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Abstract

A theoretical method of using high-order waveguide-mode interference combined with
sample rotation is proposed to fabricate different kinds of three-dimensional nanolattice
structures. The lithography sample is assisted by an asymmetric metal-cladding dielectric
waveguide structure. High-order waveguide modes can be excited in the photoresist layer
by both transverse magnetic and transverse electric polarized light. By utilizing multiple
exposures of high-order waveguide-mode interference combined with sample-rotation, var-
ious three-dimensional nanolattice structures can be obtained. The resulting optical field
distributions are simulated using the finite element method in this study, and sample rota-
tion is expressed by coordinate matrix transformation. As examples, the three-dimensional
optical field distributions resulting from fifth-order waveguide-mode interference were
simulated with 90° and 60° sample rotations and multiple exposures. The results show that
a quasi-cuboid structure with a simple tetragonal arrangement and a quasi-hexagonal struc-
ture with a hexagonal close-packed lattice can be obtained. Moreover, the numerical simu-
lation results revealed that the shapes, sizes, arrangements, and periods of the structures
can be controlled by the rotation method, photoresist thickness, waveguide modes used for
exposure, and so on.
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1 Introduction

In recent years, the application of nanostructures has become increasingly diverse in mate-
rials, physics, and chemistry (Zheng and Yang 2018; Liang et al. 2019; Zhao et al. 2018a,
b; Cen et al. 2018a, b; Lv et al. 2018), including applications in photocatalysis (Ye et al.
2018; Yan et al. 2018), surface-enhanced Raman scattering (Liu et al. 2015a, b; Yu et al.
2018), absorption enhancement (Cen et al. 2018a, b), metamaterials (Liu et al. 2015a, b;
Chen et al. 2016a, b; Shao et al. 2017), sensors (Wei et al. 2017; Wang et al. 2018; Liu
et al. 2018; Chen et al. 2016a, b), Fano resonances (Yang et al. 2017; Zhao et al. 2018a, b),
high-performance batteries (Su et al. 2018), terahertz plasma wave (Li et al. 2018; Du et al.
2018), optical tweezers (Mohammadnezhad and Hassanzadeh 2017a, b), and so on. Thus,
nanostructure fabrication is an important process. Various nanostructure fabrication meth-
ods have consequently been proposed, such as laser interference lithography (Hassanzadeh
et al. 2015), electron beam lithography (Utke et al. 2008; Gunnarsson et al. 2005), atomic-
force microscopy (Chien et al. 1999), ultraviolet (UV) lithography (Bogaerts et al. 2002),
extreme UV lithography (Gwyn et al. 1998), X-ray lithography (Feiertag et al. 1997), and
surface plasmon interference lithography (Murukeshan and Sreekanth 2015; Wang et al.
2019). Compared with these methods, waveguide-mode (WM) interference lithography
has the advantages of short exposure time and low heat loss. Wang et al. (2011) experi-
mentally and theoretically demonstrated a sub-wavelength lithography method in which
two metallic nano-slits are used to excite transverse electric (TE) mode interference. In
our early work, we successfully demonstrated large-area maskless sub-wavelength lithog-
raphy by employing WM interference (Wang et al. 2013). To fabricate sub-wavelength
gratings with different periods, we further proposed a method involving a zeroth-order
WM interference nanolithography configuration based on an asymmetric metal-cladding
dielectric waveguide structure and studied the factor that could influence the period (Wang
et al. 2016, 2017a, b). We subsequently employed an asymmetric metal-cladding dielectric
waveguide structure to excite two interfering high-order WMs to fabricate hierarchical sub-
wavelength structures (Wang et al. 2017a, b). However, these methods are suitable only for
one- or two-dimensional (2D) structures. Recently, we successfully fabricated 2D surface
relief gratings by rotating the sample by 90° (Wang et al. 2015). Hassanzadeh et al. (2015)
changed the number of exposures with a corresponding rotation method and thereby gen-
erated various sophisticated geometries. These experimental and simulated results dem-
onstrated that laser interference lithography combined with sample rotation can realize
the fabrication of a variety of low-cost periodic nanoscale patterns over a large area. In
addition, we previously proposed a theoretical method to fabricate micro-optical structures
involving sample rotation with multiple and continuous exposures (Chen et al. 2017). Fur-
thermore, we proposed a new nanolithography technique for 2D subwavelength structures
by employing sample rotation with zeroth-order waveguide mode interference (Pang et al.
2018). However, although the structures were fabricated by laser interference lithography
with sample rotation (Hassanzadeh et al. 2015; Chen et al. 2017), the periods of the struc-
tures were larger than half of the wavelength; thus, these fabrication methods cannot be
employed beyond the diffraction limit. To overcome the dimensional and diffraction limits,
we propose a theoretical method of fabricating three-dimensional (3D) nanolattice struc-
tures by rotating the sample and performing multiple exposures. Analysis of the simulated
optical field intensity distributions revealed that the shapes and sizes of the nanostructures
can be controlled by the rotation method, photoresist thickness, WMs used for exposure,
and so on. Thus, a series of complex structures could be obtained.
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2 Theoretical analysis

Figure 1 presents a schematic of high-order WM interference lithography combined with
sample rotation, which is similar to the method that we previously used to generate WM
interference by transverse magnetic (TM) or TE WMs (Wang et al. 2017a, b), except that
this method includes sample rotation. The XY plane corresponds to the interface between
the Ag film and photoresist, and the positive Z axis is directed toward the Ag film layer. By
using this configuration and rotating the sample N — 1 times with N exposures, 3D nanolat-
tice structures can be obtained. The resulting optical field distributions were numerically
simulated in this study by using the finite element method (Zhang et al. 2018; Qi et al.
2018). A 442 nm laser was used as the excitation light, and a 45-nm-thick Ag film with
a dielectric constant of —0.570184+0.7514i was employed as the metal layer. The refrac-
tive indices of the prism and photoresist were 1.6 and 1.7, respectively, and the photoresist
thickness was set to 950 nm. In this case, the excitation angles for TE5 and TMs WMs were
44.73° and 50°, respectively.

To analyze the rotation and exposure process, the matrix representation of a coordinate
transformation can be used, as we described in our previous work (Chen et al. 2017). The
coordinate matrix transformation can be expressed as

cosa, sina, 0
(X,.Y,.2,) = (X,Y,Z)| —sina, cosa, O |, 1)
0 0 1

where (X, Y, Z) is the initial spatial position of the sample, and a,, is the rotation angle. The
optical field distributions I(X, Y, Z) can be calculated by using the finite element method.
After the first exposure, the sample was rotated by a certain angle, followed by a second
exposure for the same time. The optical field intensity remained unchanged, while the
exposed spatial position of the sample changed and could be expressed by using Eq. (1),
so the optical field spatial distributions In(Xn, Yn, Zn) could be calculated. The final opti-
cal field distributions of high-order WM interference with multiple exposures could be
obtained by summing the distributions corresponding to each exposure. Note that the opti-
cal field of the WM in the photoresist layer is a standing wave field, and the node number
of the standing wave corresponds to the mode order number of WM, which we can use
to fabricate a 3D nanostructure. Since our high-order WM interference lithography con-
figuration is based on a prism coupling technique, the optical intensity can be effectively

Fig. 1 Schematic of high-order z

WM interference lithography

combined with sample rotation
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approximated without considering the influence of propagation loss in the photoresist layer.
Thus, we assume the refractive index of the photoresist as a real number in the calculation
(Murukeshan and Sreekanth 2015; Wang et al. 2013). By analyzing the 3D optical field
distributions, the shapes, sizes, arrangements, and periods of nanolattice structures could
be obtained.

3 Numerical simulation results

After performing the above analysis, we simulated the optical field distributions of TE;
and TMj5 throughout the photoresist with no sample rotation. The results are depicted in
Fig. 2a, b. The optical field distributions were simulated from —420 to 420 nm along both
the X and Y axes. The periods of these hierarchical sub-wavelength structures for TE5 and
TM; are 200 nm and 180 nm, respectively, in the X direction.

Based on Fig. 2, by exposing a sample twice for the same time and rotating it 90° after
the first exposure, a periodic 3D nanolattice structure consisting of a number of quasi-
cuboids could be recorded in the photoresist layer and the lattice arranged in a square in a
plane parallel to XY plane. As an example, the optical field distributions corresponding to
TEs WM interference are plotted in Fig. 3a. Because of the 90° sample rotation, the optical
field distribution in the XZ plane is the same as that in the YZ plane. To clearly show the
quasi-cuboid structures and to analyze the periods in different directions, cross-sections
of the simulated optical field at Z=—50 nm and X=-420 nm are provided in Fig. 3b,
¢, respectively. Furthermore, Fig. 3d presents the optical field intensity distribution cor-
responding to Fig. 3b along the X axis at Z=—-150 and Y=0 nm. Evidently, the periods
in the X and Y directions are both 200 nm. The optical intensity distribution along the Z
axis with both X and Y equal to 0 nm is shown in Fig. 3e, exhibiting a period of 170 nm.
Figure 3f is an enlarged view of a single quasi-cuboid from Fig. 3a, which shows its dimen-
sions in all directions clearly. The width and length of this quasi-cuboid are both 100 nm,
and the height is 85 nm.

Figure 4a presents the optical field distributions generated by performing three expo-
sures for the same time with 60° rotations after the first and second exposures. The
optical field distribution obtained from the cross-section at Z=—50 nm in Fig. 4a is

-400

Z/nm
Z/nm

Fig.2 Simulated 3D optical field distributions in the photoresist layer obtained by high-order WM interfer-
ence from —420 to 420 nm along both the X and Y axes. a TE; interference. b TMj; interference (color
online)
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Fig.3 a Simulated 3D optical field distributions of TE; WM interference obtained by exposing a sam-
ple twice for the same time with 90° rotation. b Optical field distribution of the cross-section of (a) at
Z=-50 nm. ¢ Optical field distribution of the cross-section at X =—420 nm in (a). d Optical intensity dis-
tribution in (b) along the X axis at Z=—150 and Y =0 nm. e Optical intensity distribution in (¢) along the Z
axis at X=0 and Y =0 nm. f Enlarged view of a single quasi-cuboid from (a) (color online)

shown in Fig. 4b. A 3D nanolattice structure with quasi-hexagonal dots regularly and
periodically patterned in the photoresist layer is evident. This pattern reveals a hexago-
nal close-packed lattice structure parallel to the XY plane, which was obtained by using
TE; WM interference. In this case, the period in the Z direction is 170 nm, which is the
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Fig.4 a Simulated 3D optical field distributions with TE; WM interference after three sample expo-
sures for the same time with two 60° rotations. b Optical field distribution of the cross-section of (a) at
Z=-50 nm (color online)

same as that in Fig. 3. Meanwhile, in the plane parallel to the XY plane, the separa-
tion between adjacent dots is 230 nm. Each dot is quasi-hexagonal, and seven dots form
a hexagonal close-packed lattice structure, while three dots form an equilateral trian-
gle. The heights of all of the equilateral triangles are the same, approximately 200 nm,
which is the same as the period of the quasi-cuboids in Fig. 3.

4 Conclusion

In this paper, we proposed a method of fabricating 3D nanolattice structures by using
high-order WM interference and sample rotation based on an asymmetric metal-clad-
ding dielectric waveguide structure. Many WMs exist in the waveguide structure and
can be adjusted according to the photoresist thickness and the polarization of the excita-
tion laser. The shapes, sizes, arrangements, and periods of the fabricated structures can
be changed by adjusting the sample rotation, photoresist thickness, and WMs used for
exposure. As examples, we simulated the 3D optical field distributions resulting from
using TE; WM interference and performing multiple exposures with sample rotation by
90° or 60°, and we found that a quasi-cuboid structure with a simple tetragonal arrange-
ment and a quasi-hexagonal structure with a hexagonal close-packed lattice, respec-
tively, could be fabricated. The method proposed in this work could potentially be used
to fabricate a wide variety of 3D nanolattice structures and is expected to find numerous
applications in the field of nano-optics. In this letter, we obtained a quasi-cuboid rather
than a cube as the individual unit of arrangement. Future studies shall focus on the opti-
cal properties of the structures simulated in this study.
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