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Abstract: Novel optical properties in graded photonic super-crystals can be further explored if 

new types of graded photonic super-crystals are fabricated. In this paper, we report holographic 

fabrication of graded photonic super-crystal with eight graded lattice clusters surrounding the 

central non-gradient lattices through pixel-by-pixel phase engineering in a spatial light modulator. 

The prospect of applications of octagon graded photonic super-crystal in topological photonics is 

discussed through photonic band gap engineering and coupled ring resonators. 

2D photonic crystal; graded photonic super-crystal; holographic fabrication; photonic band 

structure 

1. INTRODUCTION 

Diffractive optical element (DOE), such as a phase mask used for the fabrication of fiber Bragg 
grating, has been a very attractive technique for the holographic fabrication  of photonic crystals 
through one-beam, one DOE and one-exposure method [1,2]. DOE can be used to control the phase 
profile of a laser beam and generate a desired spatial distribution of the laser intensity. Compared 
with traditional binary masks, DOE has an advantage of fully using all the incident light power and 
modulating the light patterns in the beam propagation direction. However, a static DOE cannot be 
electrically programmed for the control of the laser beam on-the-fly.  

A programmable liquid crystal based spatial light modulator (SLM) is a very attractive DOE as it 
can electronically encode the amplitude or phase of the laser beam in its display of liquid crystal on 
silicon. The laser beam can be controlled as a tool of dynamic tweezer or micro-rotor [3,4]. The 
computer-generated hologram displayed in SLM can be used to engineer the phases of interfering 
for the generation of desired inference patterns with periodic or quasi-periodic, and chiral structures 
[5-12]. SLMs have been used to fabricate photonic structures with varying lattice orientation, lattice 
spacing, and filling fraction through innovative synthesis approaches [13-16]. Arbitrary designs of 
phase patterns were very attractive but they could result in an assignment of several gray levels on 
a single pixel, consequently leading to a super-lattice effect.  

Pixel-by-pixel phase engineering of phase patterns in SLM can produce the highest resolution in 
the fabricated photonic structure and can also register the desired defects in line with the photonic 
lattices [17]. Very recently, the pixel-by-pixel phase engineering in checkerboard format in SLM has 
produced two sets of interfering beams for the fabrication of graded photonic super-crystals (GPSCs) 
in square lattices where graded lattice clusters formed in square, rectangular, hexagonal and 5-fold 
symmetries [18-21]. There are three design levels: (a) two gray levels were assigned to the pixels in 
checkerboard format that produced one set of diffraction spots with a large diffraction angle; (b) two 
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types of checkerboards with different gray levels fill the pixels alternately in clockwise rotation; (c) 
the checkerboard fills the unit cell of the phase pattern in square or triangular shape that produced 
the other set of diffraction spots with a small diffraction angle [18-21]. Single reflective optical 
element (ROE) has been integrated with SLM for large area fabrication of GPSCs with small feature 
period [20]. The main advantage of using the pixel-by-pixel phase pattern in checkerboard format 
in SLM was that the same ROE can be used even when different phase patterns for different graded 
lattice clusters are designed in SLM [20].  

In this paper, octagon GPSCs have been fabricated through 12-beam interference 

lithography through pixel-by-pixel phase engineering in SLM. The prospect of octagon GPSCs 

for topological photonics has been discussed in aspects of topological photonic band 
structures and coupled ring resonators. 

2. DESIGN OF PHASE PATTERN IN SLM AND EXPERIMENTAL CONDITIONS 

The unit cell of designed phase pattern is shown inside the solid red square in Fig. 1(a).  The design 
of the phase pattern was done by assigning a gray level for each pixel inside the unit cell of 12 ×12 
=144 pixels using the Gimp software. The unit cell is repeated to cover the SLM active area of 1920 
× 1080 pixels. The pixel size of the SLM used in this paper is 8×8 m2. Thus the SLM has an active 
area of 15.36×8.64 mm2. The unit cell was divided into 8 triangular areas by lines in 0, 45, 90 and 
135 degrees relative to x-axis.  

 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  (a) Designed phase pattern in a unit cell indicated by the solid red square. The pixels were assigned 

with different gray level pairs in checkerboard format in region (I) and (II). Lines indicate the periodic unit 

for the diffraction.  (b) Optical image of diffraction pattern of 532 nm laser from the phase pattern in SLM. 

12 beams, indicated by red circles, pass through the Fourier filter for multi-beam interference.  The cell-

phone camera was tilted to avoid the back-reflection spots.  

 
 The assignment of gray level was based on the diffraction efficiency of formed phase pattern and 

simulation of iso-intensity of interference pattern using these efficiencies for the formation of GPSC 
[18,19]. Gray levels of (184, 254) were used for the assignment of gray levels in checkerboard format 
for pixels in region I inside the unit cell in Fig. 1(a) while (128,254) were used for region II inside the 
unit cell in Fig. 1(a).  The checkerboard patterns in regions (I) and (II) were used to alternately fill 8 
areas in the whole unit cell in counter clockwise direction. The pixels between two checkerboard 
formats (along the red lines in Fig. 1(a)) were filled in a way such that a half of pixels were filled with 
a grey level of 184 and the other half of pixels were filled with 128 as seen along the solid red lines 



and central dashed purple lines. The gamma curve will apply a phase of 0into a gray level of 0 and 
2 phase into a gray level of 255 when the laser beam was incident onto the phase pattern in the 
SLM. In general, we can assume the phase is gray level×/255 although the gamma curve is not a 
perfect linear line in the whole range. We generally avoid using the gray level of 255 because 255 
might be explained as 2or0in phase.  

Figure 1(b) shows an optical image of diffraction pattern (taken with a cell-phone) when a 532 nm 
laser is incident onto the phase pattern in the SLM. The camera was tilted to avoid the back-reflection 
spots. The first order diffraction efficiency  can be optimized following the measured efficiency as a 
function of gray level differences [18,19]. However, the appearance of other order diffractions in Fig. 
1(b) helped to identify the origin of diffractions due to the pattern in Fig. 1(a). The diffraction spots 
labelled by 1, 2, 3 and 4 in Fig. 1(b) are due to the diffraction from periodic arrangement of two gray 
level array such as (184,254) in region I in Fig. 1(a) through a Bragg diffraction (2 pixels)×sin 
(1)=m where 1 is the diffraction angle as defined in Fig. 2 and m is an integral number.  Pair of 
diffraction spots (6,7), (8,9), (10,11) and (12,6) are in Fig. 1(b) are due to the diffraction from 
periodic arrangement of 24 pixels as indicated by the horizontal or vertical lines in Fig. 1(a) through 
Bragg equation (24 pixels)×sin (2)= where 2 is the diffraction angle as defined in Fig. 2. The 
distance d(2,3) between spot 2 and 3 in Fig. 1(b) is D(2,3)=2×f1×tan(1) and the distance d(8, 9) 
between spot 8 and 9 is D(8,9)=2×f1×tan(2). The ratio of d(2,3)/d(8,9)≈12. Because of titled image 
in Fig 1(b), the experimental value can be measured by the average of d(2,3) and d(1,4) over the 
average of d(8,9) and d(5,12), which is 11.9. There are also strong diffractions in diagonal directions 
in Fig. 1(b) due to periodic array of pixels indicated by the solid red lines in Fig. 1(a). The overlap of 
diffraction in vertical (horizontal) and diagonal directions, as indicated by the solid blue (blue) and  
solid red lines in Fig. 1(a), respectively, can help determine the azimuthal angle  for beam 5 in Fig. 
1(b) which can be calculated by =atan(1/2)=26.57 degrees relative to x-axis. The measured value 
for the angle in Fig. 1(b) for beam 5 is 26.6 degrees. The azimuthal angles for beams 6-12 are 
assigned to be 90-and, respectively. The size change of the 
square unit cell in the phase pattern will not change the azimuthal angles of these 12 beams. 
However, such a change can lead to octagon GPSCs with a different unit super-cell size for device 
applications.   

 
 
 
 
 
 
 
 
 

Fig. 2. Schematic of the optical setup for the holographic fabrication of octagon GPSC. The diffracted 

beams from the phase pattern displayed in SLM are filtered at the Fourier Plane and form interference 

patterns through 4f imaging systemandare the first order diffraction angles due to the periodic 

array of 2 pixels, 24 pixels, respectively. and(zenith angle) are the interfering angles of 1-4 beams 

and 5-12 beams in Fig. 1(b), respectively. 
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Figure 2 shows the optical setup for the holographic fabrication of GPSCs. A laser beam with a 
wavelength of 532 nm (Cobolt Samba 50 mW) was expanded and collimated by using a spatial filter 
and lens. The laser’s polarization is along the longer side of SLM and is incident with an incident angle 
of 4 degrees. The laser beam was modulated in phase by the phase pattern displayed in the SLM 
(Holoeye PLUTO). The diffraction spots from the phase pattern are collected through lens1 and 
filtered by a Fourier filter at the Fourier plane so that only beams 1-12 in Fig. 1(b) can pass through. 
4f imaging system was used with a focal length of  f1=400 mm and f2= 200 mm for lens 1 and lens 2, 
respectively.  The 12 beams were overlapped through lens 2 and exposed to a photo sensitive 
mixtures of dipentaerythritol penta/hexaacrylate (DPHPA) monomer, photo initiator rose bengal, 
co-initiator N-phenyl glycine (NPG), and chain extender N-vinyl pyrrolidinone (NVP) [18]. The 
mixture was spin-coated on a glass slide with a speed of 2500 rpm for 30 seconds. The GPSC sample 
was developed in PGMEA for 5 minutes, rinsed by isopropanol for 1 minute and then dried. 

3. MULTI-BEAM INTERFERENCE LITHOGRAPHY AND RESULTS  

The intensity I(r) of 12 beam interference can be described by Eq. (1): 

𝐼(𝑟) = 〈∑ 𝐸𝑖
2(𝑟, 𝑡)

12

𝑖=1

〉 + ∑ 𝐸𝑖𝐸𝑗𝑒̂𝑖 ∙ 𝑒̂𝑗𝑐𝑜𝑠[(𝑘𝑗 − 𝑘𝑖) ∙ 𝑟 + (𝛿𝑗 − 𝛿𝑖)]

12

𝑖<𝑗

.         (1) 

where E, k, δ, E, e are the electric field amplitude,  the wave vector, the initial phase,  and the electric 

field polarization direction, respectively.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (a) Simulated 12-beam interference pattern with 8 graded regions forming octagon and surrounding 

the central almost uniform region. The yellow square indicates the unit super-cell. (b) SEM image of a 

fabricated sample where the 8 graded regions are connected by a dashed red octagon. The solid red square 

indicates the unit super-cell and both squares indicate a square symmetry. A lattice spacing parameter 

Λ=4 μm. (c) Diffraction pattern of fabricated sample from 532 nm laser. The yellow octagon connecting 

the 8 diffraction spots at the location A is for eye guidance. An insert inside the dashed white square at the 



location B is a copy of pattern in the central region.  The five squares inside the dashed white square is for 

eye guidance purpose.  

 
The wavevectors for beams 1-4 can be described as k(sin()cos(O1-4), sin(1)sin(O1-4), cos(1)), 

where the angle O1-4 is 45, 135, 225, and 315 degrees, respectively. The wavevectors for beams 5-12 
can be described by k(sin(2)cos(I5-12), sin(2)sin(I5-12), cos(2)), where the angle I5-12 is 
 and 360-, respectively.  Using Eq. (1), the interference 
intensity is calculated and shown in Fig. 3(a).  The interference pattern has a large size of unit super-
cell as indicated by the yellow square.  Because the interfering angle 1 is much larger than 2, the 
interference pattern can approximately be understood as 1-4 beam interference with a small 
feature, modulated by 5-12 beam interference with a large feature. The interference among 1-4 
beams can produce lattices with a lattice constant=2/(k sin(1 )((cos(45)-

cos(135)))=/(√2 sin 𝑎1), where 1=1×f1×√2/f2.  Thus the lattice constant Λ equals pixel-side-

length/2=4 m. The modulation of 1-4 beam interference in radial direction by the 5-12 beams can 
be characterized by a radius of a yellow circle in Fig. 3(a). The set of (kn – kn+2) among 5-12 beams 
forms a circle . for example, (k5-k7)=k×sin(2)×(2sin(+45)sin(45), -2cos(+45)sin(45), 0). The 
generated interference forms a modulation circle with a radius=2/(k sin(2 

)√2)=/(√2 sin 𝑎2)=24 pixel-side-length/4=48 m=12Λ, as shown by the red bar in Fig. 3(a). The 
sold yellow square in Fig. 3(a) has the unit super-cell size of 12Λ×12Λ. There are 8 graded regions 
surrounding the central almost-uniform region as indicated by the yellow octagon in Fig. 3(a). When 
the number of side graded regions increases, these graded regions form super-cavity or the 
central almost-uniform region forms the cavity core in the hetero-structure photonic crystal 
[22].  

Fig. 3(b) shows the SEM image of fabricated GPSC in DPHPA mixture.  The lattice constant Λ=4 m 

as measured in SEM. The photonic band structure can predict the operating frequency a/ where 
is the operating wavelength. Thus  is scalable with the lattice constant a. The lattice constant a can 
be further reduced by the 4f imaging system or by integrating an reflective optical element with the 
SLM [20] in order to achieve the desired operating wavelength. The red square indicates the unit 

super-cell of 12Λ×12Λ. The 8 graded regions are connected by the dashed red octagon. The 
fabricated sample matches the simulated interference pattern. A square symmetry is obvious as 
seen from the unit super-cell and the dashed red square connecting 4 graded region at the unit 
super-cell boundary in Fig. 3(b). The square symmetry is also confirmed in the diffraction pattern of 
fabricated sample by 532 nm laser, as shown in Fig. 3(c). The insert inside the dashed white square 
at the location B is the copy of the diffraction pattern from the central region but with drawing of 
squares connecting the diffraction spots. We have used five squares in the insert to connect all spots, 
indicating the order of modulated lattices in fabricated sample. There are four diffraction regions at 
the each corner of the square in Fig. 3(c). One of them is indicated by the dashed yellow octagon at 
the location A. These spots contain the lattice information in the unit super-cell. The octagon 
diffraction in Fig. 3(c) spots correspond to 8 graded regions inside the unit super-cell in Fig. 3(b). 

4. DISCUSSION: prospect in applications in topological photonics 

If silicon (dielectric constant=12) is used in the GPSCs, the graded regions have several photonic 
band gaps while the central almost-uniform region has one photonic band gap [24]. There is no band 
gap in the boundary of the graded and uniform regions in certain frequency range due to the 



dislocation of photonic band gap in either sides. Fig. 4(a) and 4(b) show simulated E-field 
distribution in the octagon GPSCs following the method in the reference [18].  These E-fields appear 
in the boundary at a frequency a/0.410 and 0.409 in Fig. 4(a) and 4(b), respectively. Usually the 
appearance of interface states are characteristic of topological photonics [25]. Further design at pixel 
levels in the phase pattern in SLM can be added into the square unit cell of the phase pattern for the 
generation of photonic structures with desired photonic band structures for the interface states [16-
17].  

The photonic band structure can also be engineered so that the E-fields are confined in the graded 
regions and coupled to form ring resonances as a side ring among the 8 graded region  and as a link 
ring among the 4 graded regions as shown in in Fig. 3(b), Fig. 4(b) and Fig. 4(c) for applications in 
topological photonics [26,27]. 

 
 
 

 
 

 

 

 

 

 

Fig. 4. (a-b) Simulated electric field distributions in the boundary of graded and uniform regions. (c) 

Possible side and link ring formation in octagon GPSCs. 

5. CONCLUSION 

In this paper, we have fabricated octagon GPSCs through holographic lithography via a simple 
pixel-by-pixel phase design in a square unit cell of phase pattern displayed in the digital SLM. The 
prospect of octagon GPSCs for topological photonics has been discussed. 
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