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Abstract: A moiré photonic crystal is an optical analog of twisted graphene. A 3D moiré photonic
crystal is a new nano-/microstructure that is distinguished from bilayer twisted photonic crystals.
Holographic fabrication of a 3D moiré photonic crystal is very difficult due to the coexistence of the
bright and dark regions, where the exposure threshold is suitable for one region but not for the other.
In this paper, we study the holographic fabrication of 3D moiré photonic crystals using an integrated
system of a single reflective optical element (ROE) and a spatial light modulator (SLM) where nine
beams (four inner beams + four outer beams + central beam) are overlapped. By modifying the
phase and amplitude of the interfering beams, the interference patterns of 3D moiré photonic crystals
are systemically simulated and compared with the holographic structures to gain a comprehensive
understanding of SLM-based holographic fabrication. We report the holographic fabrication of phase
and beam intensity ratio-dependent 3D moiré photonic crystals and their structural characterization.
Superlattices modulated in the z-direction of 3D moiré photonic crystals have been discovered. This
comprehensive study provides guidance for future pixel-by-pixel phase engineering in SLM for
complex holographic structures.

Keywords: micro-/nanofabrication; holographic lithography; interference lithography; laser fabrication;
micro-/nanostructures; photonic crystal; spatial light modulator-based lithography

1. Introduction

Three-dimensional (3D) fabrication can be realized by either top-down or bottom-up
approaches. The bottom-up approach aims to build complex structures through self-
assembly [1] or additive manufacturing [2]. The top-down approach, on the other hand,
relies on the selective removal of bulk materials using methods such as deep UV [3],
focused ion beam [4,5], or e-beam lithography [6]. In particular, 3D photonic crystals,
which are a periodic array of binary dielectric materials with a photonic bandgap, have
been produced using top-down layer-by-layer lithography [7], bottom-up nano-sphere self-
assembly [8], or direct laser writing with small feature sizes and flexible lattice symmetry [9].
Another prominent 3D nanofabrication approach for 3D photonic crystals is through
multi-beam laser holographic lithography [10-12], which is considered one of the most
attractive approaches for its controllability, flexibility, and most importantly, scalability due
to its capability for the parallel and simultaneous fabrication of large area structures in
one exposure.

A liquid crystal-based spatial light modulator (SLM) is a dynamic and reconfig-
urable optical element that allows the real-time control of phase patterns [2,13-15]. These
phase patterns displayed in the SLM can modulate the phase and amplitude of incident
light with exceptional spatial precision [2,13-15]. SLM-based holographic lithography
has significantly reduced optical setup complexity and demonstrated capability to fabri-
cate two-dimensional (2D) photonic crystals with desired defects [16-19], quasi-photonic
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crystals [20,21], graded photonic crystals [22-25], and moiré photonic crystals with unit
super-cells in square [26-28], rectangular [29], and triangular [26] symmetries, together
with other methods [30-32].

The moiré effect is an old phenomenon that creates a moiré pattern that is usually
formed when two repetitive structures are superimposed against each other with a relative
rotation angle (twist angle) [33]. Recently, twisted bilayers of two-dimensional (2D) materi-
als have ignited significant interest due to the ability of experiments to control the relative
twist angle between successive layers [34-36]. Manipulating the twist angle between the
two layers of 2D materials has resulted in a fine control of the electronic band structure [37],
magic-angle flat-band superconductivity [38], the formation of moiré excitons [39], inter-
layer magnetism [40,41], topological edge states [42], and correlated insulator phases [43].
Twisted moiré photonic crystal is an optical analog of twisted 2D materials, with significant
interest triggered by the discovery of flat photonic bands in moiré photonic crystal [44-49].
A 3D moiré photonic crystal is a new nano-/microstructure that distinguishes itself from the
bilayer twisted photonic crystals. The research on 3D moiré photonic crystals is still in its
infancy. We initially fabricated 3D moiré photonic crystals through SLM-based holographic
lithography using nine-beam interference [50]. Due to the complex unit super-cells that
have been used in the phase pattern, a comprehensive understanding of the relationship
between the gray level setting in the SLM and the generated holographic pattern was
missing [50]. Furthermore, many intriguing structures that surpass our imagination have
yet to be explored.

In this paper, we follow two paths to understand the relationship between the pixel-by-
pixel gray level setting and the 3D holographic pattern through simulation and structural
characterization: (1) we study the 3D moiré photonic crystal dependence on the inner/outer
beam intensity ratio while the phase shift among the outer beam is the same; (2) we study
the 3D moiré photonic crystal dependence on the phase shift among inner beams while the
inner/outer beam intensity ratio is the same. Three-dimensional moiré photonic crystals
are fabricated, explained by the simulation, and characterized by diffraction and scanning
electron microscopy (SEM). The super-lattices modulated in the z-direction of 3D moiré
photonic crystals are discovered.

2. Materials and Methods

All 3D moiré photonic crystals were fabricated using a photosensitive chemical mix-
ture named dipentaerythritol hexa/pentaacrylate (DPHPA). The mixture is a modified
DPHPA monomer with a mass percentage of 88.62% m/m in the final solution. Three
chemicals are added to improve the sensitivity of the mixture to 532 nm light and are as
follows: rose-bengal photo-initiator (RB), co-initiator N-phenylglycine (NPG), and chain
extender N-vinylpyrrolidone (NVP), with mass percentages of 0.1% m/m, 0.80% m/m, and
10.48% m/m, respectively. DPHPA is not an effective solvent and must follow a mixing
procedure to ensure a smooth solution. First, mix the RB, NVP, and NPG in an amber
bottle and sonicate in a water bath for thirty minutes. After sonication, stir the solution
with a magnetic stir-bar for approximately one hour at room temperature. While the three
chemicals are stirring, measure out the DPHPA monomer in a separate bottle. Heat a beaker
full of water to 90 °C and place the DPHPA bottle in the heated water. Allow the DPHPA to
heat until its viscosity resembles that of water and it flows easily. Pour the heated DPHPA
into the bottle containing RB, NVP, and NPG, then stir via a magnetic stir-bar overnight
without any additional heat and at room temperature. Note that spin-coating can be used
to gauge the quality of the DPHPA mixture. If the coated glass slide has a smooth surface
with few particulates, the solution is well mixed; if the solution is grainy with many tiny
particulates on the surface, the solution is poorly mixed, which results in messy holographic
structures that have large breaks. The reliability of this process is very good when the
sonication time is optimized and the DPHPA is heated to a watery viscosity to allow good
mixing and dissolving of the solid components of the mixture. The yield of this process is
all or nothing, with the mixture being either very good or very poor. This modified DPHPA
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w1th various super- cell sizes in SLM without requiring Changes to the optlcal setup depicted
in Figure 1a. This makes it compatible with additive manufacturing.
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Figure 4a shows a scanning electron microscopy (SEM) image of a holographic struc-
ture that is the same as that in Figure 3a. Unit super-cells are indicated by the dashed blue
and red squares; the dark region is indicated by the circle; the red square in Figure 4b is the
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square pattern is formed, as depicted in Figure 4f. These observations provide evidence for
the existence of dark regions.

The diffraction pattern has been used to judge whether the sample is overexposed or
not [50], with a well-developed sample usually showing diffraction zones instead of diffrac-
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In the future, the photonic behavior of 3D moiré photonic crystals can be investigated
in various aspects, including the photonic bandgap, the photonic resonant cavity, and the
topologicall pitstniicedféett. Wibththeeaswialidbiitiyyo O hig gl corpypratacieal p prowreit i jsopsibste
Weddcaditalidte fhopnitdranbgad gahenithn thieiférefoepattpattsrndavertedrintbibindriz
starie strestof edlodenliznd anrd [Gif[[5Fhd Iprresea cf afidfi¢ferenifiltip g faativossaff dielectric
materials in the superlattices along the z-direction of 3D moiré photonic crystals leads to
shifts in photonic bandgaps and the formation of resonant cavities within the structure.
Additionally, e sttudly of tepollgical photonic effiects, specifically the imvestigation of
topologiical iimtenfces [[5|cdtmgetiecldabhd dad diheiniHiiBireres, Dgib niecessars shyedadhe
sHopg sAp Pt pattein s ifrdfier sunroundinglihg the patteratsdmbiguFestae 5a.

6. Conclusions

In summary, we have studied the holographic fabrication of 3D moiré photonic
crystals using nine-beam interference generated by the engineered phase pattern displayed
in SLM. These nine beams consist of four inner beams, four outer beams, and one central
beam. We have systematically studied the dependence of moiré photonic crystal on the
intensity ratio of inner beams over outer beams through simulation, holographic fabrication,
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structural characterization, and diffraction. Superlattices modulated in the z-direction of
3D moiré photonic crystals have been discovered. Future research directions regarding
the photonic behavior of 3D moiré photonic crystals have been discussed. This study
not only leads towards the holographic fabrication of 3D complex structures but also the
understanding of interfering beam phase and intensity controls through phase engineering
in SLM-based lithography.
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