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This paper presents a surface plasmon interference lithography technique based on the
complementary grating, which comprises silicon gratings and complementary aluminum
grating masks, for fabricating subwavelength structures. In this theoretical study, the
optimal parameters of the complementary grating structure were determined using the
reflectance spectrum. The optical field distributions of one- and two-dimensional sub-
wavelength structures were obtained using the finite-difference time-domain method
and rotation-related formulas. The results of numerical evaluations show that a one-
dimensional periodic structure with a half-pitch resolution of 60.5 nm (approximately
A/6.7) can be fabricated. In addition, subwavelength structures can be diversified us-
ing different rotation methods to expose the photolithography samples, such as square
dot arrays and quasi-hexagonal closely packed structures. The proposed method com-
bines surface plasmon interference with sample rotation, thereby enabling fabrication of
abundant subwavelength structures.
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1. Introduction

The introduction of micro and nanostructures to control the diffraction and prop-
agation of light to realize new optical properties has attracted considerable re-
search attention. An increasing number of studies have reported using micro

L2 gensors,>® metade-

and nanostructures in different applications, such as filters,
vices,”® and photonic crystals.? Lithography is a key process in the fabrication of
micro and nanostructures. Because of the diffraction 1imit,'®12 that is, the inabil-
ity of a light beam to be focused onto a space of size that is smaller than half
its wavelength, high-density integrated devices cannot meet the manufacturing re-
quirements. New lithography techniques involving electron beams!? and X-rays'4
have the ability to exceed the diffraction limit and generate subwavelength struc-
tures.>17 However, these methods increase not only the technical difficulty but
also the cost, which is problematic for large-scale nanofabrication. The surface
plasmon (SP) resonance phenomenon has a wide range of applications in device

18-21 22,23 golar absorption,2427 functional instrumenta-

34-36

fabrication, photocatalysis,

28-31 and surface-enhanced Raman scattering.??32 Thus, SP lithography,

tion,
which employs the interference effect of SP waves, is proposed for fabrication of
periodic subwavelength structures with good application prospects for industrial
production.

Luo et al.3” proposed an SP resonant interference lithography technique along
with the design and fabrication of a grating structure to excite the SPs; they suc-
cessfully inscribed a one-dimensional (1D) grating with a period of less than 100 nm.
Wang et al.3® optimized the SP structure to not only prevent pollution on the sur-
face of the photoresist but also produce two interference lithography modes between
the SPs and guide mode by varying the thickness of the photoresist. In 2020, Liu
et al.3® proposed a special plasmonic lithography prototype based on coupling of
the bulk plasmon polariton and waveguide modes; they found that subwavelength
structures with a feature size of up to A\/8 could be fabricated for an incident light
of wavelength 436 nm.

In this work, we propose the SP interference lithography technique based on
a complementary grating using an excitation laser source of wavelength 405 nm.
The results of numerical investigations show that a 1D periodic structure with a
half-pitch resolution of 60.5 nm (approximately A/6.7) can be fabricated theoreti-
cally. Furthermore, using different rotation methods to expose the photolithography
samples, diversified structures may be fabricated, such as square dot arrays with
a period of 121 nm and quasi-hexagonal closely packed structures with a period
of 138 nm. In contrast with the aforementioned lithography technique, we empha-
size the richness of the two-dimensional (2D) patterns while obtaining 1D periodic
subwavelength structures.
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2. Theoretical Analysis

Figure 1(a) illustrates the structure of SP interference lithography based on the
complementary grating. The complementary grating is composed of silicon (Si) and
complementary aluminum (Al) gratings. Fused quartz is used as both the upper
and lower substrate materials. In practical lithography applications, Si gratings are
evenly arranged on the substrate, and the gaps are filled with Al to constitute the
complementary grating structure. The photoresist that is in close contact with the
complementary grating is spin coated on the substrate. The XOY plane is defined
as the interface between the Al and photoresist, with the Z-direction being perpen-
dicular to the interface and its positive direction pointing toward the Si gratings.
Figure 1(b) shows the cross-section of the plasmon lithography with the comple-
mentary grating structure, which represents the inscribing of a 1D subwavelength
structure without sample rotation.

For the given materials and based on the SP theory, the resonance wavelength
for normal incidence, Aplasmon, is expressed as3’

EmEd
A asmon — A ) 1
pl A/ em + 24 (1)

where A is the periodicity of the complementary grating and ¢, and ¢4 represent
the dielectric constants of the metal and surrounding material, respectively.
Based on the aforementioned research, the patterns of the 2D subwavelength
structures can be produced in several ways by rotating the photolithography sam-
ple through a range of rotation angles with multiple exposures. The optical field
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Fig. 1. (Color online) (a) Structure of the SP interference lithography method based on com-
plementary gratings. (b) Cross-section of the plasmon lithography with complementary grating
structure.

2150553-3



Mod. Phys. Lett. B 2022.36. Downloaded from www.worldscientific.com

by CHINESE ACADEMY OF SCIENCES on 06/02/22. Re-use and distribution is strictly not permitted, except for Open Access articles.

X. Wang et al.

distribution after exposure for a certain rotation angle is expressed as®

cosa, sina, 0 O

—sina,, cosa, 0 O

(X’VHYTHZWJI”L) = (X7Y7Z7I) ) (2)
0 0 1 0
0 0 0 1

where I, is the optical field intensity after the nth exposure and «,, is the angle by
which the sample is rotated. For N — 1 rotations and N exposures, the resulting
total interference field distribution is the superposition of all the interference optical
fields, which can be written as

N
I(X,Y,Z) = I(Xn,Yn, Zn, ). (3)
n=1

3. Numerical Simulation Results and Discussion

Because the complementary grating is composed of Si and Al gratings, the periods
of the two gratings are identical and filling factor f is complementary; f is defined
as the ratio of the metal width to the period. We assume that the monochromatic
wave has a wavelength of A = 405 nm and that the refractive indexes of the fused
quartz and photoresist are 1.4696 and 1.6, respectively. The thickness of the pho-
toresist is 100 nm, and the dielectric constants of Si and Al are 29.450 + 3.7203i%2
and —23.737 +4.90241,%3 respectively. By considering the Si gratings as the research
object, we adopted the finite-difference time-domain method for the numerical anal-
ysis to optimize the structure. The reflection spectrum shown in Fig. 2 is modeled
by scanning the thickness of the Si grating for a complementary grating thickness of
35 nm. Moreover, the perfectly matched layers condition was applied to the upper
and lower substrates where the incident light wavelengths ranged from 200 nm to
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Fig. 2. (Color online) Reflection spectra as a function of the thickness of the Si grating in the
complementary grating structure, whose thickness is 35 nm.
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Fig. 3. (Color online) Optical field distributions along the z-axis at Z = —5 nm for different fill
factor values.

900 nm. As observed, low reflectivity is acquired when the Si grating thickness is
approximately 30 nm and incident light wavelength is 405 nm. Nevertheless, the Al
film thickness in the surface underlying the complementary grating is only 5 nm if
the Si grating thickness is 30 nm. However, as preparing a 5-nm thin film is practi-
cally difficult, the thickness of the Si grating was set as 15 nm. The numerical results
show that a 1D subwavelength with high contrast can still be produced under these
structural conditions. We use only the 405 nm source as the example for numer-
ical simulations in this study. In practical lithography, other wavelengths are also
acceptable; however, it would necessitate adjustment of the period and thickness
of the complementary grating to determine the optimal solution via the reflection
spectrum. In addition, the period and intensity of the obtained interference patterns
may change.

The feature size of the fabricated subwavelength structure is independent of
the complementary grating fill factor. Variations in the fill factors influence the
optical field intensities considerably but have little influence on the contrast. The
contrast, v, is defined as ¥ = (|I|max — |{|min)/ (| |max + [L|min), Where |I|max and
|| min are the maximum and minimum intensities, respectively. Figure 3 shows the
optical field distribution along the z-axis at Z = —5 nm for different values of the fill
factor f. When f increases from 0.4 to 0.8 in increments of 0.1, the contrast remains
unchanged at a value of approximately 0.8. In the following numerical calculations,
we choose f = 0.6 for the relatively higher optical field intensity distribution.

In practical applications, the quality of the lithographic patterns are further
evaluated by considering two important requirements, namely field intensity dis-
tribution and contrast. Figure 4(a) shows the optical field intensity distribution of
SP interference based on the complementary grating structure, which is the result
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Fig. 4. (Color online) Optical field intensity distributions (a) over the entire structure and (b)
in the photoresist layer.
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Fig. 5. (Color online) Electric field intensities and contrast values of interference fringes at dif-
ferent depths within the photoresist layer.

of direct exposure of the sample without rotation. It is easily noted that the field
enhancement is concentrated mainly near the interface between the photoresist and
Al under SP excitations. The spatial resolution is improved significantly since the
wavelength of the SP light is shorter than that of the incident light. For convenient
analysis of the interference fringes, the field distribution in the photoresist layer is
shown in Fig. 4(b), from which a periodic pattern with a half-pitch resolution of
60.5 nm (approximately A/6.7) is obtained. The correlations between the extreme
intensity values and corresponding contrast at distinct photoresist depths are shown
in Fig. 5. The photoresist depths were varied from 5 nm to 95 nm in increments
of 10 nm; the contrast values for the interference fringes were calculated using the
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Fig. 6. (Color online) Slice maps of the optical field intensity distributions at Z = —85, —45 and
—5 nm for (a) 90° and (c) 60° rotations. The cross-sectional field distributions at Z = —5 nm are
shown for rotation angles of (b) 90° and (d) 60°.

contrast formula noted above. Notably, the contrast decreases slowly throughout
the photoresist layer, and high electric field intensity and contrast can increase the
lithography efficiency, especially its exposure stability.

Based on discussion of the SP lithography of a 1D grating, various 2D subwave-
length patterns can be obtained if different rotation methods are used to rotate
and expose the lithographic samples. For example, a 2D periodic subwavelength
structure can be fabricated theoretically using different rotation angles on the pho-
tolithography sample with multiple exposures. Figure 6(a) shows the resulting op-
tical field intensity distribution of the photoresist at cross-sections with Z = —85,
—45 and —5 nm when the sample is rotated through 90° and re-exposed. This dis-
tribution indicates that the electric field intensities of the SPs decay exponentially
in the Z-direction. Figure 6(b) shows the field distribution at the cross-section with
Z = —b5 nm. The pattern comprising two square regions with different intensities
is a 2D square dot array with a period of 121 nm. According to the contrast for-
mula, the field intensities |I|max and |I|min are 31.555 and 1.2, respectively, such
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the contrast is 0.93. Similarly, Fig. 6(c) displays the results of the sample being
rotated twice at an angle of 60° each, with three exposures after each rotation. The
resulting electric field distribution at Z = —5 nm is shown in Fig. 6(d). Owing
to the small value of |I|ynin, the corresponding contrast is 0.97, which is slightly
different from that in Fig. 6(b). Figure 6(d) shows that a bow pattern consisting
of two equilateral triangles with a common vertex was obtained using a negative
photoresist. Since the contrast is higher than 0.2, patterns can also be produced for
negative photoresist; hence, the negative photoresist is generally chosen. However,
the contrast of the 2D pattern shown here is theoretically higher than 0.9, such that
the corresponding patterns can be fabricated using either the negative or positive
photoresist. Thus, quasi-hexagonal closely packed structures with uniform intensity
distributions within the quasi-hexagons and a period of 138 nm are obtained using
a positive photoresist.

In addition to 60° and 90°, the sample rotation angles can be set to 30° and 45°,
which produce 2D structures with different periods. The selected sample rotation
angle should, however, meet the requirement that it is a common divisor of 180°.
Moreover, the sample rotation angle decreases with increase in rotation as well as
exposure time.

4. Conclusion

This paper presents a SP interference lithography technique based on complemen-
tary gratings. Numerical simulations were performed to show that 1D periodic sub-
wavelength structures could be theoretically produced with a half-period of 60.5 nm
(A\/6.7). In addition, multiple 2D subwavelength structures, such as a square dot
array with a period of 121 nm and quasi-hexagonal closely packed structure with a
period of 138 nm, could be obtained by varying the rotation angles and exposure
times. This method provides advantages such as a simple structure, high resolution,
and diversified patterns for the subwavelength structures. The proposed lithography
method combines SP interference with sample rotations, thereby enabling potential
applications for the development of abundant subwavelength structures. In addi-
tion, it has strong prospects for use within industrial manufacturing.
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