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Abstract

:

The laser diffraction from periodic structures typically shows isolated and sharp point patterns at zeroth and ±nth orders. Diffraction from 2D graded photonic super-crystals (GPSCs) has demonstrated over 1000 spots due to the fractional diffractions. Here, we report the holographic fabrication of three types of 3D GPSCs through nine beam interferences and their characteristic diffraction patterns. The diffraction spots due to the fractional orders are merged into large-area diffraction zones for these three types of GPSCs. Three distinguishable diffraction patterns have been observed: (a) 3 × 3 Diffraction zones for GPSCs with a weak gradient in unit super-cell, (b) 5 × 5 non-uniform diffraction zones for GPSCs with a strong modulation in long period and a strong gradient in unit super-cell, (c) more than 5 × 5 uniform diffraction zones for GPSCs with a medium gradient in unit super-cell and a medium modulation in long period. The GPSCs with a strong modulation appear as moiré photonic crystals. The diffraction zone pattern not only demonstrates a characterization method for the fabricated 3D GPSCs, but also proves their unique optical properties of the coupling of light from zones with 360° azimuthal angles and broad zenith angles.
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1. Introduction


Traditional photonic crystals (PhCs) are nano/micro-structures, where the dielectric constant is periodically modulated on a length scale comparable to the operation wavelength [1]. There are many applications for two-dimensional (2D) and three-dimensional (3D) PhCs. One of the big driving forces for PhC research is its potential for integrated photonics, where laser source, single photon emitter, waveguide, filter, coupler, etc., can be integrated [2,3,4,5,6]. For applications in photovoltaic devices, PhCs can be used to enhance the photon absorption within silicon or perovskite solar cells and dye-sensitized solar cells to achieve a high power-conversion efficiency [7,8,9,10,11,12]. Moreover, PhCs can be applied to improve the light extraction efficiency of organic light emitting diode if patterned with the PhC [13,14,15,16,17].



Multiple-beam interference lithography has been used for the fabrication of two-dimensional (2D) and three-dimensional (3D) photonic crystals in large area or volume [18,19,20,21,22]. GPSCs can be fabricated by interfering two sets of beams with different cone angles [23,24,25,26,27,28]. In addition, the optical properties of these graded PhCs will be further studied as they belong to a new group of twisted photonic crystals [29,30,31,32,33], which is a subject still in its infancy.



Here, we report a holographic fabrication of 3D GPSCs through one central beam and eight side beams, where four beams are symmetrically arranged in cone geometry with a small cone angle α and four other beams with a big cone angle β. Three types of dual-period GPSCs are fabricated with a weak, medium, and strong modulation in the long period. Diffraction patterns are used for non-destructive characterization of quality and distinguishable features of the 3D GPSC.




2. Experimental Methods and Theoretic Description


Figure 1a shows the experimental setup for the holographic fabrication. A 532 nm laser (total power: 50 mW, from Cobolt Samba) is incident onto a spatial light modulator (SLM) (Holoeye Pluto phase-only SLM) and linearly polarized along the long side of the SLM. The pixel size of the SLM is 8 × 8 μm2 and we assign one gray level to each pixel. These colored pixels are arranged in a unit of phase pattern as displayed in Figure 1b, which covers all 1920 × 1080 pixels on the SLM. As shown in Figure 1b, a design unit of phase patterns in the SLM is divided into four quadrants. Gray levels of 254 are combined with 190 in checkerboard format to cover a 12 × 12 pixel in quadrant II and IV. In addition, gray levels of 254 are similarly combined with 170 in checkerboard format in quadrant I and III. In Figure 1c, one central, four inner and four outer beams pass through the Fourier filter. As shown in Figure 1a, the central and four inner beams from SLM are collected by a 4f imaging system with f = 400 mm and f = 175 mm. Four outer beams are collected by the first lens and reflected by a single reflective optical element (ROE) printed by our 3D printer. The ROE has four polished silicon wafer pieces, coated with copper by thermal deposition, as the four reflective surfaces. All of the nine beams are overlapped at the sample.



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


  I  r  = 〈   ∑   i = 1  n   E i 2    r , t   〉 +   ∑   i < j  n   E i   E j    e ^  i  ·   e ^  j  cos      k j  −  k i    · r +    δ j  −  δ i         



(1)




where E, e. k, δ are the electric field amplitude, the electric field polarization direction, the wave vector, and the initial phase, respectively. For an accurate simulation of the interference pattern from multiple beams generated from the SLM, each beam needs to be assigned, pixel-by-pixel, the intensity based on the diffraction efficiency [34], and the initial phase based on the gray level [35]. Figure 1d shows a simplified interference pattern without considering the intensity and initial pixel-by-pixel phase. An enlarged view is shown in Figure 1e for woodpile-like structures, when the phase is changed from π to 0.25 π for some beams, the interference pattern shows a dot-like structure in the inset of Figure 1d rather than the woodpile-like structure.



In the simplified model, the interference pattern can have dual-periods in xy-plane, where the small and large periods are indicated by S and L in Figure 1d, respectively, and can be approximately estimated. The small period is approximately determined by the interference angle β between the central beam and outer beams in Figure 1a by Equation (2):


  S =  λ  sin  β    =   0.532   sin  β     microns     



(2)




where S = 1.93 microns and the interference angle β = 180-2γ with the tilt angle (γ = 82 degrees) of the reflective surface in Figure 1a. The large period L is approximately determined by the 4f imaging system in Figure 1a and the unit cell size in Figure 1b. The diffraction angle θ in Figure 1a for the inner beams is determined by the unit cell size in x-direction, which is 24 pixels in Figure 1b by Equation (3):


24 pixels × sin (θ) = λ



(3)







The interference angle α between the central beam and inner beams is calculated by Equation (4):


  tan α =  f 1  tan θ ×    2     f 2       



(4)







Considering tan(θ) ≃ sin(θ) for a small angle and length of 24 pixels = 24 × 8 = 192 microns, f = 400 mm and f = 175 mm, the large period L in the formed interference pattern in Figure 1d can be approximately calculated by Equation (5):


  L =  λ  sin α   =   192      2        175   400   = 59.4    microns     



(5)







Three types of holographic structures were fabricated in dipentaerythritol hexapentaacrylate (DPHPA) mixture with a weight percentage as follows: DPHPA monomer (88.88%), a photo initiator rose bengal (0.12%), co-initiator N-phenyl glycine (NPG, 0.8%), N-vinyl pyrrolidinone (NVP, 10.2%). The modified DPHPA mixture was typically spin-coated on glass slides at 2000 RPM for 30 s, and exposed to the interference pattern with a typical exposure time between 0.4 and 0.8 s. The exposed samples were developed in propylene glycol monomethyl ether acetate for 15 min and then allowed to air dry. The diffraction pattern was measured for three types of samples with a setup, as shown in Figure 1f.




3. Results


3.1. Diffraction Zone Pattern from Holographic Structures Fabricated with Type-1 Phase Pattern ((254, 190), (254, 170))


Initially, we used the type-1 phase pattern ((254, 190), (254, 170)) in Figure 1b for the imaging system alignment. Here, we present the diffraction pattern from an over-exposed sample, then from a well-developed GPSC. The over-exposed sample has a unique diffraction pattern that can be used to characterize 3D GPSCs. Figure 2a shows a scanning electron microscope (SEM) of an over-exposed type-1 3D GPSC generated using the type-1 phase pattern ((254, 190), (254, 170)) in Figure 1b. There is a weak Fresnel pattern as indicated by the dashed circles in the sample in Figure 2 due to the use of Fourier filter in Figure 1c. The weak Fresnel pattern is often used for the alignment of ROE in Figure 1a. Figure 2b,c is the enlarged view of SEM image for the sample in (a), which allow for a clear to see sample that is over-exposed. Along the dashed yellow line in Figure 2c, the air filling fraction becomes smaller, which shows the graded nature of the PhCs. The diffraction pattern from the over-exposed sample is shown in Figure 2d with a 0th order diffraction zone rather than the diffraction spot and four weak 1st order diffraction zones. These yellow and blue circles in the figure are for eye-guidance and are located following the 4-fold symmetry of GPSC and the Fresnel pattern in the sample. The edge of these diffraction zones can be fitted by these dashed yellow and blue circles periodically in [±1, ±1], [±1, 0], and [0, ±1] directions. The number of diffraction zones are determined by the long-range order of the modulated GPSC, and the diffraction spots within the diffraction zone are due to the gradient structure in the unit super-cell.



Figure 2e,f shows the Talbot diffraction pattern [36] from the over-exposed type-1 sample as observed by the optical microscope with the objective lens close to and farther away from the sample, respectively. These patterns and orientations can be understood from the 0th order and four 1st order diffractions in [±1, ±1] directions. In the top half side of Figure 2f, the Talbot diffraction pattern appears as a woodpile structure with solid red lines for the first and orthogonal second layer patterns and white lines for the third and fourth layer patterns. Below the woodpile structure, a vague Fresnel pattern appears. These Talbot patterns demonstrate all of the periodic features in the over-exposed sample.



Figure 2g shows the SEM image of a well-developed GPSC using the type-1 phase pattern ((254, 190), (254, 170)). These images show that the fabricated GPSC is in a similar structure, except for a variation in height due to the liquid DPHPA mixture. Figure 2h shows an enlarged view of the SEM image showing that the air hole size becomes smaller along both dashed yellow lines, indicating the gradient structures in the sample. The diffraction pattern in Figure 2i from the sample shows 3 × 3 diffraction zones and the 0th order diffraction spot. These diffraction zones appear in 3D GPSC, while the 2D GPSC shows fractional diffraction spots [37]. When the modulation in the long period of dual-period lattices is weak due to a slight gray level difference between (254, 190) and (254, 170), the number of uniform unit super-cell is also low. Therefore, the number of diffraction zones is also low.




3.2. Diffraction Zone Pattern from Holographic Structures Fabricated with Type-2 Phase Pattern ((128, 2), (128, 254))


The gray levels of (128, 2) and (128, 254) are selected for the type-2 phase pattern due to their high diffraction efficiency from the checkerboard phase pattern in SLM [25,34]. The gray levels of (128, 254) cover quadrant I in Figure 3a in the checkerboard format, as shown in Figure 3b, while (128, 254) cover quadrant II in Figure 3a in the checkerboard format in Figure 3c. These phase patterns modulate the phase of outer diffracted beams through pixel-by-pixel gray levels inside the green dashed square in Figure 3b,c using the following equation: Phase = 0.25 ∗ gray level ∗ 2 π/255 [35]. The gray levels of 254, 128, and 2 generate approximately a phase of π/2, π/4, 0 π, respectively, in the diffracted beams. In Figure 3b, the phase of the outer beams in [1,1] direction is π/4 higher than these in [1,−1] direction, while they are π/4 less in [1,1] than those in the [1,−1] direction in Figure 3c. These phase differences in interfering beams will result in two different patterns, which is observed in Figure 3d, where the solid blue square indicates the unit super-cell of fabricated GSPC in DPHPA. Four regions at the vertices of the solid blue square are similar to the interference pattern in the inset of Figure 1d with the phase shift of 0.25 π. The patterns in the center of the solid blue square are similar to the woodpile-like structures in Figure 1d,e. The dashed yellow arrow indicates the long period of dual-period GPSC. Moreover, this GPSC appears as moiré PhCs. The long period L (also moiré period in this case) is measured to be 58.6 microns, compared with the theoretically calculated value of 59.4 microns. Figure 3e shows the SEM image of bottom surface of the sample when it is separated from the substrate after a longer development time than the usual one. The moiré pattern is hardly seen at the bottom of the surface. The dual lattice feature can be observed [26,34], as indicated by the white and yellow lines. It will be compared with a simulation in the next section.



Figure 3f shows the diffraction pattern of the 532 nm laser from the 3D GPSC in Figure 3d. The diffraction pattern shows almost 5 × 5 non-uniform diffraction zones. The dashed white square indicates the size of one diffraction zone. It can be divided into four sub-zones corresponding to 4-fold symmetry in the unit super-cell in Figure 3d. The edges of the diffraction zone inside the white square in Figure 3f have a parabolic shape due to the tilt of unit super-cell in 3D GPSC. It can be explained by a simple model in Figure 3g. The short period and long period of 3D GPSC in xy-plane are approximately determined by β and α, respectively, in Figure 3g. By adding these four inner beams in the interference, the 3D GPSC can be considered as tilted from the vertical direction to the one indicated by the dashed red line in Figure 3g. Overall, the diffraction zone is not uniform in intensity as indicated by the dashed red lines in Figure 3f for the position of some intensity peaks. The diffraction zones are aligned in diagonal direction as indicated by the dashed yellow (straight or parabolic) lines due to tilting.




3.3. Diffraction Zone Pattern from Holographic Structures Fabricated with Type-3 Phase Pattern ((128, 2), (254, 128))


The type-3 phase pattern in the SLM is modified from type-2 in Figure 3a. The checkerboard of (128, 254) in quadrants I and III remain the same. The gray levels in the checkerboard quadrants II and IV are switched from (128, 2) to (2, 128). In this way of arrangement of gray levels, the phase of diffracted beam in Figure 3b,c is changed from (0.25, 0.5, 0.25, 0.5 π) and (0.25, 0, 0.25, 0 π) to (0.25, 0.5, 0.25, 0.5 π) and (0, 0.25, 0, 0.25 π) (clockwise from top-left) for type-3 phase pattern. This indicates that the relative phase shift for diffracted beams from top-left to top-right (also bottom-left to bottom-right) is the same for the type-3 phase pattern. Although the overall gray levels among quadrants (I, III) and (II, IV) are different for the generation of inner beams, the modulation of the unit super-cell in type-3 3D GPSC is expected to be weaker than in type-2 3D GPSC.



Figure 4a,b shows the SEM image of fabricated 3D GPSC in DPHPA using the type-3 phase pattern and its enlarged view. Due to the weak modulation, the assignment of a unit super-cell in Figure 4a is not as simple as in Figure 3d. The region inside the dashed white square in Figure 4a appears as an array of rods over an array of rods rotated by 90°, while the region inside the dashed blue square appears as dots for the joints of rods in two layers. The dual lattice feature is clearly observed in Figure 4a: The size of dots becomes smaller along the dashed yellow arrow and the dashed white arrow that is in the opposite direction to the yellow one. In addition, the yellow and white arrows are shifted by half of the small period. The experimental observation agrees with the simulation in Figure 4c with a dual lattice structure that has been observed in 2D GPSC [26,34].



Figure 4d shows the laser diffraction pattern of 532 nm from the type-3 3D GPSC, which is similar to type-2 3D GPSC. Diffraction zones in the diffraction pattern are aligned along the parabolic dashed red and yellow lines due to the tilting caused by the four inner interfering beams. The diffraction zone inside the dashed white square has a low filling fraction, but more uniform intensity due to a lower gradient in the unit super-cell than in type-2 3D GPSC.



Diffraction efficiency is measured in Table 1 for diffraction zone orders of (0, 0), (1, 0), (2, 0), (1, 1), (2, 1), and (2, 2) in Figure 4d. The diffraction zone orders of (0, 0), (2, 0), and (2, 2) are labeled in the figure. From these efficiency numbers, we can see that most of the light are distributed among non-zero orders. For example, 24% of light is distributed in (±1, 0) and (0, ±1) orders, compared with 9.9% for (0, 0) order.





4. Discussion


The metal deposition on the SEM image sample typically destroys the sample for other purposes. Therefore, we have been using these features in the diffraction zone to quickly distinguish the different types of 3D GPSCs. These features have been consistently observed, for example, in Figure 4e from a sample that is fabricated on a different day for type-3 3D GPSC. The white arrows indicate the repeatability of patterns with a higher filling fraction of air in DPHPA GPSC than the other regions. Layer-by-layer structures are visible in Figure 4b,f where the dashed orange lines in x-axis indicate the top layer, dashed blue lines in y-axis indicate the second layer, and dashed green lines indicate the third layer that is shifted by half of the lattice period.



DPHPA mixture is a good polymer for a quick proof of concept of holographic structures. However, it is in a liquid form, has a thin film, and is polymerized during the exposure, which makes it suboptimal for 3D structures. SU-8 should be used for 3D structure in future work as it is in a solid form and polymerized during post-exposure heating [21,38,39]. In addition, it is a good template for an inversion to silicon materials [40]. With a thick sample in SU-8, it will be interesting to observe the diffraction pattern from a different direction as one research group did for super-crystals with complex macroscopic properties in composite ferroelectrics [41].



The study of 3D GPSC is still in its infancy. It can lead toward many potential applications due to the tunability of holographic patterns by phase, intensity, and polarization of interfering beams. The 3D holographic structures have been studied for their topological properties [22]. Once the interference pattern is inversed to a silicon structure (dielectric constant = 11.9) using the following step functions: ε(r) = 1 when I < Ith; ε(r) = 11.9 when I > Ith [38], we can conduct simulations of photonic band structure to search for multiple photonic band-gaps and flat bands or electro-magnetic simulation for diffraction patterns and focusing properties [37]. For light coupling into 3D GPSC, the type-2 GPSC can couple light from 360° azimuthal angles and broad zenith angles with less angle gap than type-3 GPSC, while type-3 GPSC can couple light more uniformly than type-2 GPSC.



To date, we have used four inner beams at (±1, ±1) for the nine-beam interference. Further study can include the other four beams at (±1, 0) and (0, ±1) in the nine-beam interference. In this case, the long period structure will be rotated by 45°.




5. Conclusions


In this paper, we have fabricated 3D GPSCs in DPHPA from nine-beam (four inner, four outer beams and one central beam arranged in a cone geometry) interference lithography using the integrated system of SLM, 4f imaging system, and single ROE. In addition, we have designed three-types of 3D GPSCs through the engineering of phase pattern in SLM by considering the diffraction efficiency, relative phase shift among the diffracted beams, and modulation of phase pattern for the generation of gradient unit super-cell. As a result, we have observed diffraction zones rather than diffraction spots due to the fractional diffraction from the unit super-cell. Moreover, we have observed 3 × 3 diffraction zones from 3D GPSCs with a weak modulation from inner beams, 5 × 5 non-uniform diffraction zones with a strong gradient unit super-cell, and 5 × 5 uniform diffraction zones with a medium gradient unit super-cell. Furthermore, moiré PhCs appear in the holographic structure with a strong modulation. Based on our observations, these diffraction patterns have been used to characterize 3D GPSCs.
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Figure 1. (a) Schematic diagram of the experimental setup where incident light is diffracted by the spatial light modulator (SLM), central and inner beams are imaged through a 4f imaging system (f = 400 mm and f = 175 mm), and outer beams are reflected by the single reflective optical element (ROE). (b) A design unit of phase patterns in SLM is divided into four quadrants and gray levels of 254, 190 are arranged in checkerboard format in quadrant II and IV, and gray levels of 254, 170 are arranged in checkerboard format in quadrant I and III. (c) One central, four inner and four outer beams pass through the Fourier filter. (d) Simulated interference pattern of nine beams assuming a simplified phase shift among the interfering beams. Inset is the interference pattern with a different phase shift among beams. (e) An enlarged view of 3D interference pattern in an area indicated by the solid square in (d). (f) Schematic of diffraction measurement setup for three types of samples. 
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Figure 2. (a) SEM image of type-1 over-exposed sample with the dashed yellow circles for the eye-guidance of Fresnel pattern, and its enlarged view in (b,c). (d) A diffraction pattern from the sample in (a) showing 0th order and 1st order diffraction zones. (e,f) Optical images displaying the Talbot diffraction pattern close to and farther away from the sample, respectively. (g) SEM image of well-developed type-1 3D GPSC and its enlarged view in (h). (i) Diffraction pattern of well-developed GPSC with 3 × 3 diffraction zones. 
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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) in quadrant II. (b,c) Enlarged view of checkerboard unit-cell in quadrant I and II, respectively. The phases of diffracted beams are labeled individually. (d) SEM image of type-2 3D GPSC with the solid blue square indicating a unit cell and the dashed yellow line showing the long period of dual-period GPSC, and (e) its SEM image of bottom surface with the dual lattice feature indicated by the white and yellow lines. (f) 5 × 5 Diffraction zones from type-2 3D GPSC. The dashed white square indicates one diffraction zone. (g) The wave vectors for outer beam (blue arrow), inner beam (red arrow), and central beam (yellow arrow). The dashed red line is slightly tilted from the vertical direction. 
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Figure 4. (a) SEM image of type-3 3D GPSC. The dashed white and blue squares indicate sub-units with more woodpile-like structures and dot-like structures, respectively. The size of the dots decreases along the dashed yellow and white lines. (b) An enlarged view of SEM image of type-3 3D GPSC. (c) Simulation of GPSC shows a decrease in dot sizes along the dashed yellow and white lines. (d) 5 × 5 Diffraction zones from type-3 3D GPSC showing the diffraction orders. (e) SEM image of type-3 3D GPSC shows the same diffraction zones. (f) Enlarged view of SEM image showing the layer-by-layer structure as indicated by dashed orange, blue, and green lines. 
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Table 1. Measured diffraction efficiency for some diffraction zone orders in Figure 4d.
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	Diffraction Zone Order
	Diffraction Efficiency (%)





	(0, 0)
	9.9



	(1, 0)
	6.0



	(2, 0)
	4.8



	(1, 1)
	3.7



	(2, 1)
	2.8



	(2, 2)
	2.6
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