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a mirror 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 λ∕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 λ is the exposure wavelength in air, θ is the inci-
dent angle, andn 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 � 0.398j) and a thin (50 nm) PR
(PFI-88A2,n � 1.72 � 0.04j) 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) .

The sample is patterned uniformly with an area up to
50 mm × 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 isλ∕�2 � 1.51�
using immersion fluid compared to λ∕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

Fig. 2. Top view micrographs for fabrication results obtained
using proposed ILIL setup at λ � 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 θ � 46°, (b) 160 nm period at θ � 49.8°,
and (c) 150 nm period atθ � 54.5°. Grating structures patterned
in immersion oil with (d) 140 nm period at θ � 50.5°, (e) 130 nm
period at θ � 56°, and (f) 120 nm period at θ � 64.5°.
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