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We have developed a liquid immersion Lloyd’s mirror interference lithography system to fabricate subwavelength
periodic nanostructures. In this approach, we construct the Lloyd’s mirror interferometer within a liquid medium to
increase the ambient index. The light wavelength is scaled by the refractive index of the immersion fluid, reducing
the minimum interference pattern period and increasing the spatial resolution. The all-liquid system ensures con-
tinuous fluid contact with the sample without an external mechanism, allows rapid adjustment of pattern period
with subwavelength resolution, and retains the passive vibration-correction capability of Lloyd’s mirror interfer-
ometers. Using this approach, we have successfully fabricated a grating structure with 112 nm period using a laser
with 325 nm wavelength, attaining a numerical aperture of 1.45. The proposed immersion strategy can be adapted to

improve pattern resolution of more complex interference lithography systems.
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Periodic nanostructures are critical in many applications,
including spectroscopy [1-3], subwavelength antireflec-
tion structures [4-6], superhydrophobic surfaces [6-8],
and photonic/phononic crystals [9-12]. One attractive
technique used to fabricate periodic nanostructures is
laser interference lithography (IL) [12-17], where two or
more mutually coherent laser beams interfere to create a
periodic intensity pattern with high spatial-phase coher-
ence over large areas. Recent work has shown the ability
to pattern 300 mm substrates with subnanometer preci-
sion [15], as well as complex three-dimensional patterns
[16]. The Lloyd’s mirror IL (LIL) [18,19] method is
another attractive IL implementation method with low
hardware requirements. In this approach a mirror is
used to create a virtual light source, allowing passive dis-
turbance rejection and rapid period changes with little
optics realignment [13,17]. However, these lithographic
techniques are limited by the diffraction of light, and
the smallest period that can be fabricated in air is roughly
half of the wavelength /2.

There have been significant research efforts focusing
on fabricating denser periodic nanostructures, as this
can improve spectrometer resolution [1-3], surface
properties [6], and surface-area-to-volume ratio. Shorter-
wavelength light [20-22] can increase pattern resolution,
but such light sources are not widely available and
require costly diffractive/reflective optics. Multilevel IL
has been demonstrated to pattern subwavelength struc-
tures [23], but this method requires multiple exposures
and precise alignment. Another promising, straightfor-
ward approach to improve resolution is immersion
lithography, which takes advantage of materials with
high refractive index [24-28]. Recent works have suc-
cessfully combined IL with solid immersion techniques
to increase pattern resolution [26-28]. However, these
methods require precisely machined prisms that can
result in high setup cost. In addition, a thin layer of im-
mersion fluid is required in these techniques to ensure
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conformal contact between the prism and photoresist
(PR), thereby limiting the spatial resolution to the fluid
index.

In this work, we present an alternative all-liquid immer-
sion approach based on a Lloyd’s mirror interferometer.
This method combines the higher refractive index of
immersion fluid with the versatile configuration of a
Lloyd’s mirror interferometer to fabricate subwavelength
periodic structures. The all-liquid approach ensures good
conformal contact between the immersion fluid, the
mirror, and the sample without any external mechanism.
In addition, the system can be readily adjusted to fabri-
cate a range of periods without extensive optical realign-
ment. The proposed setup also maintains the passive
vibration-isolation capability of a Lloyd’s mirror interfer-
ometer to allow high exposure contrast.

The traditional LIL and the proposed liquid immersion
system are illustrated in Fig. 1. The immersion Lloyd’s
mirror interference lithography (ILIL) setup consists of
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Fig. 1. (a) Schematic of standard LIL. Two beams interfere on
the substrate to form a sinusoidal intensity pattern with period
A/2 sin 6. (b) Schematic of proposed ILIL setup with Lloyd’s
mirror interferometer in a fluid medium with high refractive in-
dex (n > 1). The period of sinusoidal intensity pattern formed
on the substrate in the immersion fluid is reduced by a factor
equal to the fluid index.
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amirror at 90° to the substrate holder, all mounted within
a container filled with immersion fluid, as shown in
Fig. 1(b). Resembling the Lloyd’s mirror interferometer,
the mirror and the substrate are always normal to each
other and are allowed to rotate about point C to control
incident angle. The wavelength of the normal-incidence
UV light is reduced proportional to the refractive index of
the fluid A/n. The mirror forms a virtual light source, and
the two light beams interfere on the substrate to form a
one-dimsensional (1D) sinusoidal intensity pattern. The
PR records this intensity pattern with the period
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where 4 is the exposure wavelength in air, 6 is the inci-
dent angle, and 7 is the index of the immersion fluid. The
container can be rotated around its axis to change the
incidence angle, allowing facile period change without
extensive system realignments. Note the laser is always
at normal incidence to the air-liquid interface regardless
of interference period. Gravity holds the immersion fluid
against the mirror and substrate to produce conformal
contact, reducing the formation of air pockets that can
result in local defects. A flat glass plate is immersed in
the liquid (not shown in the figure) to eliminate fluid
ripples at the air-liquid interface. Careful loading and
unloading of the sample is necessary to avoid formation
of air bubbles in the immersion fluid. The all-liquid ap-
proach eliminates the need for precisely machined prisms
and ensures conformal contact. Furthermore, the period
can be configured by rotation of the entire setup, and
the minimum period is a function of the immersion fluid
index alone.

The samples for the ILIL exposure experiment are
fabricated on silicon substrates. The substrates are
coated with antireflection coating (ARC, Brewer Science
i-CON-16, n = 1.646 — 0.3987) and a thin (50 nm) PR
(PFI-88A2, n = 1.72 - 0.045) to record the intensity pat-
tern. The optimum ARC thickness for lowest power re-
flectivity at the resist interface is calculated using a
multilayer thin-film model. ARC thickness between 80
and 120 nm is calculated to have minimal reflectivity
for the incident angle range from 45° to 75° for both im-
mersion fluids. The samples were exposed with a dose of
20 mJ and developed in 2.4% tetramethylammonium
hydroxide developer solution (Microposit MF-CD-26)
for 1-2 min.

The fabrication results using ILIL at different incident
angles using deionized (DI) water (n = 1.33) and immer-
sion oil (n = 1.51) are depicted in the top-view scanning
electron microscope images shown in Fig. 2. A TE-polar-
ized UV laser with wavelength of 325 nm is used for the
exposure. The first sample has period of 170 nm and was
patterned using DI water as immersion fluid for an inci-
dence angle of 46°, as shown in Fig. 2(a). The structure
period can be readily reduced by increasing the inci-
dence angle, and smaller periods of 160 and 150 nm were
patterned at incident angles of 50° and 54.5°, respec-
tively. The use of higher-index immersion oil further re-
duces the grating period. Structure periods of 140, 130,
and 120 nm were patterned at incident angles of 50.5°
56°, and 64.5°, respectively, as shown in Figs. 2(d)-2(f).
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Fig. 2. Top view micrographs for fabrication results obtained
using proposed ILIL setup at 4 = 325 nm for (a)-(c) DI water
(n = 1.33) and (d)—(f) immersion oil (n = 1.51) at various inci-
dent angles. Grating structures patterned in DI water with
(a) 170 nm period at 6§ = 46°, (b) 160 nm period at § = 49.8°,
and (c) 150 nm period at & = 54.5°. Grating structures patterned
in immersion oil with (d) 140 nm period at = 50.5°, (e) 130 nm
period at @ = 56°, and (f) 120 nm period at 0 = 64.5°.

The sample is patterned uniformly with an area up to
50 mm x 50 mm, and the maximum area is limited by
the size of the container used in the ILIL setup. A few
point defects can be observed on the sample due to
stationary dust particles within the fluid. Such particle
contamination can be reduced by filtering the immersion
fluids and conducting the experiments in a cleaner
environment.

The smallest structure fabricated using the proposed
ILIL method has a 112 nm period and was patterned at
an incidence angle of 75° in immersion oil, as shown
in Fig. 3. The structure was patterned using 325 nm wave-
length light, thereby achieving a numerical aperture of
1.45. The cross-section micrograph of this sample is
shown in Fig. 3(c), and high profile fidelity can be ob-
served. At incident angles higher than 75° the oblique an-
gle reduces the pattern area and fringe contrast, while
the improvement of resolution is incremental. To obtain
higher numerical aperture, immersion liquids with higher
index can be used.

The smallest period that can be obtained is 1/(2 * 1.51)
using immersion fluid compared to 1/2 for nonimmersion
IL. Using these data, the structure period can be plotted
as a function of incident angle for the ILIL using
air, water, and immersion oil, as illustrated in Fig. 4. The
solid lines are a theoretical model of different immersion
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Fig. 3. Smallest grating period obtained using proposed setup
with immersion oil with n = 1.51 and incidence angle of 75°,
achieving a numerical aperture of 1.45. (a) Top view of the
sample shows grating structure. (b) Cross-sectional view of
the sample showing the profile of grating structure. (c) The ma-
terials used are indicated, with the formation of 1D periodic
structure in the PR layer.

media derived using two-beam interference, as shown in
Eq. (1). The experimental data agrees well with the
model for both immersion fluids. The slight deviation of
the data points from the numerical plot can be attributed
to experimental uncertainty from manual adjustment
error of incidence angle.

One important limitation for the ILIL approach is the
optical absorption of the immersion fluid. While water
is transparent at the exposure wavelength, higher-index
immersion oil typically absorbs UV light. Since the opti-
cal path lengths are unequal in the ILIL configuration,
absorption from immersion fluid can create amplitude
imbalance for the two interference beams. This effect
can result in fringe contrast reduction and linewidth
variation, which will be more pronounced for sample
areas away from the mirror. The absorption coefficient
for the immersion oil used is experimentally measured
to be 0.061 cm™!, indicating a 10% reduction in contrast
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Fig. 4. Period reduction with the use of immersion fluid. Con-
tinuous lines show numerical model of grating period (A) as a
function of angle of incidence (0) for A = 325 nm. The discrete
points are experimental results for respective immersion media.
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across a 100 mm sample. Such contrast degradation is
too small to be detected in the fabricated samples but
can be a limiting factor for samples over 100 mm. With
the proposed mechanism, it is possible to fabricate a
grating structure with even smaller period by using
immersion fluid with higher refractive index. We will
explore the use of a 193 nm laser in this ILIL setup, given
the commercially available immersion fluids at this
wavelength.

In this work, an all-liquid IL technique based on the
Lloyd’s mirror is presented. This approach takes advan-
tage of the high refractive index of immersion fluid to
fabricate subwavelength periodic structures. We have
successfully fabricated structures from 170 to 112 nm
period using 325 nm wavelength, achieving a maximum
numerical aperture of 1.45. The all-liquid approach en-
sures conformal contact between the immersion fluid,
the mirror, and the substrate, which helps to reduce
possible defects in the final grating structure. Rapid
tunability of the setup to the desired angle provides
the ability to fabricate a range of subwavelength periodic
structures with high fidelity. This method can be ex-
tended to fabricate 2D structures and is being explored.
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