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Featured Application


This work can be used to design the binary phase diffractive optical element for beam splitting with high diffraction efficiency and adjustable zero-order intensity.




Abstract


It was found that binary phase diffractive optical element (DOE) with non-π phase difference had higher diffraction efficiency and adjustable zero-order intensity than a 0-π one. However, existing design methods are all based on the simulated annealing algorithm and thus computationally expensive. In this paper, a simple and efficient method using the iterative Fourier transform algorithm (IFTA) is proposed. In this method, the target pattern is first modified via reducing the zero-order intensity. Then, the IFTA is adopted to design the conventional 0-π DOE. Subsequently, the phase distribution remains unchanged and the phase difference is carefully adjusted to increase the zero-order intensity so that the reconstructed pattern is consistent with the target. To verify this method, several typical DOEs for beam splitting were designed and fabricated, and the result showed that the proposed method is effective.
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1. Introduction


In the past two decades, diffractive optical element (DOE) has received more and more attention due to its superior wavefront manipulation capability and unique advantages of high design flexibility, small size, and mass productivity. It expands the capabilities of conventional optics based on refraction or reflection and is now widely used in a broad range of applications, such as beam shaping [1,2,3], beam splitting [4,5,6], structured light projectors [7,8,9,10], pattern generation [11,12,13,14], optical security [15,16,17], and so on.



In general, the most commonly used method for fabrication of DOE is the lithographic technique adapted from the microelectronics industry. This approach can generate microstructures with up to 2n phase levels by using n binary masks. For DOE, the more the quantized phase levels, the higher the diffraction efficiency. However, multiple lithographic processing steps increase manufacturing cost and time and may introduce mask alignment errors that decrease element performance. In addition, minimum feature size and aspect ratio of the microstructures may also constrain the fabrication of a multilevel structure. Therefore, continuous phase profile of a DOE is usually quantized into binary phase levels (0, π) [18,19,20], which needs only one photolithography and no mask alignment.



In order to improve the efficiency of the binary phase DOE, Feldman et al. [21] considered the phase difference as a free parameter and then used the simulated annealing (SA) algorithm to optimize it together with the phase distribution. Diffraction efficiency of 74% can be obtained for the 3 × 3 array generator with phase step of 0.815π. In contrast, the efficiency of the conventional 0-π element is only 68%. However, it is not easy to find the optimal solution by optimizing the phase delay and distribution simultaneously. Subsequently, an improved approach was proposed by Hajj et al. [22]. The phase difference was fixed and then the SA algorithm was employed to find the best phase distribution. All possible values of the phase difference between 0 and π were explored. Although this method can find the optimal solution, the calculation process is very time-consuming because for each phase shift, one round of the SA algorithm is performed.



SA is a stochastic optimization algorithm [23]. To reach the global optimal solution, it needs to search enough time at each temperature. Therefore, the entire annealing process takes a lot of time. Compared with the SA algorithm, iterative Fourier transform algorithm (IFTA) [24], originally devised by Gerchberg and Saxton [25], is more efficient for the design of DOE, which has achieved considerable success in terms of less convergence time and clearer reconstruction. In this paper, a very simple and effective method based on the IFTA is presented to design the binary phase DOE with non-π phase difference. This method takes advantage of the special properties of the binary phase element and only needs to use the IFTA once. Compared with the existing methods based on the SA algorithm, design time can be greatly reduced while obtaining the same diffraction efficiency.




2. Method


Before giving the proposed design method, we first analyze the influence of phase difference change on the output light field for the conventional 0-π DOE. Figure 1a is the phase distribution of a binary DOE used to generate the 3 × 7 spot array with equal intensity. Figure 1b–d are the output light fields obtained by performing two-dimensional Fourier transform operation of the phase distribution in Figure 1a with phase difference of π, 0.9π, and 1.1π, respectively. The insets in the bottom are the cross-section intensity distribution. It can be seen that the reconstructed 3 × 7 spots are very uniform when phase difference is π. Then, when phase difference is changed to 0.9π or 1.1π, the spots are no longer uniform, which is mainly because the zero-order intensity is significantly enhanced compared to other diffraction orders. However, it should be noted that the uniformity of other diffraction orders except the zero order is still very good, which means that the change in phase difference does not affect the uniformity of other diffraction orders. The above analysis indicates that the 0-π DOE has the following interesting properties: when the phase difference is varied from π to other values, the zero-order light intensity will be enhanced, and the uniformity of other diffraction orders can be retained.



Our novel idea of the non 0-π DOE design is based on such special properties of the 0-π DOE. The detailed design process can be divided into three steps as shown in Figure 2. To begin with, the zero order of the target pattern is set to zero, resulting in a modified target pattern. Thereafter, the modified IFTA named three-step iterative soft quantization algorithm proposed by Wyrowski [26,27,28] is taken to design the 0-π DOE for this modified pattern. By iteratively applying the two-dimensional Fourier transform and inverse Fourier transform, and setting constrains at the DOE plane and output plane, the phase-only distribution can be obtained. In the DOE plane, the amplitude is removed and the phase is quantized progressively. In the output plane, the region of desired orders is defined as the signal window and the rest as the noise window. In the iteration, the complex amplitude in the noise area and the phase in the signal area are not constrained, which are referred to as amplitude freedom and phase freedom, respectively. Only the amplitude in the signal area is replaced by the target distribution multiplied by a scale factor, which is used to adjust the power repartition between the signal and noise areas. A more detailed flowchart can be found in [28]. When the iteration is terminated, phase distribution of the DOE can be obtained. As mentioned before, changing the phase difference of the 0-π DOE can enhance the zero-order intensity while maintaining the uniformity of other diffraction orders. Therefore, in the last step, we keep the phase distribution unchanged, then vary the phase difference from 0 to 2π, and calculate the corresponding output light field. For each value, the corresponding output light field is calculated with two-dimensional Fourier transform operation and the diffraction efficiency and uniformity are evaluated and plotted with respect to the phase difference. Finally, the optimal phase difference can be found intuitively from the curve. Diffraction efficiency η and uniformity σ are defined as follows:


  η =    ∑  I s    /   ∑ I    ,  



(1)






  σ = 1 −   I  s  max   − I  s  min     I  s  max   + I  s  min     ,  



(2)




where Is and I denote the reconstructed intensity distribution in the desired diffraction orders and the whole output plane, respectively. Subscript max and min mean the maximum and minimum value.



A design example of a 3 × 3 beam splitter is also given in Figure 2. The lower left corner is the phase distribution of the 0-π DOE designed for the zero-order eliminated target pattern. The lower right corner shows the variation of the diffraction efficiency and uniformity with respect to the phase difference. The whole curve is symmetrically distributed because the symmetry of the Fourier transform for φ and 2π-φ phases. Thereby, it is only necessary to search for the optimal phase difference between 0 and π. It can be seen from the figure that as the phase difference decreases from π to zero, the uniformity first increases and then decreases. This is because when the phase difference deviates from π, the zero-order light intensity is gradually increased and consequently the uniformity gets better. Thereafter, as the phase difference is further reduced, zero-order intensity is gradually greater than other orders and therefore the uniformity is weakened. The reconstructed patterns corresponding to the phase difference of 0.7π, 0.815π, and π are also presented in Figure 2. The efficiency curve shows that the overall diffraction efficiency always increased with the phase difference decreases. This was mainly due to the increase in zero-order efficiency. Ultimately, when the phase difference was equal to 0.815π, the uniformity reached a maximum of 99% and the corresponding diffraction efficiency was 74%. This design result is comparable to the one in [22]. However, the proposed method only needs less than one minute of design time, while the original SA-based method needs several hours.




3. Simulation


To further verify the effectiveness of the proposed method, a variety of DOEs were designed to generate different patterns. Figure 3 shows the design results of the DOEs for four patterns with the proposed non 0-π design method and the conventional 0-π design method. Due to the sensitivity of the iterative Fourier transform algorithm to the initial phase distribution, we performed 20 designs for each pattern and selected the best results. It should be pointed out that the uniformity of the reconstructed pattern obtained by both design methods were all above 98%and showed no significant difference, so it is not given in the figure. The achieved phase differences of the non 0-π DOEs were 0.755π, 0.755π, 0.787π, and 0.905π, respectively. The corresponding numerically reconstructed light fields indicated that the designed non 0-π DOEs were correct and could produce high-precision diffraction patterns. The calculated diffraction efficiencies were 70.5%, 70.5%, 84.5%, and 77.9%, respectively. For comparison, the obtained efficiencies of the traditional 0-π DOEs were 67.5%, 67.5%, 78.6%, and 77.9%, respectively. We can see that the diffraction efficiency of the non 0-π DOE was obviously higher than that of the 0-π DOE for the first three diffraction patterns. For the fourth 7 × 5 beam splitter design, however, the results were similar. This indicates that in some cases, the non-π DOE can indeed improve the diffraction efficiency, and in another cases, it cannot.



Although non 0-π DOE does not always get a higher diffraction efficiency, it has a special property [29]. That is, when the step height is less than the theoretical value, the zero-order intensity is greater than the other order. Conversely, when the step height is higher than the theoretical value, the zero-order intensity is less than that of other orders. Figure 4 shows the numerical reconstructed intensity distribution of the designed non 0-π DOE for 1 × 7 beam splitting at different etching depth. The optimal phase difference is 0.787π. Here we assumed that wavelength was λ = 650 nm, fused silica was used as the substrate with refractive index of n = 1.4565 at this wavelength. Thus, theoretical depth of the designed DOE was d = λφ/(2(n − 1)) = 560 nm. It can be seen that when the etching depth is lower than the theoretical depth, the zero-order light intensity will be greater than other orders. Conversely, the zero-order intensity will be smaller. In fact, this phenomenon was already confirmed by the result in Figure 2. The reason mainly lies in that when the phase difference moves close to π, the zero-order light intensity will always reduce for the binary-phase DOE. Therefore, when the phase difference is larger than the optimal value, meaning that the phase difference is closer to π, the zero order will be weaker. In contrast, when the phase difference is less than the optimal value, it means that the phase difference is farther from π, so the zero-order will be enhanced. This unique zero-order adjustable character is very useful in the fabrication process because we can judge whether the etching depth is smaller or larger than the target by comparing the intensity of the zero order with other orders, especially for DOEs with small feature size, where it is difficult to accurately measure the etching depth with step meter or white light interferometer. In contrast, zero-order intensity will always increase when the depth deviates from the target for the traditional 0-π DOE, as shown in Figure 5. The theoretical depth of this 0-π DOE was d = λ/(2(n − 1)) = 712 nm.



In Figure 3, we find that as the number of diffraction orders contained in the target pattern increased, the optimal phase difference moved toward π gradually. In order to verify this speculation, we chose the square pattern consisting of N × N orders as the target light field, as shown in the inset of Figure 6, and performed the non 0-π DOE design. The obtained optimal phase difference under different numbers of diffraction orders N is plotted in Figure 6. It can be seen that as N increased from 3 to 11, the optimal phase difference increased rapidly from 0.8π to 0.955π. Thereafter, with the increase of N, the optimal phase difference increased slowly. When N was equal to 81, the optimal phase difference reached 0.995π. From the variation law of the curve, we can conclude that when a target light field contains a small number of diffraction orders, a non 0-π DOE design can be considered to improve the diffraction efficiency. Conversely, when the target light field contains a large number of diffraction orders, it is recommended to design the traditional 0-π DOE.




4. Experiment


To further validate the proposed method, non 0-π DOEs for generating various diffraction orders distributions were fabricated and optically characterized. The lithography and reactive ion etching technique were adopted to create binary relief structures on the fused silica substrate. More detailed process flow can be found in [29]. Figure 7a shows the 2.5-inch mask and the fabricated two DOEs with etching depth of 550 and 661 nm. To simplify processing, eight phase distributions for the generation of eight different diffraction patterns were drawn on the same mask, represented by the number from 1 to 8 in the figure. Each had the same sampling interval of 1 × 1 μm, period of 129 × 129 μm, and total area of 1 × 1 cm. Figure 7b shows the optical configuration used to test the performance of the fabricated DOEs. A monochromatic laser with a wavelength of 650 nm irradiated the DOE vertically, thus forming a far-field diffraction pattern on the white screen, which was then captured by the Cannon camera. The attenuator was used to adjust the intensity of the laser.



Figure 8 shows the captured diffraction patterns of the 1# DOE with etching depth of 550 nm. It can be seen that light intensity of the zero order in Figure 8a–c was similar to that of other orders and the patterns were well reconstructed. However, the zero order was significantly brighter than other orders in Figure 8d–h. This difference was due to the fact that for the eight target patterns, the optimal phase difference of the designed non 0-π DOEs were not equal, and are 0.755π, 0.755π, 0.815π, 0.905π, 0.889π, 0.854π, 0.87π, and 0.92π, respectively. For the binary phase DOE with phase difference φ, the theoretical etching depth was determined by d = λφ/(2(n − 1)). Here the refractive index of the fused silica was n = 1.4565 at the wavelength of λ = 650 nm. Then, the corresponding theoretical etching depths of the eight patterns were 537 nm, 537 nm, 580 nm, 644 nm, 633 nm, 608 nm, 619 nm, and 655 nm, respectively. Since the depth 550 nm of the 1# DOE was similar to the target values of the patterns in Figure 8a–c, the reconstructed light fields were uniform. While for the patterns in Figure 8d–h, the depth was smaller than the theoretical depth. Therefore, the zero-order was stronger than other orders. Figure 9 shows the captured diffraction patterns of the 2# DOE with etching depth of 661 nm. We can see that in this case the patterns in the Figure 8d–h were well reconstructed. For the patterns in Figure 9a–c, since the depth was much greater than the theoretical depth, the zero-order light was significantly weaker than the other orders. The experimental results are in good agreement with the numerical simulation, which showed that the proposed method is effective for non 0-π DOE design.




5. Conclusions


In this paper, a very simple and efficient method for the design of binary phase-only diffractive optical element with non-π phase difference was proposed. Compared with the existing design method based on simulated annealing algorithm, the proposed method needs to optimize the phase distribution of the DOE only once and subsequently with a simple search process of the optimal phase difference. Therefore, the design time is greatly shortened. Simultaneously, the simulation and experimental results show that the designed non 0-π DOEs can generate high-precision target light field. One thing should be pointed out that the proposed method is not general to every binary phase diffractive optical element, but it is limited to the application of creating a symmetric and equal intensity array of spots. Even so, we still believe that the proposed design method has great application prospects in the field of laser beam splitting, pattern generation, and so on.
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Figure 1. (a) Phase distribution of the calculated binary diffractive optical element (DOE) and the reconstructed intensity distribution with phase difference of (b) π, (c) 0.9π, (d) 1.1π. 
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Figure 2. Schematic diagram of the proposed method. 
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Figure 3. Calculated phase distributions and the reconstructed patterns: (a) proposed non 0-π design result, (b) conventional 0-π design result. 
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Figure 4. Simulated reconstructed intensity distribution of the designed non 0-π DOE for 1 × 7 beam splitting with etching depth of (a) 530 nm; (b) 560 nm; (c) 590 nm. 
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Figure 5. Simulated reconstructed intensity distribution of the traditional 0-π DOE for 1 × 7 beam splitting with etching depth of (a) 562 nm; (b) 712 nm; (c) 762 nm. 
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Figure 6. The obtained optimal phase differences for the target patterns with different number of diffraction orders N. 
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Figure 7. (a) mask and the fabricated DOEs; (b)Experimental test system. 
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Figure 8. Diffraction pattern of the 1# DOE with etching depth of 550 nm. Theoretical depths of the eight patterns are (a) 537 nm, (b) 537 nm, (c) 580 nm, (d) 644 nm, (e) 633 nm, (f) 608 nm, (g) 619 nm, and (h) 655 nm. 
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Figure 9. Diffraction pattern of the 2# DOE with etching depth of 661 nm. Theoretical depths of the eight patterns are (a) 537 nm, (b) 537 nm, (c) 580 nm, (d) 644 nm, (e) 633 nm, (f) 608 nm, (g) 619 nm, and (h) 655 nm. 
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