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 10 

Abstract: The laser diffraction from periodic structures usually shows isolated and sharp point-pat- 11 

tern at zeroth and ±nth orders. Diffraction from 2D graded photonic super-crystals (GPSCs) has 12 

demonstrated over 1000 spots due to the fractional diffractions. Here, we report the holographic 13 

fabrication of three types of 3D GPSCs through nine beam interference and their characteristic dif- 14 

fraction patterns. The diffraction spots due to the fractional orders are merged into large-area dif- 15 

fraction zones for these three types of GPSCs. Three distinguishable diffraction patterns have been 16 

observed: (a) 3×3 diffraction zones for GPSCs with a weak gradient in the unit super-cell; (b) 5×5 17 

non-uniform diffraction zones for GPSCs with a strong modulation in a long-period and a strong 18 

gradient in the unit super-cell; (c) more than 5×5 uniform diffraction zones for GPSCs with a me- 19 

dium gradient in unit super-cell and a medium modulation in the long-period. The GPSCs with a 20 

strong modulation appear as moiré photonic crystals. The diffraction zone-pattern not only demon- 21 

strates a characterization method for the fabricated 3D GPSCs but also proves their unique optical 22 

properties of the coupling of light from zones with 360o azimuthal angles and broad zenith angles.     23 

Keywords: graded photonic crystals; interference lithography; diffraction 24 

 25 

1. Introduction 26 

Traditional Photonic crystals (PhCs) are nano/micro-structures where the dielectric 27 

constant is periodically modulated on a length scale comparable to the operation wave- 28 

length [1]. There are many applications for two-dimensional (2D) and three-dimensional 29 

(3D) PhCs. One of big driving forces for PhC research is its potential for integrated pho- 30 

tonics where laser source, single photon emitter, waveguide, filter, coupler, etc. can be 31 

integrated [2–6].  For applications in photovoltaic devices, PhCs can be used to enhance 32 

the photon absorption within silicon or perovskite solar cells and dye-sensitized solar cells 33 

to achieve a high power-conversion efficiency [7–12]. PhCs can also be applied to improve 34 

the light extraction efficiency of organic light emitting diode if patterned with the PhC 35 

[13–17]. 36 

Multiple-beam interference lithography has been used for the fabrication of two-di- 37 

mensional (2D) and three-dimensional (3D) photonic crystals in large area or volume [18– 38 

22]. GPSCs can be fabricated by interfering two sets of beams with different cone angles 39 

[23–28], and the optical properties of these graded PhCs will be further studied as they 40 

belong to a new group of twisted photonic crystals[29–33], which is a subject still in it’s 41 

infancy. 42 

Here, we report a holographic fabrication of 3D GPSCs through one central beam 43 

and eight side beams where 4 beams symmetrically arranged in cone geometry with a 44 

small cone angle  and other 4 beams with a big cone angle . Three types of dual-period 45 
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GPSCs are fabricated with a weak, medium, and strong modulation in the long period. 46 

Diffraction patterns are used for non-destructive characterization of quality and distin- 47 

guishable features of the 3D GPSC. 48 

 49 

Fig. 1. (a) Schematic diagram of the experimental setup where incident light is diffracted by spatial light modulator (SLM), central 50 

and inner beams are imaged through 4f imaging system (f1=400 mm and f2=175 mm) and outer beams are reflected by the single 51 

reflective optical element (ROE). (b) A design unit of phase patterns in SLM is divided into 4 quadrants and gray levels of 254, 190 52 

are arranged in checkerboard format in quadrant II and IV, and gray levels of 254, 170 are arranged in checkerboard format in 53 

quadrant I and III. (c) One central, four inner and four outer beams pass through the Fourier filter. (d) Simulated interference pattern 54 

of nine beams assuming a simplified phase shift among the interfering beams. Inset is the interference pattern with a different phase 55 

shift among beams. (e) An enlarged view of 3D interference pattern in an area indicated by the solid square in (d). (f) Schematic of 56 

diffraction measurement setup for three types of samples.  57 

2. Experimental methods and theoretic description 58 

Figure 1(a) shows the experimental setup for the holographic fabrication. A 532 nm 59 

laser (total power: 50 mW, from Cobolt Samba) is incident onto a spatial light modulator 60 

(SLM) (Holoeye Pluto phase-only SLM) and linearly polarized along the long side of the 61 

SLM. The pixel size of the SLM is 8×8 m2 and we assign one gray level to each pixel. 62 

These colored pixels are arranged in a unit of phase pattern as displayed in Fig. 1(b) which 63 

covers all 1920×1080 pixels on the SLM. As shown in Fig. 1(b), a design unit of phase pat- 64 

terns in the SLM is divided into 4 quadrants. The gray level of 254 is combined with 190 65 

in a checkerboard format to cover a 12-pixel×12-pixel in quadrant II and IV, and gray lev- 66 

els of 254, 170 are also similarly arranged in checkerboard format in quadrant I and III. 67 

One central, four inner and four outer beams pass through the Fourier filter as shown in 68 

Fig. 1(c) As shown in Fig. 1(a), the central and four inner beams from SLM are collected 69 

by a 4f-imaging system with f1=400 mm and f2=175 mm. Four outer beams are collected by 70 

the first lens and reflected by single reflective optical element (ROE) printed by our 3D 71 

printer. The ROE has four polished silicon wafer pieces, coated with copper by thermal 72 

deposition, as the four reflective surfaces. All nine beams are overlapped at the sample. 73 

The intensity of the n-beam interference, I(r), is determined by Eq. (1): 74 

𝐼(𝑟) = 〈∑ 𝐸𝑖
2(𝑟, 𝑡)𝑛

𝑖=1 〉 + ∑ 𝐸𝑖𝐸𝑗 𝑒̂𝑖 ∙ 𝑒̂𝑗𝑐𝑜𝑠[(𝑘𝑗 − 𝑘𝑖) ∙ 𝑟 + (𝛿𝑗 − 𝛿𝑖)]𝑛
𝑖<𝑗                                           (1) 75 

where E, e. k, δ, are the electric field amplitude, the electric field polarization direction, the 76 

wave vector, and the initial phase, respectively. For an accurate simulation of the interfer- 77 

ence pattern from multiple beams generated from the SLM, each beam needs to be as- 78 

signed, pixel-by-pixel, the intensity based on the diffraction efficiency [34], and the initial 79 

phase based on the gray level [35]. Fig. 1(d) shows a simplified interference pattern 80 



Photonics 2022, 9, x FOR PEER REVIEW 3 of 12 
 

 

without considering the intensity and initial pixel-by-pixel phase. An enlarged view is 81 

shown in Fig. 1(e) for woodpile-like structures, when the phase is changed from  to 0.25 82 

for some beams, the interference pattern shows dot-like structure in inset of Fig. 1(d) in- 83 

stead of the woodpile-like structure.     84 

In the simplified model, the interference pattern can have dual-periods in xy-plane 85 

where the small period and large period are indicated by S and L in Fig. 1(d), respectively 86 

and can be approximately estimated. The small period is approximately determined by 87 

the inferring angle  between central beam and outer beams in Fig. 1(a) by Eq. (2) 88 

𝑆 =
λ

sin(𝛽)
=  

0.532

sin(𝛽)
microns                               (2) 89 

S=1.93 microns and the interference angle =180-2 with the tilt angle (γ=82 degrees) 90 

of the reflective surface in Fig. 1(a). The large period L is approximately determined by 91 

the 4f imaging system in Fig. 1(a) and the unit cell size in Fig. 1(b). The diffraction angle  92 

in Fig. 1(a) for the inner beams is determined by the unit cell size in x-direction which is 93 

24 pixels in Fig. 1(b) by Eq. (3) 94 

24 pixels × sin () =                                    (3) 95 

The interference angle  between  the central beam and the inner beams is calculated 96 

by Eq. (4): 97 

𝑡𝑎𝑛 α = 𝑓1 tan 𝜃 ×
√2

𝑓2
                                                                         (4) 98 

Considering tan()≃sin() for a small angle and length of 24 pixels=24×8=192 mi- 99 

crons, f1=400 mm and f2=175 mm, the large period L in the formed interference pattern in 100 

Fig. 1(d) can be approximately calculated by Eq. (5): 101 

𝐿 =
𝜆

𝑠𝑖𝑛𝛼
=

192 

√2
 
175

400
= 59.4 microns                                                                (5) 102 

Three types of holographic structures were fabricated in dipentaerythritol hex- 103 

apentaacrylate (DPHPA) mixture with a weight percentage as follows: DPHPA monomer 104 

(88.88%), a photo initiator rose bengal (0.12%), co-initiator N-phenyl glycine (NPG, 105 

0.8%), N-vinyl pyrrolidinone (NVP, 10.2%).The modified DPHPA mixture was typically 106 

spin-coated on glass slides at 2000 RPM for 30 seconds, and exposed to the interference 107 

pattern with a typical exposure time between 0.4 and 0.8 seconds. The exposed samples 108 

were developed in propylene glycol monomethyl ether acetate for 15 minutes and then 109 

allowed to air dry. The diffraction pattern was measured for three types of sample with a 110 

setup as shown in Fig. 1(f).  111 

3. Results 112 

3.1. Diffraction zone pattern from holographic structures fabricated with type-1 phase 113 

pattern ((254, 190), (254, 170)) 114 

We initially used type-1 phase pattern ((254, 190), (254, 170)) in Fig. 1(b) for the im- 115 

aging system alignment. We present the diffraction pattern from an over-exposed sample, 116 

then from a well-developed GPSC. The over-exposed sample has a unique diffraction pat- 117 

tern that can be used to characterize 3D GPSCs. Fig. 2(a) shows a scanning electronic mi- 118 

croscope (SEM) of an over-exposed type-1 3D GPSC generated using the type-1 phase 119 

pattern ((254, 190), (254, 170)) in Fig. 1(b). There is a weak Fresnel pattern as indicated by 120 

dashed circles in the sample in Fig. 2 due to the use of Fourier filter in Fig. 1(c). The weak 121 

Fresnel pattern is often used for the alignment of ROE in Fig. 1(a). Figs. 2(b) and 2(c) are 122 

the enlarged view of SEMs for the sample in (a) which allow for a clear to see sample that 123 

is over-exposed. Along the dashed yellow line in Fig. 2(c), the air filling fraction becomes 124 

smaller, which shows the graded nature of the PhCs. The diffraction pattern from the 125 
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over-exposed sample is shown in Fig. 2(d) with a 0th order diffraction zone instead of dif- 126 

fraction spot and four weak 1st order diffraction zones. These yellow and blue circles in 127 

the figure are for eye-guidance and are located following the 4-fold symmetry of GPSC 128 

and the Fresnel pattern in the sample. The edge of these diffraction zones can be fitted by 129 

these dashed yellow and blue circles periodically in [±1 ±1], [±1 0] and [0 ±1] directions. 130 

The number of diffraction zones are determined by the long-range order of the modulated 131 

GPSC, and the diffraction spots within the diffraction zone are due to the gradient struc- 132 

ture in the unit super-cell.  133 

 134 

Fig. 2. (a) SEM image of type-1 over-exposed sample with the dashed yellow circles for the eye-guidance of Fresnel pattern, and its 135 
enlarged view in (b) and (c). (d) A diffraction pattern from the sample in (a) showing 0th order and 1st order diffraction zones. (e-f) 136 
Optical images displaying Talbot diffraction pattern near and farther away from the sample, respectively. (g) SEM image of well- 137 
developed type-1 GPSC and its enlarged view in (h). (i) diffraction pattern of well-developed GPSC with 3×3 diffraction zones.  138 

Fig. 2(e) and 2(f) show Talbot diffraction patterns [36] from the overexposed type-1 139 

sample as observed by the optical microscope with the objective lens close to and farther 140 

away from the sample, respectively. These patterns and orientations can be understood 141 

from the 0th order and four 1st order diffractions in [±1 ±1] directions. In the top half side 142 

of Fig. 2(f), the Talbot diffraction pattern looks like a woodpile structure with solid red 143 

lines for first and orthogonal second layer patterns while the white lines for the third and 144 

fourth layer patterns. Below the woodpile structure, a vague Fresnel pattern appears. 145 

These Talbot patterns demonstrate all periodic features in the over-exposed sample.  146 

Fig. 2(g) shows SEM of a well-developed GPSC using the type-1 phase pattern ((254, 147 

190), (254, 170)). The SEM shows that the fabricated GPSC is in a same structure except a 148 

variation in height due to the liquid DPHPA mixture. Fig. 2(h) shows an enlarged view of 149 
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the SEM showing that the air hole size becomes smaller along both dashed yellow lines, 150 

indicating the gradient structures in the sample. The diffraction pattern in Fig. 2(i) from 151 

the sample shows 3×3 diffraction zones plus 0th order diffraction spot. These diffraction 152 

zones appear in 3D GPSC while 2D GPSC shows fractional diffraction spots [37]. When 153 

the modulation in the long period of dual period lattices is weak due to a slight gray level 154 

difference between (254, 190) and (254, 170), the number of uniform unit super-cell is also 155 

low, therefore the number of diffraction zones is also low. 156 

 157 

 158 

Figure 3. (a) Unit super-cell of type-2 phase pattern with gray levels of (128, 254) in checkerboard format in quadrant I and (128, 2) 159 
in quadrant II. (b-c) Enlarged view of checkerboard unit-cell in quadrant I and II, respectively. The phases of diffracted beams are 160 
labeled individually. (d) SEM image of type-2 3D GPSC with the solid blue square indicating a unit cell and the dashed yellow line 161 
showing the long period of dual-period GPSC, and (e) its SEM image of bottom surface with the dual lattice feature indicated by the 162 
white and yellow lines. (f) 5x5 diffraction zones from type-2 3D GPSC. The dashed white square indicates one diffraction zone. (g) 163 
the wave vectors for outer beam (blue arrow), inner beam (red arrow) and for central beam (yellow arrow). The dashed red line is 164 
slightly tilted from the vertical direction. 165 

3.2. Diffraction zone pattern from holographic structures fabricated with type-2 phase 166 

pattern ((128, 2), (128, 254)) 167 

The gray levels of (128, 2) and (128, 254) are chosen for type-2 phase pattern because 168 

of their high diffraction efficiency from the checkerboard phase pattern in SLM [25,34]. 169 

The gray levels of (128, 254) cover quadrant I in Fig. 3(a) in the checkerboard format as 170 

shown in Fig. 3(b), while (128, 254) cover quadrant II in Fig. 3(a) in the checkerboard for- 171 

mat in Fig. 3(c). These phase patterns modulate the phase of outer diffracted beams 172 

through pixel-by-pixel gray levels inside the green dashed square in Fig. 3(b-c) using an 173 

equation: phase=0.25*gray level*2/255 [35]. The gray level of 254, 128 and 2 generates 174 

approximately a phase of /2, /4, 0, respectively, in the diffracted beams. In Fig. 3(b), 175 

the phase of the outer beams in [1,1] direction is /4 higher than these in [1,-1] direction 176 
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while they are /4 less in [1,1] than those in the [1,-1] direction in Fig. 3(c). These phase 177 

differences in interfering beams will result in two different patterns, which is observed in 178 

Fig. 3(d) where the solid blue square indicates the unit super-cell of fabricated GSPC in 179 

DPHPA. Four regions at the vertices of the solid blue square are like the interference pat- 180 

tern in the inset of Fig. 1(d) with the phase shift of 0.25. The patterns in the center of the 181 

solid blue square are similar to the woodpile-like structures in Fig. 1(d-e). The dashed 182 

yellow arrow indicates the long period of dual-period GPSC. This GPSC appears also as 183 

moiré PhCs. The long period L (also moiré period in this case) is measured to be 58.6 184 

microns, comparing with the theoretically calculated value of 59.4 microns. Fig. 3(e) shows 185 

SEM of bottom surface of the sample when it is separated from the substrate after a longer 186 

development time than usual one. The moiré pattern is barely able to be seen at the bottom 187 

of the surface. The dual lattice feature can be observed [26,34], as indicated by the white 188 

and yellow lines. It will be compared with a simulation in next section.   189 

Fig. 3(f) shows the diffraction pattern of the 532 nm laser from the 3D GPSC in Fig. 190 

3(d). The diffraction pattern shows almost 5×5 non-uniform diffraction zones. The dashed 191 

white square indicates the size of one diffraction zone. It can be divided into 4 sub-zones 192 

corresponding to 4-fold symmetry in the unit super-cell in Fig. 3(d). The edges of the dif- 193 

fraction zone inside the white square in Fig. 3(f) have a parabolic shape, due to the tilt of 194 

unit super-cell in 3D GPSC. It can be explained by a simple model in Fig. 3(g). The short 195 

period and long period of 3D GPSC in xy-plane are approximately determined by  and 196 

, respectively, in Fig. 3(g). By adding these four inner beams in the interference, the 3D 197 

GPSC can be considered to be tilted from vertical direction to the one indicated by dashed 198 

red line in Fig. 3(g). Overall, the diffraction zone is not uniform in intensity as indicated 199 

by the dashed red lines in Fig. 3(f) for the position of some intensity peaks. The diffraction 200 

zones are aligned in diagonal direction as indicated by the dashed yellow (straight or par- 201 

abolic) lines due to the tilting. 202 

 203 

3.3. Diffraction zone pattern from holographic structures fabricated with type-3 phase 204 

pattern ((128, 2), (254, 128)) 205 

The type-3 phase pattern in the SLM is modified from type-2 in Fig. 3(a). The checkerboard 206 

of (128, 254) in quadrants I and III are still the same. The gray levels in the checkerboard   207 

quadrants II and IV are switched from (128, 2) to (2, 128). In such a way of arrangement 208 

of gray levels, the phase of diffracted beam in Fig. 3(b-c) is changed from (0.25, 0.5, 209 

0.25, 0.5) & (0.25, 0, 0.25, 0) to (0.25, 0.5, 0.25, 0.5) & (0, 0.25, 0, 0.25) (from 210 

top-left along clock wise) for type-3 phase pattern. It means the relative phase shift for 211 

diffracted beams from top-left to top-right (also bottom-left to bottom-right) is same for 212 

type-3 phase pattern. Although the overall gray levels among quadrants (I, III) and (II, IV) 213 

are different for the generation of inner beams, the modulation of the unit super-cell in 214 

type-3 3D GPSC is expected to be weaker than that in type-2.    215 

Fig. 4(a-b) shows SEM fabricated 3D GPSC in DPHPA using type-3 phase pattern 216 

and its enlarged view. Because of weak modulation, the assignment of a unit super-cell in 217 

Fig. 4(a) is not as easy as in Fig. 3(d). The region inside the dashed white square in Fig. 218 

4(a) looks like an array of rods over an array of rods rotated by 90 degrees while the region 219 

inside the dashed blue square looks like dots for the joints of rods in two layers. Dual 220 

lattice feature is clearly observed in Fig. 4(a): the size of dots becomes smaller along the 221 

dashed yellow arrow and the dashed white arrow that is in opposite direction to the yel- 222 

low one; additionally, the yellow and white arrows are shifted by a half of small period. 223 

The experimental observation agrees with the simulation in Fig. 4(c) with a dual lattice 224 

structure that has been observed in 2D GPSC [26,34].  225 

Fig. 4(d) shows the laser diffraction pattern of 532 nm from the type-3 3D GPSC 226 

which is similar to that in type-2 3D GPSC. Diffraction zones in the diffraction pattern are 227 

aligned along the parabolic dashed red and yellow lines due to the tilting caused by the 228 

four inner interfering beams. The diffraction zone inside the dashed white square has a 229 
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low filling fraction but more uniform intensity due to a lower gradient in the unit super- 230 

cell than that in type-2 GPSC. 231 

Diffraction efficiency is measured for the diffraction zone orders of (0,0), (1,0), (2,0), 232 

(1,1), (2,1) and (2,2) in Fig. 4(d). These diffraction zone orders of (0,0), (2,0), and (2,2) are 233 

labelled in the figure. From these efficiency numbers, we can tell that most of light are 234 

distributed among non-zero orders. For example, 24% of light is distributed in (±1,0) and 235 

(0, ±1) orders, comparing with 9.9% for (0,0) order. 236 

Table 1. Measured diffraction efficiency for some of diffraction zone orders in Fig. 4(d).  237 

Diffraction zone order (0,0) (1,0) (2,0) (1,1) (2,1) (2,2) 

Diffraction efficiency (%) 9.9 6.0 4.8 3.7 2.8 2.6 

 238 

 239 

  240 

Figure 4. (a) SEM image of type-3 GPSC. The dashed white and blue squares indicate sub-units with more woodpile-like structures 241 
and dot-like structures, respectively. The size of the dots decreases along the dashed yellow and white lines. (b) An enlarged view of 242 
SEM of type-3 GPSC. (c) Simulation of GPSC shows a decrease in dot sizes along the dashed yellow and white lines. (d) 5x5 diffraction 243 
zones from type-3 3D GPSC showing the diffraction orders. (e) SEM image of type-3 3D GPSC that shows the same diffraction zones. 244 
(f) Enlarged view of SEM image showing layer-by-layer structure as indicated by dashed orange, blue and green lines.  245 

4. Discussion 246 

The metal deposition on the sample for SEM usually destroys the sample for other 247 

purposes therefore we have been using these features in the diffraction zone to distinguish 248 

types of 3D GPSCs quickly. These features have been consistently observed, for example, 249 

in Fig. 4(e) from a sample that is fabricated on a different day for type-3 3D GPSC. The 250 

white arrows indicate the repeatability of patterns with a higher filling fraction of air in 251 

DPHPA GPSC than other regions. Layer-by-layer structures are visible in both Fig. 4(b) 252 

and 4(f) where dashed orange lines in x-axis indicate the top layer, dashed blue lines in y- 253 

axis are for the second layer and dashed green lines are for the third layer that is shifted 254 

by a half of lattice period.  255 
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DPHPA mixture is a good polymer for a quick proof of concept of holographic struc- 256 

tures. However, it is in a liquid form, has a thin film, and is polymerized during the expo- 257 

sure which makes it suboptimal for 3D structures. SU-8 should be used for 3D structure 258 

in future work because it is in a solid form and polymerized during post-exposure heating 259 

[21,38,39], and a good template for an inversion to silicon materials [40]. With a thick sam- 260 

ple in SU-8, it will be interesting to observe the diffraction pattern from different direction 261 

as one research group did for super-crystals with complex macroscopic properties in com- 262 

posite ferroelectrics [41]. 263 

The study of 3D GPSC is still in its infancy. It can lead toward many potential appli- 264 

cations because of the tunability of holographic patterns by phase, intensity and polariza- 265 

tion of interfering beams. 3D holographic structure has been studied for their topological 266 

properties [42]. Once the interference pattern is inversed to a silicon structure (dielectric 267 

constant = 11.9) using the following step functions: ε(r) = 1 when I< Ith; ε(r) = 11.9 when I> 268 

Ith [38], we can do simulations of photonic band structure to search for multiple photonic 269 

band-gaps and flat bands or electro-magnetic simulation for diffraction patterns and fo- 270 

cusing properties [37]. For the light coupling into the 3D GPSC, the type-2 GPSC can cou- 271 

ple the light from 360o azimuthal angles and broad zenith angles with less angle gap than 272 

the type-3 GPSC while type-3 GPSC can couple light more uniformly than the type-2 one. 273 

So far, we have used four inner beams at (±1,±1) for the nine-beam interference. Fur- 274 

ther study can include other four beams at (±1,0) and (0, ±1) in the nine-beam interference. 275 

In such a case, the long-period structure will be rotated by 45 degrees. 276 

5. Conclusions 277 

We have fabricated 3D GPSCs in DPHPA from nine-beam (4 inner, 4 outer beams 278 

and 1 central beam arranged in a cone geometry) interference lithography using inte- 279 

grated system of SLM, 4f imaging system and single ROE. We have designed three-types 280 

of 3D GPSCs through the engineering of phase pattern in SLM by considering the diffrac- 281 

tion efficiency, relative phase shift among the diffracted beams and modulation of phase 282 

pattern for the generation of gradient unit super-cell. We have observed diffraction zones 283 

instead of diffraction spots due to the fractional diffraction from the unit super-cell. We 284 

have observed 3×3 diffraction zones from 3D GPSCs with a weak modulation from inner 285 

beams, 5×5 non-uniform diffraction zones from these with a strong gradient unit super- 286 

cell, and 5×5 uniform diffraction zones from those with a medium gradient unit super- 287 

cell. Moiré PhCs appear in the holographic structure with a strong modulation. These dif- 288 

fraction patterns have been used to characterize 3D GPSCs.  289 
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