagonal gratings to quantify its wafer-scale unifor-
mity. The results on square and hexagonal 2D gratings are
revealed in Fig. 6. With a Gaussian light field, the variations
in the fill factor and ellipticity are as high as 0.093 (0.105)
and 0.57 (0.59) for resultant hexagonal (square) 2D gratings,

2D hexagonal grating
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FiG. 6. (Color online) Fill factor and ellipticity of as-realized (a) 2D square-oriented gratings and (b) 2D hexagonal-oriented gratings at different sample posi-

tions across a 2-in. wafer.
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respectively, across a 2-in. wafer area. However, when a flat-
top light field is employed, the fill factor and ellipticity varia-
tion can be reduced to 0.023(0.025) and 0.07(0.08) for hex-
agonal (square) 2D gratings, respectively, showing its great
promise for wafer-scale nanopatterning applications.
Photonic quasicrystals are promising nanostructures due
to their superior photonic bandgap properties stemming from
their higher rotational symmetries. The formation of 2D qua-
sicrystals with a rotational symmetry of eightfold or higher
can be achieved by the multiple-exposure LIL process, but
this process is very sensitive to the exposure dose varia-
tion.! The as-realized 2D quasicrystals can further serve as
a phase mask to realize 3D quasicrystals.”? With a light field
having a flat-top intensity distribution, the proposed Lloyd’s
LIL system is suitable to pattern 2D quasicrystal structures
uniformly over a large area. Figure 7 shows the calculated
light intensity distributions, resultant resist patterns after
development, and the SEM views of the as-realized 2D qua-
sicrystals with an orientation of square (fourfold), hexagonal
(sixfold), and higher rotational symmetries (eightfold, ten-
fold, and 12-fold). Leveraging from the nonlinear photoresist
response, isolated pillar arrays with a square or hexagonal
orientation can be achieved even though three different
intensity levels (nonexposed region, single-exposed region,
and double-exposed region) are distributed during the multi-
exposure LIL process.” In this case, the energy of each expo-
sure exceeds the energy threshold of the photoresist such
that the dissolution rate of the photoresist in a developer is

0000000000
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high in both single- and double-exposed regions. Therefore,
exposure to a nonuniform Gaussian light field would mainly
lead to the shape distortion in resultant patterns, thus causing
a variation in the fill factor. Alternatively, since more than
four exposure steps are required to form 2D quasicrystals
with a rotational symmetry of eightfold and higher, the
energy of each exposure step is not high enough to activate
the dissolution process of the photoresist in a developer.
Instead, the superposition of interference fringes for forming
high-symmetry 2D quasicrystals would add up the exposure
energy to reach the threshold of the photoresist to be able to
dissolve in a developer.

Figure 8 shows the fill factor variation of as-realized
high-symmetry 2D quasicrystals (eightfold, tenfold, and 12-
fold) across a 2-in. wafer. The impact of the nonuniform
Gaussian light field in the resultant high-symmetry 2D quasi-
crystals is not on their shape distortion but mainly on their
aspect ratio variation (the difference in the resist thickness).
So, we observe the variation not only in the fill factor of
resultant patterns but also in the image contrast during SEM
characterization across the entire wafer. With a Gaussian
light field, generally the sample positions A and C will
receive the highest exposure energy while sample position B
will receive the least exposure energy. The exposure energy
at positions D and E is similar and is slightly higher than the
energy at position B. After the multiexposure LIL process,
the resultant 2D quasicrystal patterns (eightfold, tenfold, and
12-fold) are characterized to have the lowest fill factor at
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FiG. 7. (Color online) Calculated light intensity distributions (top), resultant resist patterns after development (middle), and SEM views of as-realized resist
patterns (bottom): (a) fourfold (square-oriented), (b) sixfold (hexagonal-oriented), (c) eightfold, (d) tenfold, and (e) 12-fold quasiperiodic nanostructures.
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FiG. 8. (Color online) Fill factor of as-realized 2D quasicrystals with a rotational symmetry of (a) eightfold, (b) tenfold, and (c) 12-fold at different sample
positions across a 2-in. wafer. (The red line with filled square symbols represents a flat-top light field while the blue line with filled circular symbols represents

a Gaussian light field.)

position A and the highest fill factor at position B.
Therefore, the variation in the fill factor is as high as 0.1588,
0.1433, and 0.1141 for eightfold, tenfold, and 12-fold quasi-
crystals, respectively, across a 2-in. wafer. When a flat-top
light field is utilized in the multiexposure LIL process, the
fill factor variation is then reduced to 0.0158, 0.0322, and
0.013 for eightfold, tenfold, and 12-fold quasicrystals,
respectively, across a 2-in. wafer.

IV. CONCLUSIONS

In this work, we have proposed and demonstrated a laser
interference lithography system capable of providing a flat-
top beam intensity profile for wafer-scale nanopatterning.
This LIL system is based on simple Lloyd’s mirror configura-
tion but equipped with additional refractive beam shaping
devices to transform the Gaussian intensity profile of a laser
beam into a uniform one. After light expansion, the light field
covers an area of 20 x 20cm?® with an intensity variation of
only 2.8%, which is 1 order of magnitude lower than the
intensity variation from a Gaussian light field. Uniform 1D
gratings with an almost constant fill factor (0.45 = 0.011) and
periodicity (240 = 0.37 nm) are realized across a 2-in. wafer,
which are ready for distributed feedback semiconductor laser
fabrication for telecommunication applications. By conduct-
ing a multiple-exposure LIL process on a flat-top light field,
uniform 2D gratings with a hexagonal lattice are achieved
with their variations in the fill factor and ellipticity of only
0.023 and 0.025 across a 2-in. wafer, which is 1 order of mag-
nitude lower than the values obtained from the samples
exposed to a Gaussian light field. Such 2D gratings can be
applied to fabricate patterned sapphire substrates for light-
emitting diode applications. We also obtain 10~ fill factor
variations from photonic quasicrystals having a rotational
symmetry of eightfold and higher. The exposure area of the
current LIL system in this demonstration is limited by the size
of Lloyd’s mirror and can be upgraded to cover an even larger
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sample area (4-in. or larger) without compromise.* Finally,
the proposed LIL system allows gradual light field transitions
from the Gaussian, super-Gaussian, and flat-top to the
inverse-Gaussian, by simply controlling the spot size of the
laser incident on the beam shaper, making this system more
flexible for various applications.
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