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Abstract

:

The Pancharatnam–Berry (PB)-phase liquid crystal (LC) planar optical elements, featuring large apertures and a light weight, are emerging as the new generation optics. The primary method for fabricating large-aperture LC planar optical elements is through photo-alignment, utilizing polarization laser direct writing. However, conventional polarization direct writing suffers from an inertia-induced stopping step during splicing, leading to suboptimal optical effects. Here, we propose a novel highly efficient method for arbitrary polarization patterning, significantly reducing interface splicing errors in these optical elements. (We call it dynamic polarization patterning technology). This process involves simultaneous mobile splicing and real-time generation of different polarization patterns for exposure, eliminating the inertia-related splicing interruption. As a demonstration, we fabricated a lens with an aperture of approximately 1 cm within 30 min at 633 nm. Furthermore, we developed a 100% fill-factor lens array (3 × 3) with an element lens diameter of approximately 7 mm within 1.5 h at 532 nm. Their focal lengths were uniformly set at 30 cm, demonstrating superior convergence capabilities within their designated working wavelengths, alongside commendable performance in converging light across various other wavelengths. Our measurements confirmed the good focusing performance of these samples. The convergence spot size of the lens deviated by approximately 40% from the theoretical diffraction limit, whereas the lens array exhibited a deviation of around 30%. The dynamic polarization direct writing during uniform platform movement reduced splicing errors to a mere 100–200 nm. The enhancement in imaging quality can be primarily attributed to the innovative use of mobile polarization splicing exposure technology, coupled with the inherent self-smoothing properties of LC molecules. This synergy significantly mitigates the impact of seam diffraction interference.
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1. Introduction


The PB phase-based LC planar optical elements, including polarization gratings [1,2,3], LC lenses [4,5,6,7], vortex sheets [8,9], etc., are considered the fourth generation of optical devices [10,11,12,13,14,15,16]. Benefiting from the advantages of large apertures, a light weight, thin thickness, and stimuli tunability [11,17], these elements have promoted the development of technologies such as fingerprint recognition [18,19], virtual reality and augmented reality [20,21], polarization imaging [22,23], and beam control [24,25]. There are methods for producing LC planar optical devices, such as polarization holography [26,27,28,29], polarization projection lithography [30,31], and polarization laser direct writing [32,33,34]. However, the size of the devices manufactured using holographic and projection lithography is inherently limited. This is because the size of the devices they fabricate is frequently constrained by the dimensions of the optical system components, resulting in significant costs associated with the production of larger-diameter elements. Consequently, the components they produce are typically limited to a few millimeters in size. Laser direct writing, also known as polarization direct writing, has emerged as a primary means of fabricating LC planar optical components, particularly those with larger diameters [35]. However, conventional polarization direct writing methods often encounter inertial stop splicing steps during device fabrication, leading to suboptimal optical performance in the produced components. Since the optical properties are highly sensitive to splicing errors, given the proximity of the splicing size to the optical wavelength, it is imperative to minimize the splicing interference as much as possible. Ideally, a method that allows for continuous machine operation during the splicing process would eliminate the inertia-induced stoppages, thereby enhancing the performance of the manufactured devices.



In this study, we introduce a dynamic polarization patterning exposure technique, which is characterized by high efficiency and flexibility. The aim of this technique is to mitigate the splicing errors typically encountered in traditional laser direct writing due to inertia. Our approach involves generating a surface profile using the Fresnel lens formula and then employing this profile as a dynamic mask during system operation. This enables the system to generate a mask in real time via a Digital Micromirror Device (DMD) during movement, eliminating the need for inertial stop splicing steps, thus significantly reducing splicing errors. The splicing errors between the lens and lens array prepared using this method are only within the range of 100–200 nm, demonstrating excellent focusing capability and near-diffraction-limit performance. This breakthrough opens up new possibilities for fabricating high-quality LC photonic devices.




2. Experimental Details


The system employed in this study, as depicted in Figure 1a,b, operates in a highly dynamic and efficient way. Starting from the initial point, the system quickly proceeds to the next starting point upon completing the exposure of a polarization pattern. Concurrently, it adjusts the laser polarization angle to expose the following pattern. This mobile splicing process is executed seamlessly, due to the predefined lens phase profile file and the real-time generation of distinct polarization patterns by the DMD. This approach eliminates inertia-induced stoppages during the splicing step, thereby minimizing splicing errors. In Figure 1b, we illustrate a hypothetical scenario, where the production of a lens is divided into three distinct steps. Beginning at the first starting point, the DMD generates a real-time mask for the initial step of exposure. Once this exposure is completed, the system swiftly transitions to the second starting point. At this juncture, the system commands the laser to adjust its polarization angle, while the DMD simultaneously produces a mask for the second step of exposure. This process is repeated for the third step, marking the conclusion of one exposure cycle. This cycle is then repeated for the subsequent steps until the sample is fully completed. The continuous motion of the system throughout the exposure process ensures the absence of inertia-induced stoppages, thereby significantly reducing splicing errors. This innovative approach not only enhances the precision and quality of the produced lenses but also paves the way for more efficient and reliable optical component manufacturing techniques.



The low-error polarization direct writing system comprises several key components, including the polarization control module, miniature imaging splicing module, automatic focusing module, and other system elements. As depicted in Figure 2, the 355 nm light emitted by the laser first passes through the beam expander and collimator before entering the polarization control module. Within this module, a linear polarizer enhances the polarization of the light source, while a half-wave plate adjusts the polarization angle of the laser. By leveraging the characteristics of the half-wave plate, a change in the α angle results in a linearly polarized light shift of the 2α angle, enabling the DMD to generate dynamic masks in real time. This polarization control module enables dynamic generation of polarization patterns at any angle, aligned with our experimental design. Subsequently, the beam traverses through the beam splitter, with a portion directed onto the Charge-Coupled Device (CCD) for the real-time monitoring of spot images on the computer. The remaining portion enters the miniature imaging splicing module, where it undergoes miniaturization via the objective lens before being incident on the prepared sample. Some of the light is reflected into the focusing module, which employs a servo focusing system to dynamically adjust the focal length in real time. Throughout the entire process, the machine moves concurrently with the exposure process, owing to the system’s ability to synchronize and control the aforementioned modules in real time. As a result, there is no inertia-induced stoppage during stitching, significantly reducing the splicing errors. (We call this process dynamic polarization patterning technology).



For the fabrication of LC lenses and arrays, as illustrated in Figure 3a–f, the glass substrate undergoes initial ultrasonic cleaning followed by spin coating with the optical orientation agent SD1 (0.5 wt.%, 3000 rpm). The resulting photo-alignment layer has a thickness of approximately 10 nm. Upon completion of spin coating, the glass substrate is placed on a hot bench and dried for 2 min to ensure complete solvent evaporation. Subsequently, the glass substrate is positioned on the work platform for processing using a polarization direct writing system. The dynamic mask utilized in the DMD within the polarization system is configured according to the phase plane pattern generated by the Fresnel lens formula [36,37,38]. After patterning the photo-alignment layer, liquid crystal polymer (LCP) (OCM-A2, Zhangjiagang Raito Materials Co., Ltd. Zhangjiagang City, China) is spin-coated onto the glass substrate. UV light exposure for 60 s, accompanied by the continuous introduction of nitrogen gas, solidifies the LCP layer into a film. Given the working wavelengths of the LC lens and array at 633 nm and 532 nm, respectively, it is imperative to apply multiple layers of LCP to achieve film thicknesses of 2.1 μm and 1.69 μm, respectively, to attain close to 100% diffraction efficiency. In the lens manufacturing process, only the coating of the optical orientation agents, the utilization of real-time dynamic masks for patterned exposure, and the coating of the LCP layers are involved. This streamlined manufacturing process is both simple and efficient, thereby reducing the costs associated with industrial mass production.



We successfully produced a planar Fresnel lens and a lens array, showcasing their impressive optical performance. The planar Fresnel phase profile adheres to the formula:


  φ =   2 π  λ    f −    f 2  +  r 2       



(1)




where ‘f’ represents the focal length, and ‘r’ represents the radial distance from the lens center. This formula guided the creation of the phase diagram, which was then translated into a dynamic mask for the DMD. Our achievements include fabricating a spherical LC lens with a 30 cm focal length and an aperture of about 1 cm within approximately 30 min and a square LC lens array with a 100% fill factor, a 30 cm focal length, and an approximately 2.1 cm aperture, completed in about 90 min.




3. Results and Discussion


Here, we delve deeper into the intricacies of the molecular structure and imaging quality exhibited by the LCP. As evidenced in Figure 4a,b, the polarization microscope (POM) diagram of the LCP reveals distinct bright and dark rings. These rings undergo a phase change of 2π, corresponding to six discrete molecular orientations: 0°, 30°, 60°, 90°, 120°, and 150°. Notably, when the sample is rotated by 45°, the appearance of the rings reverses, while the vertically aligned LC region maintains consistent brightness under the POM. To assess the quality of the prepared lens, we conducted a detailed analysis of its morphological characteristics and splicing accuracy by examining the enlarged edges. The edge ring demonstrates a smooth morphology, with an edge line width measuring approximately 6.48 μm. This value deviates slightly from the theoretical design specification of 6.36 μm, resulting in a 1.9% error relative to the theoretical value. Notably, the observed splicing error is comparable to the size difference between the adjacent ring bands at the edge. Had the splicing error been significant, it would have been considerably larger than this size difference. Therefore, it can be confidently asserted that the splicing error is minimal, as further confirmed by Figure 4c,d. The dashed box area in Figure 4c represents the adjacent smooth texture zone, which is attributed to the self-smoothing properties of LC molecules. The solid box area in Figure 4d represents a single annular band of the LCP lens.



Utilizing the optical path illustrated in Figure 5a, we characterized the optical performance of the lens. The laser undergoes a series of transformations: passing through a beam expander and collimator, undergoing linear polarization enhancement via a polarizer, and being converted into circularly polarized light through a quarter-wave plate before incident on the lens sample. Subsequently, the focused spot is magnified tenfold by the lens and imaged on a CCD camera (Figure 5b). The Gaussian intensity profile of the focused spot indicates excellent imaging quality, as depicted in Figure 5c, showcasing a three-dimensional intensity distribution. Further analysis involves extracting intensity data along the vertical direction (we draw curves by sampling at regular intervals) and fitting it (represented by the X and Y axes in Figure 5d,e, respectively). The actual size of the focused spot in the X-axis and Y-axis directions measures 33.29 μm and 32.97 μm, respectively, representing an error of approximately 40% compared to their theoretical values (derived from the formula 1.22λ/NA = 23.2 μm). This suggests that the produced sample approaches the diffraction limit and exhibits excellent imaging performance. Figure 5f illustrates the focusing behavior of the lens at different positions.



As demonstrated in Figure 6a–c, the focusing capabilities of the lens sample were examined using laser light sources operating at 633 nm, 532 nm, and 405 nm wavelengths. The PB-phase LCP lens exhibits polarization-dependent behavior, converging right-handed circularly polarized (RHCP) light and diverging left-handed circularly polarized (LHCP) light. By rotating the quarter-wave plate, we could switch the polarization of the laser light from right-handed to left-handed circular polarization. In column a, the incident light is projected onto the screen without passing through the lens, providing a baseline for comparison. Column b showcases the effect of the RHCP light incident on the lens. In this configuration, the lens behaves like a convex lens with a positive focal length, effectively converging the light. Moving to column c, we observe the behavior of the lens when exposed to LHCP light. Here, the lens transforms into a concave lens with a negative focal length, causing the collimated incident beam to diverge. This polarization-dependent behavior is a unique characteristic of the PB-phase LCP lens. When observing the focusing spot, it is evident that the lens performs exceptionally well at the working wavelength of 633 nm, achieving a diffraction efficiency of 85.7%. Additionally, it also demonstrates good focusing capabilities for light sources in other wavelength bands.



We further fabricated a lens array, and the molecular structure diagram of an individual lens is depicted in Figure 7a–f. Figure 7a shows the POM image of the central area of the single LCP lens on the lens array. Figure 7b,c show the POM images of the edge area of the single LCP lens on the lens array, captured at 0° and 45° orientations. The dashed box area in Figure 7b represents the adjacent texture smooth zone, which is attributed to the self-smoothing characteristics of LC molecules. The solid box area in Figure 7c represents the single annular band of the LCP lens. Figure 7d–f show the POM images of the lens array at different positions. The measured edge linewidth is approximately 7.78 μm, differing by 160 nm from the theoretical design of 7.62 μm, representing a 2.1% error from the theoretical value. This level of splicing error closely matches the size difference between adjacent edge bands, indicating a very low splicing error. The splicing error is minimal, as a significant splicing error would surpass the size difference between adjacent edge bands. To characterize the optical performance of the lens array, we employed the same optical path described earlier (the difference is that the focusing spot does not need to be enlarged, and the data do not require interval sampling for curve drawing). Figure 8a displays the focusing spot image of the array captured by a CCD camera, while Figure 8b showcases the three-dimensional intensity distribution of the focusing spot of a single lens. Intensity data along the vertical direction were extracted and fitted, as represented by the X and Y axes in Figure 8c,d, respectively. The actual size of the focused spot in the X-axis and Y-axis directions measures 57.65 μm and 58.32 μm, respectively, with an error of approximately 30% compared to their respective theoretical values (45.6 μm). Furthermore, we utilized 633 nm, 532 nm, and 405 nm laser light sources to test the focusing performance of the lens array (Figure 9a–c). Column (a) represents the incident light on the screen without a lens array, column (b) represents the incident RHCP light, and column (c) represents the incident LHCP light. Observing the focusing spot, it becomes evident that the focusing effect of the lens array at the working wavelength (532 nm) is excellent, with an average diffraction efficiency of 83.3%. Additionally, it exhibits good focusing performance with light sources in other wavelength bands.




4. Conclusions


In conclusion, we propose a method for producing LC planar optical devices known as dynamic polarization patterning technology. Through precise control systems, we can generate real-time polarization patterning exposure while continuously moving the stitching process, thus eliminating the inertia-induced stoppage of the stitching step. This approach significantly reduces interface splicing errors compared to traditional polarization direct writing methods. As demonstrated by the fabrication of a lens and lens array, the splicing errors range from 100 nm to 200 nm, with an actual error of 1.9% to 2.1% compared to their theoretical values. This level of error is nearly on par with the difference in size between adjacent edge bands. If the splicing errors were significant, they would surpass the difference in size between adjacent edge bands; thus, our results indicate minimal splicing errors. Furthermore, optical path testing confirmed the excellent focusing effects of the produced lens and array. Our entire production process involves only coating a photo-alignment layer, polarization patterning, coating an LCP layer, and curing into a film, without the need for additional complex steps. This simplified approach holds promise for reducing the cost of industrialization.
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Figure 1. Schematic illustration of dynamic polarization patterning technology. (a) Machine working route. (b) System patterning process. 
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Figure 2. Schematic illustration of dynamic polarization patterning technology system optical path. 
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Figure 3. Fabrication of the LCP lens and the LCP lens array using the dynamic polarization patterning technology. (a) Dropwise addition of the photo-alignment agent; (b) spin coating the photo-alignment layer; (c) dynamic polarization pattering using the system to orient the photo-alignment layer; (d) dropwise addition of the LCP solution; (e) spin coating the LCP solution; (f) UV curing the LCP to stabilize the molecular orientation. 
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Figure 4. Characterization of the LCP lens. (a,b) POM images of the central area of the LCP lens, captured at 0° and 45° orientations. (c,d) POM images of the edge area of the LCP lens, captured at 0° and 45° orientations. 
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Figure 5. Optical characterization of the LCP lens. (a) Schematic illustration of the optical path for testing the lens focusing performance. (b) Focus image captured by CCD. (c) Three-dimensional intensity profile of the focused spot. (d,e) Intensity distribution of the focused spot at different di− rections. (f) Schematic illustration of the lens focusing captured by CCD at different distances. 
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Figure 6. Focused images of the LCP lens using 633 nm, 532 nm, and 405 nm laser beams. (a) No lenses. (b) Using RHCP light for incidence. (c) Using LHCP light for incidence. 
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Figure 7. Characterization of the LCP lens array. (a) POM image of the central area of the single LCP lens on the lens array. (b,c) POM images of the edge area of the single LCP lens on the lens array, captured at 0° and 45° orientations. (d–f) POM images of different locations in the array. 
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Figure 8. Optical characterization of the LCP lens array. (a) Focus images captured by CCD. (b) The 3D intensity profile of the focused spot of a single LCP lens on the lens array. (c,d) Intensity distri− bution of the focused spot at different directions. 
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Figure 9. Focused images of the LCP lens array using 633 nm, 532 nm, and 405 nm laser beams. (a) No lens arrays. (b) Using RHCP light for incidence. (c) Using LHCP light for incidence. 
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