

  micromachines-11-00338




micromachines-11-00338







Micromachines 2020, 11(3), 338; doi:10.3390/mi11030338




Article



Fabrication of Random Microlens Array for Laser Beam Homogenization with High Efficiency



Li Xue 1,2, Yingfei Pang 2, Wenjing Liu 1,2, Liwei Liu 2, Hui Pang 2, Axiu Cao 2,*[image: Orcid], Lifang Shi 2,*, Yongqi Fu 1,* and Qiling Deng 2





1



University of Electronic Science and Technology of China, Chengdu 610054, China






2



Institute of Optics and Electronics, Chinese Academy of Sciences, Chengdu 610209, China









*



Correspondence: longazure@163.com (A.C.); shilifang@ioe.ac.cn (L.S.); yqfu@uestc.edu.cn (Y.F.); Tel.: +86-028-8510-1178 (A.C. and L.S.); +86-152-0834-0157 (Y.F.)







Received: 25 February 2020 / Accepted: 19 March 2020 / Published: 24 March 2020



Abstract

:

The miniaturized and integrated microlens array (MLA) can effectively achieve the beam homogenization, compactness and miniaturization of laser systems. When the high-coherence laser beam is homogenized by means of using the MLA, interference fringes will occur in the homogenized light spot due to the periodicity of the MLA, which seriously affects the uniformity of the homogenized light spot. To solve this problem, a novel random microlens array (rMLA) structure was proposed for the purpose of achieving beam homogenization. The coherence in the homogenization process is suppressed by means of breaking the periodicity of the MLA. The homogenized light spot with a high energy utilization is then obtained accordingly. In the fabrication process, a clever method of combining chemical etching with lithography technology is performed to fabricate a honeycomb rMLA and a rectangular rMLA. The experimental results show that the energy utilization rate of the two types of the rMLAs is about 90%, and the uniformity of the homogenized light spots generated by the honeycomb rMLA and the rectangular rMLA are more than 80% and 85%, respectively. Meanwhile, fully cost-effective fabrication is possible to be realized.
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1. Introduction


Lasers have been widely applied in many fields, such as medical treatment [1,2], laser illumination [3,4], laser detection [5,6] and satellite communication [7,8]. However, the intensity distribution of a laser is usually in a Gaussian profile, which is always required to be converted into a flat-top profile so as to achieve the desired effect, e.g., laser welding [9,10], an optical system of exposure machine [11], laser drilling [12,13] and laser projection [14,15]. There are some methods to achieve beam homogenization, such as an aspheric lens group [16,17,18], free-form lens [19,20,21], diffractive optical element (DOE) [22,23,24] and microlens array (MLA) [25,26,27].



For the aspheric lens group and free-form surface lens, the former has a high light energy utilization rate and high beam uniformity, which can be applied to high-power lasers, while the latter is a simple optical system with high design freedom which can be used to effectively achieve high uniformity. However, the above two methods require nanometer surface roughness, which increases the fabrication difficulty. In addition, because of the limitation of the sizes of the corresponding lenses, it is a challenge to realize the miniaturization and integration of the system. The DOE can be used to achieve the miniaturization and integration of the systems, and also has high design freedom. Nevertheless, the DOE is generally only suitable for a single wavelength, and cannot be used to shape the beam in a broad spectral range. Meanwhile, energy efficiency depends on the number of phase levels of the DOE; the greater the number of phase levels is, the higher the energy efficiency will be, but also the more complex the fabrication. In contrast, the MLA is widely applied to the field of multi-wavelength laser beam homogenization to achieve the miniaturization and integration of the systems, due to its merits of a high energy utilization rate, extremely simple structure and high beam uniformity.



Many related research works of beam homogenization by means of using MLA have been reported before. In 2017, Hang et al. [28] used a monolithic periodic MLA to homogenize the laser beam. The collimated laser beam is subdivided into multiple beamlets by the MLA, and then the beamlets are superposed and recombined with each other to suppress the nonuniformity by a focusing lens. The uniformity of the obtained homogenized light spot is 91.1%. The energy utilization rate of the MLA with anti-reflection coating can reach 93%. In order to homogenize the incident laser beam with a certain divergence angle, a method on the basis of two periodic MLAs is proposed by Hwang et al. [29] to obtain a homogenized light spot with high energy efficiency in 2017. However, when high-coherence lasers are shaped by their method, interference between beamlets will also occur due to the periodicity of the MLA, the resulting interference fringe appears in the obtained homogenized light spot and the uniformity of the homogenized light spot will be deteriorated. In order to eliminate the effect of interference on the homogenized light spot, Xianzi et al. [30] prepared a 16-level random phase fresnel lens array by means of setting the phase of sub lenses of the fresnel lens array to a random arrangement in 2019. This broke the coherence between the beamlets, and obtained a homogenized light spot with a uniformity of 83%. However, the fabrication of the 16-level random microlens array (rMLA) is complex. In 2019, Liu et al. [31] designed a continuous profile MLA with sub lenses of the random apertures and arrangements. It realized a breakthrough of the coherence of beamlets so that the uniformity obtained by simulation is able to reach 94.33%. However, they proposed to fabricate the rMLA by 3D printing technology, which is not yet mature.



At present, the fabrication technology of continuous rMLA is not yet mature. In contrast, we innovatively combined the traditional lithography exposure technology with chemical etching technology to propose a novel method to fabricate rMLA, which can be used to fabricate high-efficiency, low-cost and large-area rMLA. Meanwhile, in order to further reduce the surface roughness of microlenses, three kinds of chemical solutions were prepared in this paper: the fundamental chemical etching solution (deionized water, hydrofluoric acid solution (HF solution) (40%) and ammonium fluoride particles (NH4F)); the H2SO4 chemical etching solution (deionized water, HF solution (40%) and the H2SO4 (95–98%)); and the HNO3 chemical etching solution (deionized water, HF solution (40%) and the HNO3 (65–68%)), respectively. We compared the etching effects of the three kinds of solutions and obtained a best suitable solution ratio. Adopting the proposed method, we fabricated two types of rMLAs, which were the honeycomb rMLA and the rectangular rMLA, respectively. Moreover, a chromium film layer was plated on the surface of the glass substrate, which masterly avoided side etching and the curl-up of the edge. In addition, the high-quality surface of the microlenses can effectively guarantee the homogenization quality of the beam, and the randomness of the rMLA is able to successfully break the coherence of the laser beam so that the uniformity of the modulated beam can be improved. Section 2 describes the beam homogenization model of rMLA, while Section 3 demonstrates the fabrication process of the rMLA in detail, Section 4 shows experimental results and verifies the validity of our method and Section 5 is a summary.




2. Beam Homogenization Model of rMLA


The working principle of beam homogenization based on the random microlens array (rMLA) is shown in Figure 1a. The condition of interference among the beamlets is broken, and the influence of interference on beam homogenization is suppressed by the rMLA, as the phases of the beamlets are randomly distributed due to the random apertures, focal lengths and arrangements. According to this principle, the preparation of the two types of rMLAs have been proposed in this paper: one is the honeycomb rMLA, as shown in Figure 1b, which can be used to produce a circular homogenized light spot; and the other is the rectangular rMLA, as shown in Figure 1c, which can be used to produce a rectangular homogenized light spot. The structural parameters of sub lenses of the two types of rMLAs are shown in Figure 1d, including aperture Di and sag height hi. As can be seen from Figure 1d, the geometric relationship between the radius of curvature Ri and the sag height hi can be obtained, expressed by Equation (1). According to the relationship between the radius of curvature and the focal length, the focal length (   f i   ) can be calculated by Equation (2), where  n  is the refractive index. Therefore, the divergence angle of the beam passing through the sub lenses can be calculated by Equation (3). Meanwhile, the divergence angle θi of the entire light beam after passing through the rMLA is formed by the superposition of randomly distributed sub lenses, and is determined by the divergence angle of the sub lenses with a higher frequency of occurrence.


   R i  =    D i 2  + 4  h i 2    8  h i     



(1)






   f i  = −    R i    n − 1   = −    D i 2  + 4  h i 2    8 ( n − 1 )  h i     



(2)






    θ  i  =    t a n    − 1      D i    2 |  f i  |    



(3)








3. Fabrication of Random Microlens Array (rMLA)


Fabrication of the rMLA is realized by the combination of chemical etching and lithography technology. Before the glass substrate is chemically etched, the chemical etching solution needs to be prepared and the substrate needs to be pretreated. The composition and proportion of the solution are super important, which will significantly affect the chemical etching rate and the profile of the rMLA in the experiment, and further affect the beam homogeneity as well. For substrate pretreatment, the surface of the substrate is necessary to be coated with chromium film as the masking layer of chemical etching. In particular, the fabrication of the rMLA requires that the random micropores array is processed on the surface of the chromium film, so that the chemical etching solution is able to react with the glass substrate.



3.1. Preparation of Chemical Etching Solution


In the experiment, ultra-white glass was selected as the substrate material, which has a transmittance of 91.5% in the visible regime. The main component of the selected substrate is SiO2, with a content of 73%. The contained impurities mainly involve Al2O3, Fe2O3, CaO, MgO, Na2O and K2O. Among them, CaO and Na2O occupy a relatively high proportion, which are 11% and 15%, respectively. The other impurities are low, at about 0.15%, which were not considered as key factors in this experiment.



During chemical etching, three different chemical etching solutions were fabricated. The compositions of the chemical etching solution included deionized water, hydrofluoric acid solution (HF solution) (40%) and ammonium fluoride particles (NH4F), which was called the fundamental chemical etching solution. The proportion of ingredients was 10:3:1. Meanwhile, the units of deionized water and HF solution were “mL”, while the unit of NH4F was “g”. The HF solution is able to react with various oxides of ultra-white glass [32], and the chemical reaction formulas are expressed as Equations (4)–(6)


   SiO 2  + 4 HF →  SiF 4  + 2  H 2  O  



(4)






  CaO + 2 HF →  CaF 2  +  H 2  O  



(5)






   Na 2  O + 2 HF → 2 NaF +  H 2  O  



(6)




where SiF4 will continue to react with the generated fluoride, which can be expressed by Equations (7) and (8). Among these, the reaction rate of CaF2 is slow and will be residues


   SiF 4  +  CaF 2  →  CaSiF 6   



(7)






   SiF 4  + 2 NaF →  Na 2   SiF 6   



(8)




where SiF4 will react with the NH4F added in the chemical etching solution, expressed as Equation (9), to accelerate the etching rate of the glass.


   SiF 4  + 2  NH 4  F →   (  NH 4  )  2   SiF 6   



(9)







In the process of a reaction between the etching solution and glass substrate, the generated impurities CaF2 and Na2SiF6 with low solubility would adhere to the surface of the glass and prevent further etching. Although the chemical etching solution was continuously oscillated during the experiment to prevent impurities from adhering to the glass surface, the surface of the fabricated rMLA is not smooth, with a roughness of 106 nm, as shown in Figure 2. Thereby, a lot of stray light is generated during the beam homogenization process, which seriously affects the uniformity of the homogenized light spot.



It was necessary to consider adding other chemical reagents to react with the generated impurities of the fundamental chemical etching to dissolve it in the etching solution. In this paper, the concentrated sulfuric acid (H2SO4) was selected to prepare the H2SO4 chemical etching solution. The components of the H2SO4 chemical etching solution were deionized water, HF solution (40%), and H2SO4 (95–98%). The proportion of ingredients was 5:2:2, and their units were “mL”. The diluted H2SO4 is able to react with the generated fluoride, which can be expressed as Equation (10):


   H 2   SO 4  +  CaF 2  →  CaSO 4  + 2 HF  



(10)







As can be seen from Equation (10), H2SO4 is able to react with CaF2. The produced CaSO4 will dissolve to some extent, but the remaining impurities still adhered to the glass surface. Although the chemical etching solution was also oscillated in the experiment, the impurities still hindered any further etching of the glass. The experimental result shows that the surface of the fabricated rMLA is improved compared to the fundamental chemical etching solution. However, the surface of the fabricated rMLA by the H2SO4 chemical etching solution is still not smooth, with a roughness of 64 nm, as shown in Figure 3, which will affect the uniformity of the homogenized light spot.



Based on the above analysis, we added the concentrated nitric acid (HNO3) to prepare the HNO3 chemical etching solution in order to improve the surface quality of the fabricated rMLA. The compositions of the etching solution were deionized water, HF solution (40%) and the HNO3 (65–68%). The proportion of ingredients was 5:2:2 and their units were “mL”. The diluted HNO3 is able to react with the generated fluoride, which can be expressed as Equation (11):


   CaF 2  + 2  HNO 3  → 2 HF + Ca   (  NO 3  )  2   



(11)







From Equation (11), HNO3 is able to react with CaF2. Meanwhile, the generated Ca(NO3)2 is easily soluble in water. By continuously oscillating the chemical etching solution, the surface of the fabricated rMLA by the HNO3 chemical etching solution can be smooth, with a roughness of 13 nm, which reaches the surface quality of the optical device, as shown in Figure 4. Therefore, the HNO3 chemical etching solution is subsequently selected to carry out the experiment for fabricating the rMLA.




3.2. Fabrication of rMLA


Two types of rMLAs are fabricated in this paper, which are the honeycomb rMLA and the rectangular rMLA, respectively. The fabrication requires the pretreatment of the surface of the glass substrate—that is, the random micropores array with different structures needs to be fabricated on the surface of the substrate.



3.2.1. Fabrication of Honeycomb rMLA


For the fabrication of the honeycomb rMLA, a chromium film with a thickness of about 140 nm was first coated on a glass substrate, as shown in Figure 5a. Secondly, the glass substrate was put into the chromium removal solution and soaked for 10 s to etch a series of random micropores on the chromium film, as shown in Figure 5b. Finally, the preprocessed substrate was put into the chemical etching solution to fabricate the honeycomb rMLA. During the etching process, the etching solution was continuously oscillated and the substrate was cleaned every 10 min in order to prevent the detached chromium film from affecting the profile of the rMLA. Meanwhile, the total etching time was about 25 min. The experimental result observed by an OLYMPUS BX51 microscope is shown in Figure 6. As can be seen from the microscopic image of the fabricated honeycomb rMLA, the surface of the rMLA is composed of irregular microstructures, making the overall profile look like a honeycomb. Meanwhile, the surface of the honeycomb rMLA has quite a high filling ratio, which guarantees that the whole beam passing through the rMLA is able to be modulated, so that the uniformity of the generated light filed is further improved. Moreover, the surface of the honeycomb rMLA is extremely smooth, with a roughness of 13 nm, as shown in Figure 6, which verifies that high-quality rMLA can be fabricated by our method. However, due to the irregularity of the structure parameters of the honeycomb rMLA, it is difficult to measure the sagittal heights and the apertures.




3.2.2. Fabrication of Rectangular rMLA


The fabrication of the rectangular rMLA, which is slightly different from the honeycomb rMLA, requires a mask predesigned and prefabricated. Then, through exposure, development, chromium removal and other processes, the random microporous structure on the mask plate was transferred to the chromium film of the substrate. Finally, chemical etching was performed to generate rMLA.



The designed mask is a micropores array of random rectangular arrangement, as shown in Figure 7a. The radiuses of micropores are the same as 1.8 μm, and the distances between adjacent micropores varies randomly from 24 μm to 45 μm. The mask was fabricated by high-precision laser direct writing technology with a fabrication accuracy of ±250 nm. The pattern of the mask plate observed under the microscope is shown in Figure 7b.



Subsequently, the chromium film, with a thickness of about 140 nm, was coated on the glass substrate, as shown in Figure 8a. The photoresist of the type AZ MIR-703 Photoresist (14 cp) (AZ Electronic materials, Somerville, MA, USA) was spin-coated on the glass substrate with chromium film at a speed of 4000 r/min with a time of 30 s. The thickness of the photoresist was about 700 nm, as shown in Figure 8b. The photoresist was then exposed by the exposure machine with a center wavelength of 365 nm. The exposure method was contact exposure with an exposure time of 20 s and the exposure power of 3 mW, as shown in Figure 8c. By the development with developer of AZ 300MIF (AZ Electronic materials, Somerville, MA, USA) for 35 s, the microporous structure on the mask was transferred to the photoresist, as shown in Figure 8d. The substrate was then put into the chromium removal solution for 40 s to transfer the microporous structure on the photoresist to the chromium film to complete the substrate pretreatment, as shown in Figure 8e. The substrate was finally put into the etching solution for etching. The etching solution penetrated from the micropores and contacted with the glass surface to produce a reaction. After the glass substrate was etched for a period of time, micropits were generated on the substrate surface, as shown in Figure 8f. The operation steps in the etching process were consistent with the fabrication of the honeycomb rMLA. During the etching process, the etching solution was continuously vibrated to prevent the falling chromium film from affecting the surface shape of rMLA. The glass substrate was cleaned every 10 min or so. After etching for about 40 min, the rMLA was obtained, as shown in Figure 8g. The experimental result obtained with the microscope is shown in Figure 9a, where it can be clearly seen that the structure is random due to the irregularity of arrangement of microlenses, the surface is smooth with a roughness of 13 nm, the filling ratio is high and the arrangement of rectangular rMLA is basically consistent with the arrangement of Figure 7b. Comparing the profiles data of the microlenses measured with the step profilometer (Stylus Profiler System, Dektak XT, Bruker, Karlsruhe, Germany) with an ideal spherical surface, it can be seen that the profile of the microlenses is almost spherical, and the fitting graph is shown in Figure 9b.






4. Experiments


Based on the fabricated honeycomb random microlens array (rMLA) and rectangular rMLA, an optical setup was constructed to test the uniformity of the homogenized light spots generated by the two types of rMLAs, as shown in Figure 10a.



The rMLA was illuminated by a laser beam with a wavelength of 650 nm and diameter of 5 mm. After the incident light was modulated by the rMLA, a homogenized light spot was able to be obtained. The charges coupling device (CCD) was then used to collect and record the intensity of the homogenized light spot, as shown in Figure 10a. In order to characterize the divergence angle of the reconstructed light spot, the sagittal heights and the apertures of the fabricated rMLA needed to be measured. Subsequently, the divergence angle could be calculated by Equations (1)–(3). Using the theoretical equations, the divergence angle of the rectangular rMLA could be obtained. However, it was difficult to measure the sagittal heights and the apertures due to the irregularity of the structure parameters of the honeycomb rMLA, resulting in the divergence angle of the honeycomb rMLA not being directly calculated by the theoretical Equations (1)–(3). Therefore, the geometric calculation method was performed to calculated the divergence angle of the honeycomb rMLA, which would be described as follows. As could be seen from Figure 10b, the propagation distance Z, the size of the incident light    T 0    and the reconstructed light spot T were able to be measured. Therefore, the geometric relationship of these four parameters (θ,    T 0   , T and Z) can be expressed as Equation (12).


  θ = t a  n  − 1     T −  T 0    2 Z    



(12)







The measured T0 was 5 mm and Z was 27 mm, the homogenized light spot size T was calculated based on the MATLAB (version 7.1, MathWorks, Natick, MA, USA) numerical analysis software. At the edge of the spot, the dimension when the energy drops to 1/e2 is recorded as T, which can be obtained by multiplying the number of pixels occupied by the light spot and the pixel size of the CCD. For the honeycomb rMLA, the number of pixels occupied by a circular light spot was 1177 at the central cross section, and the pixel size of the CCD was 7.4 μm. Therefore, the calculated T was about 8.7 mm. On the basis of the geometric calculation method, according to Equation (12), the divergence angle of the circular light spot could be obtained, which was about 7.8°. For the rectangular rMLA, the aperture and depth of sub lenses in multiple rMLA were measured by the step profilometer (Stylus Profiler System, Dektak XT, Bruker, Karlsruhe, Germany), according to Equations (1)–(3), the average value of departure divergence was about 22°. Meanwhile, the geometric calculation method was also performed to calculated the divergence angle of the rectangular rMLA. According to the experimental measurement, the number of pixels occupied by the rectangular light spot was 2161 at the central cross section and the calculated T was 16 mm. Therefore, according to Equation (12), it could be calculated that the divergence angle of the rectangular light spot was about 23°, which is basically consistent with the average divergence angle calculated by the theoretical Equations (1)–(3).



Subsequently, the uniformity and energy utilization of the homogenized light spot were tested. The incident light was an uneven light spot with a wavelength of 650 nm, as shown in Figure 11a. A circular homogenized light spot was generated by a honeycomb rMLA, as shown in Figure 11b, and a rectangular homogenized light spot was generated by a rectangular rMLA, as shown in Figure 11c. The uniformity of the light spot was calculated by using Equation (13), where the uniformities of the circular spot and the rectangle spot were about 81% and 88%, respectively. The power (Pin) of the input beam measured with the power meter was about 3.5 mW, and the output powers (Pout) after passing through the honeycomb rMLA and the rectangular rMLA were all about 3.2 mW. According to Equation (14), the energy utilization rate was about 90%. Therefore, it can be concluded that both the honeycomb rMLA and the rectangular rMLA have a quite high energy utilization rate.


  R M S =       ∑ j N   (  I j  −  I −  )    2  / N    



(13)






  P =    P  o u t      P  i n      



(14)







Many incident laser beams with arbitrary profiles and uneven intensity distribution, in addition to those mentioned above, can also be modulated by the rMLA to generate a homogenized light spot. For instance, utilizing the fabricated rectangular rMLA, the laser beam with the cross spot (Figure 12a) can be shaped into a rectangular homogenized light spot (Figure 12b).




5. Conclusions


This paper proposed a method of combining chemical etching with lithography technology to prepare the random microlens array (rMLA) to break the periodicity of the MLA, suppress the coherence during the homogenization process and obtain a homogenized light spot with high energy utilization. Through measurement, the uniformity of the circular light spot was about 81%, while the rectangular light spot was about 88%. The energy utilization rate of the homogenized light spots by the two types of rMLAs was about 90%. The designed rMLA can be expected to be used in laser welding machines, medical treatment, exposure machine lighting systems and other fields.







Author Contributions


Conceptualization, L.X.; Formal analysis, L.X.; Funding acquisition, Q.D.; Investigation, Y.P. and W.L.; Software, W.L., L.L. and A.C.; Validation, H.P.; Writing—original draft, L.X.; Writing—review & editing, Y.P., A.C., L.S. and Y.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by National Natural Science Foundation of China (Nos. 61605211, 61905251); The Instrument Development of Chinese Academy of Sciences (No. YJKYYQ20180008); The National R&D Program of China (No. 2017YFC0804900); Sichuan Science and Technology Program (No. 2019YJ0014); Youth Innovation Promotion Association, CAS and CAS “Light of West China” Program. The authors thank their colleagues for their discussions and suggestions to this research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tarasov, A.A.; Chu, H. Subnanosecond Nd: YAG laser with multipass cell for SBS pulse compression. Proc. SPIE 2017, 10082, 100820Q. [Google Scholar]

	



Alsharnoubi, J.; Sabbour, A.A.; Shoukry, A.I.; Abdelazeem, A.M. Nocturnal enuresis in children between laser acupuncture and medical treatment: A comparative study. Lasers Med. Sci. 2016, 32, 1–5. [Google Scholar] [CrossRef]

	



Ye, Z.; Wei, L.; Xiao, L.; Wang, J. Laser illumination-induced dramatic catalytic activity change on Au nanospheres. Chem. Sci. 2019, 10, 5793–5800. [Google Scholar] [CrossRef]

	



Grünbein, M.L.; Shoeman, R.L.; Doak, R.B. Velocimetry of fast microscopic liquid jets by nanosecond dual-pulse laser illumination for megahertz X-ray free-electron lasers. Opt. Express 2018, 26, 7190. [Google Scholar] [CrossRef] [PubMed]

	



Nan, P.; Yi, L.; Sixing, W. Adaptive matching algorithm for laser detection signals of linear cutting tool marks. IET Signal Process. 2017, 11, 364–371. [Google Scholar]

	



Zhu, J.; Xu, Z.; Fu, D.; Hu, C. Laser spot center detection and comparison test. Photonic Sens. 2019, 9, 49–52. [Google Scholar] [CrossRef]

	



Wang, Q.; Tong, L.; Yu, S.; Tan, L.; Ma, J. Accurate beacon positioning method for satellite-to-ground optical communication. Opt. Express 2017, 25, 30996–31005. [Google Scholar] [CrossRef]

	



Liu, W.D.; Kang, Y.D.; Li, X.M.; Meng, L.X.; Zhang, L.Z. Optimized design of baffle in satellite laser communication system. Opt. Precis. Eng. 2017, 25, 342–350. [Google Scholar] [CrossRef]

	



Liu, Y.; Cao, Y.; Li, J.; Qiu, Y.; Qin, W.; Wang, Z. 5 kw fiber coupling diode laser for laser processing. Opt. Precis. Eng. 2015, 23, 1279–1287. [Google Scholar]

	



Grewell, D.; Benatar, A. Diffractive optics as beam-shaping elements for plastics laser welding. Opt. Eng. 2007, 46, 510–517. [Google Scholar]

	



Liu, P.; Yang, B.; Lu, K. Design and research on the uniform illumination system of uv exposure machine. Opt. Instrum. 2012, 34, 31–36. [Google Scholar]

	



Duc Doan, H.; Naoki, I.; Kazuyoshi, F. Laser processing by using fluidic laser beam shaper. Int. J. Heat Mass Transf. 2013, 64, 263–268. [Google Scholar] [CrossRef]

	



Kaplan, A.F.H. Absorption homogenization at wavy melt films by co2-lasers in contrast to 1μm-wavelength lasers. Appl. Surf. Sci. 2015, 328, 229–234. [Google Scholar] [CrossRef]

	



Dwivedi, A.; Khan, G.S.; Sharma, A. Design and evaluation of laser spot illuminator for a laser projection engine design. Opt. Eng. 2016, 55, 115102. [Google Scholar] [CrossRef]

	



Liang, C.; Zhang, W.; Rui, D.; Sui, Y.; Yang, H. Beam homogenized shaping and speckle suppression in laser projection display system using liquid crystal on silicon. Chin. J. Lasers 2016, 43, 1201001. [Google Scholar] [CrossRef]

	



Gao, Y.; An, Z.; Li, N.; Zhao, W.; Wang, J. Optical design of Gaussian beam shaping. Opt. Precis. Eng. 2011, 19, 1464–1471. [Google Scholar] [CrossRef]

	



Shi, G.; Yang, X.; Liang, Y. Gaussian beam shaping based on aspheric cylindrical lens. Acta Photonica Sin. 2014, 10, 0122001. [Google Scholar]

	



Yin, Z.; Wang, Y.; Yin, S.; Qiang, J.; Yang, K. Homogenization system for laser diode stack beams based on double cylindrical lenses of slow axis direction. High Power Laser Part. Beams 2013, 25, 2816–2820. [Google Scholar]

	



Wu, R.; Liu, P.; Zhang, Y.; Zheng, Z.; Li, H.; Liu, X. A mathematical model of the single freeform surface design for collimated beam shaping. Opt. Express 2013, 21, 20974. [Google Scholar] [CrossRef]

	



Peng, Y.; Su, Z. Design of freeform surface lens for shaping divergent laser beam. Acta Opt. Sin. 2016, 36, 0522003. [Google Scholar] [CrossRef]

	



Feng, Z.; Huang, L.; Gong, M.; Jin, G. Beam shaping system design using double freeform optical surfaces. Opt. Express 2013, 21, 14728. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, M.; Kiriyama, H.; Ochi, Y.; Nakai, Y.; Sasao, H.; Okada, H.; Daido, H.; Bolton, P.; Kawanishi, S. High-energy, spatially flat-top green pump laser by beam homogenization for petawatt scale ti: Sapphire laser systems. Opt. Commun. 2009, 282, 4401–4403. [Google Scholar] [CrossRef]

	



Li, Y.Y.; Qiu, C.K.; Li, P.; Xing, T.; Zhou, C.X. Shape the unstable laser beam using diffractive optical element array. Proc. SPIE 2010, 7848, 52. [Google Scholar]

	



Tao, S.; Yu, W. Beam shaping of complex amplitude with separate constraints on the output beam. Opt. Express 2015, 23, 1052. [Google Scholar] [CrossRef]

	



Voelkel, R.; Weible, K.J. Laser Beam Homogenizing: Limitations and Constraints. Proc. SPIE 2008, 7102, 71020J. [Google Scholar]

	



Cao, A.; Shi, L.; Yu, J.; Pang, H.; Zhang, M.; Deng, Q. Laser Beam Homogenization Method Based on Random Microlens Array. Appl. Laser 2015, 35, 124–128. [Google Scholar]

	



Lei, C.; Wang, Y.; Yin, Z.; Yin, S.; Sun, X. Homogenization system for diode laser stack beams based on microlens array. Chin. J. Lasers 2015, 17, 50–57. [Google Scholar]

	



Cheng, H.; Zhang, Z.; Li, Y. Study on laser beam homogenization in temperature sensor calibration. Laser J. 2017, 38, 44–47. [Google Scholar]

	



Hwang, S.; Kim, T.; Lee, J.; Yu, T.J. Design of square-shaped beam homogenizer for petawatt-class ti: Sapphire amplifier. Opt. Express 2017, 25, 9511. [Google Scholar] [CrossRef]

	



Pei, X.; Liang, Y.; Wang, F.; Zhu, X.; Xie, C. Beam homogenization of a fresnel lens array with a randomly distributed phase for laser beams. Acta Photonica Sin. 2019, 48, 0314001. [Google Scholar]

	



Liu, Z.; Liu, H.; Lu, Z.; Li, Q.; Li, J. A beam homogenizer for digital micromirror device lithography system based on random freeform microlenses. Opt. Commun. 2019, 443, 211–215. [Google Scholar] [CrossRef]

	



Han, W.; Han, W.; Luo, C. Unreflecting acid etched glass. Glass 2014, 12, 46–51. [Google Scholar]








[image: Micromachines 11 00338 g001 550] 





Figure 1. (a) Schematic diagram of random microlens array (rMLA); (b) structural parameters of microlens unit; (c) honeycomb rMLA; (d) rectangular rMLA. 
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Figure 2. The rMLA fabricated by the fundamental chemical etching solution. 
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Figure 3. The rMLA fabricated by the H2SO4 chemical etching solution. 
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Figure 4. The rMLA fabricated by the HNO3 chemical etching solution. 
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Figure 5. Fabrication schematic of honeycomb rMLA: (a) chromium plating; (b) corroded chromium film; and (c) honeycomb rMLA obtained by chemical etching. 
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Figure 6. Microscopic image of the honeycomb rMLA. 
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Figure 7. Mask part pattern: (a) rectangular randomly arranged mask data; and (b) microscopy pattern of mask made by laser direct writing technology. 
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Figure 8. Fabrication schematic of rectangular rMLA: (a) chromium plating; (b) coated photoresist; (c) exposure; (d) development; (e) chromium removal; (f) under etching; and (g) rectangular rMLA obtained by chemical etching. 
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Figure 9. Micrographs and simulation profiles: (a) microscopic image of rectangular rMLA; and (b) comparison of microlenses profile and ideal sphere. 
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Figure 10. Experimental measurement: (a) the experimental setup; and (b) the diagram of geometric calculation method. 
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Figure 11. Homogenization spot effect collected by CCD: (a) the incident laser beam; (b) the circular homogenization spot reconstructed by the honeycomb rMLA; and (c) the rectangular homogenization spot reconstructed by the rectangular rMLA. 
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Figure 12. Beam homogenization with an arbitrary shape laser beam: (a) free-form incident laser beam; and (b) the reconstructed rectangular homogenization spot. 
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