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ABSTRACT

A single-beam interference-lithography scheme is demonstrated for the fabrication of large-area slant gratings, which
requires exposure of the photoresist thin film spin-coated on a glass plate with polished side-walls to a single laser beam
in the ultraviolet and requires small coherence length of the laser. No additional beam splitting scheme and no adjust-
ments for laser-beam overlapping and for optical path-length balancing are needed. Bragg-angle diffractions are ob-
served as strong optical extinction that is tunable with changing the angle of incidence. This device is important for the

design of efficient filters, beam splitters, and photonic devices.
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1. Introduction

Interference lithography [1,2] is a conventional technique
for producing large-area one- and two-dimensional grat-
ing structures in the micro- or nano-scale. In particular,
this technique can be used to fabricate the master grat-
ings for the construction of metallic photonic crystals [3],
which are important for the development of new lasers,[4]
polarizers [5], filters [6], and other photonic devices [7,8].
High flexibility in the interference-lithography scheme
using different arrangements of the laser beams enables
realization of a variety of photonic structures [9-11]. Con-
ventionally, more than two beams are required in the
optical design for interference lithography, so that the
interference pattern is recorded directly by the medium
within the overlapping area of multiple laser beams. In
this work, we demonstrate a simple interference litho-
graphy scheme using a single laser beam in the ultra-
violet to fabricate slant gratings, where the slant inter-
ference pattern forms in the photoresist between the
directly transmitted part of the incident laser beam
through the substrate and the other part that is refracted
into the substrate through the side wall. Slant gratings
may enable optical functions that cannot be easily rea-
lized in conventional grating structures, where the in-
cident angle with respect to the plane of the grating side-
wall may exceed 90 degrees. Using slant gratings,
investigations based on large incident angles become
feasible and properties of photonic band gaps can be
studied using the off-plane incidence scheme, where the
Bragg-angle diffractions can be achieved. This is im-
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portant for practical applications in high-contrast filters,
beam splitters, and in the design of photonic crystal
devices.

2. Fabrication of the Slant Gratings

Figure 1 demonstrates the basic principles of this single-
beam interference lithography technique. The UV laser
beam is incident at an angle of #; onto the sample con-
sisting of a glass-plate substrate with polished sidewalls
and the photoresist film spin-coated on the backside. The
size of the laser spot is much larger than that of the
sample and part of the incident light has the chance to be
coupled into the substrate through the side wall at an
angle of 90° - 6. This part of light will be incident on the
glass-photoresist interface at a large angle of 90° - sin™'
(cosBi/ng), whereas, the other part of the incident light
will enter the photoresist layer at an angle of sin”'
(sinf/ns), where ng is the refractive index of the glass
substrate. The interference pattern forms bisecting the
propagation directions of these two parts of the laser
beam when they are refracted into the layer of photoresist,
which actually determines the slant angle of the pho-
toresist grating after the exposure and the development
processes.

Thus, the slant angle of the grating can be calculated
as follows:
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where npp is the refractive index of photoresist at the
laser wavelength. The slant period of the grating that can
be measured directly on the top surface is evaluated by:

ASlant = i
21, sin {HSW —sin”' (sm&lﬂ cos (HSlant )
g )
A
B cos eSlant

where A is correspondingly the “true” grating period if it
is measured in the plane perpendicular to the side wall of
the grating, as illustrated schematically in Figure 3.
According to Figure 1, the effective area of the slant
grating may be evaluated by the value of L with:

L=H {l/tan[sin_1 (cos 8, /ng ):I —tan [sin'I (sind, /ng )]} ,
3)
where H is the thickness of the glass substrate.

In the practical fabrication, a single 355 nm laser beam
is used as the UV light source, which is incident at an
angle of 6; = 34° onto the sample that is prepared by
spin-coating S1805 photoresist from onto a fused-silica
glass plate with a thickness of about 1.5 mm and an area
of 10 x 10 mm” at a speed of 2000 rpm. Furthermore, the
glass substrate and the photoresist have a refractive index
of ng = 1.476 and npp = 1.74 at 355 nm, respectively.
Thus, we can easily obtain Agy,, = 31.66°, Agyuy = 536
nm, A =456 nm, and L = 1.6 mm.

The atomic force microscopic (AFM) image of the
fabricated slant grating is shown in Figure 2(a) and a
three-dimensional (3D) re-drawing of Figure 2(a) is
given in Figure 2(b). Clearly, the grating structures have
a period of about 532 nm, or Agy,, & 532 nm and A =453
nm, which agrees very well the designed or the calcu-
lated values of Agy,, = 536 nm and A = 456 nm. Figure
2(a) also shows a modulation depth smaller than 600 nm
of the grating and Figure 2(b) indicates convincingly the
slant features of the grating. The fabrication experiments

Single-beam incidence

aSlanI L

Figure 1. Schematic illustration of the single-beam interfer-
ence lithography.
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Figure 2. (a) AFM image of the photoresist slant grating
structures; (b) A three-dimensional re-drawing of the AFM
image in (a).

a=20,+6,-90°

Figure 3. The schematic illustration of the Bragg-angle dif-
fractions in the slant gratings.

showed that the period and the slant angle of the grating
can be tuned by changing the incident angle of the UV
laser. It should be noted that the laser beam coupled into
the substrate through the side-wall will totally reflected
by the top and bottom surfaces of the sample and
propagates within the substrate, so that it interacts with
the directly transmitted light multiple times within the
photoresist layer. Thus, multiple domains of the inter-
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ference patterns can be recorded as slant gratings in the
photoresist, as can be observed in the inset of Figure
2(a), which actually extend the applicable grating area.

3. Bragg-Angle Diffractions in Slant
Gratings

This kind of slant grating enables ecasily the Bragg-like
diffractions even at normal incidence of light. The basic
principles are illustrated schematically in Figure 3. The
incident light at an angle of 6; is actually incident at 6 =
6; + O, with respect to the side surface of the slant
grating lines. If we look at the diffraction in the direction
of beam B that is symmetric with the incident light beam
I about the normal to the slant surface, which can be
defined as a kind of Bragg-angle diffraction, the dif-
fraction condition may be written as:

Moy N g (SN0, +cOS ) = A, Where ngy is the effective
refractive index of the grating layer consisting of the air
and photoresist, 6 is the resonance wavelength of the
Bragg-angle diffraction. Obviously, the value of ngy is
dependent not only on the duty cycle of the slant grating
and the wavelength of the incident light, but also on the
shape of the grating profile and how the light is incident
onto the grating. Considering o =26,,,+6,— 90°, we
have n,Ag,, [sin 6 + sin(@i +205,. )} =A, which can
actually be rewritten as:

2n,,A g, sin (6, + 0y, )cos by, = A. However, we al-
ready obtained Ag, cosé, . =A and 05 =0; + Ogyp,
thus, the diffraction condition becomes:

2n,,Asinty; = 1. “)

This is exactly the condition for Bragg diffraction and
defines the Bragg-angle diffraction in the slant grating.
On this basis, the slant gratings may be taken as a kind of
one-dimensional photonic crystal structures that enables
direct incidence from the side surface of the grating. It is
this kind of Bragg-angle diffraction that induces strong
spectroscopic response of the slant gratings.

Figure 4 presents the optical characterization of the
device shown in Figure 2, which is demonstrated by the
angle-resolved tuning properties of the optical extinction
spectrum. The incident angle 6; is changed from —44 to
+36 degrees. The definitions of the positive and negative
values of 6; are illustrated in the inset of Figure 4(a). For
a positive value of 6;, a strong extinction signal with a
bandwidth of about 90 nm at full width at half maximum
(FWHM) can be observed, which is tuned from about
550 to 810 nm as the angle of incidence is increased from
0 to 28 degrees in steps of 4 degrees, as shown in Figure
4(a). For 6; = 0, the spectral peak of the Bragg diffraction
or the Bragg resonance mode is observed at about 550
nm. Using the Bragg diffraction condition in (4), a grat-
ing period of Agy,, = 532 nm or A = 453 nm, a slant an-
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Figure 4. (a) Angle-resolved tuning properties of the Bragg
resonance mode of the slant gratings for a positive incident
angle increased from 0 to 28 degrees; (b) Angle-resolved
tuning properties of the optical extinction spectrum with
the incident angle changed from —44 to +36 degrees.

gle of Agyn = 31.66°, we can obtain n.;~ 1.16 at about
550 nm for normal incidence.

As shown in Figure 4, the amplitude of the extinction
signal due to the Bragg-angle diffraction is ranging from
1.4 to 1.6 (at 8; = 0), meaning a reduction of 75% - 80%
in the transmission spectrum. Furthermore, the resonance
spectrum is tuned to longer wavelengths as the angle of
incidence onto the slant surface of the grating is reduced
while the incidence angle with respect to the normal of
the substrate is increased. This is the typical feature of
band-gaps of the one-dimensional photonic crystals.

For negative values of 8;, a relatively small resonant
mode with a bandwidth narrower than 10 nm at FWHM
can be observed, which is tuned from about 790 to 520
nm as the incident angle is changed from 0 to —44°. This
is the shorter-wavelength branch of the waveguide re-
sonance mode of the WGS structures [12], where a thin
layer of photoresist remained at the bottom of the grating
structures after the development process and it acts as the
waveguide. Furthermore, a broad-band feature can be
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observed in addition to the above two tunable resonance
modes, which is peaked at about 495 nm and extends to
longer wavelengths with increasing the incident angle.
This actually results from the normal grating diffraction
and the absorption by the photoresist.

4. Conclusion

In conclusion, we demonstrated fabrication of slant grat-
ings using a simple single-beam interference lithography
scheme. The period and the slant angle of the grating
structures may be tuned by changing the incident angle
of the UV laser beam. Bragg-angle diffraction interprets
the strong optical response of this kind of nanostructures
with well-established theoretical model. The tunable re-
sonance mode with a bandwidth of about 90 nm at
FWHM may be taken as the band-gap of a kind of one
dimensional photonic crystal structures. This introduces a
new approach for the realization of photonic devices,
which may be applied in filters and beam splitters, or
used as master gratings for the realization of plasmonic
devices.
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