

  micromachines-11-01068




micromachines-11-01068







Micromachines 2020, 11(12), 1068; doi:10.3390/mi11121068




Article



High-Identical Numerical Aperture, Multifocal Microlens Array through Single-Step Multi-Sized Hole Patterning Photolithography



Joong Hoon Lee, Sehui Chang, Min Seok Kim[image: Orcid], Yeong Jae Kim, Hyun Myung Kim and Young Min Song *[image: Orcid]





School of Electrical Engineering and Computer Science, Gwangju Institute of Science and Technology (GIST), 123 Cheomdangwagi-ro, Buk-gu, Gwangju 61005, Korea









*



Correspondence: ymsong@gist.ac.kr; Tel.: +82-62-715-2655







Received: 16 November 2020 / Accepted: 29 November 2020 / Published: 30 November 2020



Abstract

:

Imaging applications based on microlens arrays (MLAs) have a great potential for the depth sensor, wide field-of-view camera and the reconstructed hologram. However, the narrow depth-of-field remains the challenge for accurate, reliable depth estimation. Multifocal microlens array (Mf-MLAs) is perceived as a major breakthrough, but existing fabrication methods are still hindered by the expensive, low-throughput, and dissimilar numerical aperture (NA) of individual lenses due to the multiple steps in the photolithography process. This paper reports the fabrication method of high NA, Mf-MLAs for the extended depth-of-field using single-step photolithography assisted by chemical wet etching. The various lens parameters of Mf-MLAs are manipulated by the multi-sized hole photomask and the wet etch time. Theoretical and experimental results show that the Mf-MLAs have three types of lens with different focal lengths, while maintaining the uniform and high NA irrespective of the lens type. Additionally, we demonstrate the multi-focal plane image acquisition via Mf-MLAs integrated into a microscope.
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1. Introduction


Over the last few decades, microlens arrays (MLAs) have become an indispensable optical component, owing to their wide field-of-view (FOV) and simple configurations, and are applied in a wide range of fields, such as bio-inspired compound eye systems [1,2,3,4], computational holograms [5,6], and surveillance cameras [7,8]. In particular, the multiple parallax images from the MLAs have attracted the attention of many research groups working on the application of 3D imaging, and particularly 3D medical imaging systems [9,10], and light field imaging [11,12,13]. However, to actively apply the MLAs in 3D imaging systems, the depth-of-field (DoF) of the conventional MLAs should be sufficiently enlarged for achieving an accurate depth estimation. The DoF can be widened by lowering the lens’ sag-height [14], which has a low numerical aperture (NA), but it is noted that an accurate depth estimation and a high optical resolution are mutually incompatible from the wide DoF and low NA. As an alternative approach, MLAs with multiple foci can resolve this limitation, achieving not only the accurate depth estimation, but also the high optical resolution [15,16].



In the fabrication of wafer-level MLAs, the MEMS-based precision machining method and the resistance to thermal reflow are commonly employed as main fabrication techniques [17,18]. In addition, the combined and tweaked fabrication methods allow for the design of MLAs with various functions, such as aspheric MLAs [19], high NA [20], or and antireflection [21,22]. For multifocal MLAs, several approaches were newly demonstrated, such as a guided resistance to thermal reflow and multi-stacked microposts [23,24], which cannot be broadly used because of the multiple photolithography step, sophisticated align process, high cost, non-uniform NA among lenses, and low yield rate. Moreover, for utilizing the multifocal MLAs in 3D depth estimation systems (e.g., light field camera), uniform NA among lenses with different foci is required to reduce the computational cost [11]. Hence, the above-mentioned limitations demand a novel fabrication technique for high and identical NA and cost-effective, multifocal MLAs.



In this study, we propose a novel wafer-level fabrication method for multifocal MLAs (Mf-MLAs) with steady and high NA through one-step photolithography. The fabricated Mf-MLAs have a high NA, of ~0.43, which attains not only a high optical resolution, but also an accurate depth estimation through the extended DoF. Mf-MLAs’ mold can be readily fabricated at the wafer level by the isotropic chemical wet etching of multi-sized holes created by single-step photolithography. Individual lens’ design parameters such as radius of curvature and lens diameter are satisfied by varying the etch time during the chemical wet etching process.




2. Materials and Methods


Design and Fabrication of Mf-MLA


Conventional MLAs with a single focal length inevitably have a narrow DoF, which leads to the restriction of the accurate depth estimation from the parallax images of individual lenses. On the contrary, Mf-MLA is composed of several types of lenses with different focal lengths, so that it is possible to collect the parallax images from two or more object planes in different distances. Thus, the Mf-MLA provides an extended DoF, as shown in Figure 1a, enabling us to get accurate depth information on the target object. For the lens’ material, we were particularly concerned with two features: flexibility and compatibility. To this end, poly-dimethylsiloxane (PDMS, Sylgard 184, Dow Corning Corporation, Midland, MI, USA) was selected as a representative material for our Mf-MLA. Figure 1b shows the comparison between bare PDMS and PDMS Mf-MLAs, and they have a good compatibility with other optoelectronic elements, such as an image sensor array and glass or plastic optics, easily attachable by van der waals force [25]. The “GIST” logo is clearly imaged under the bare PDMS (Figure 1b; left). In contrast, the fabricated Mf-MLAs shows a blurred image owing to the microscale structure at the surface, but maintains the color information beneath the Mf-MLAs (Figure 1b; right).



The shaping of the lens’ surface is conducted mainly by the wet etching process. The Mf-MLA mold is isotropically etched forming the nearly hemispherical-shaped lens surface regardless of its size, which allows for high-NA Mf-MLAs, providing not only an accurate depth estimation but also a high optical resolution. Focal lengths in Mf-MLA are modulated by the different hole-size patterns in the photolithography step. Note that the different false-color (red, yellow, blue) indicates the three types of lenses in Mf-MLA formed by a different hole-size patterning and the same etch time (Figure 1c). Figure 1d shows images of letter “E” as an object through the engineered Mf-MLA, photographed by the microscope system. According to each focal length of the lenses, the object is clearly focused from each object plane.



The Mf-MLA fabrication process can be conducted by two primary steps: multi-sized hole patterning photolithography and chemical wet etching. First, the Mf-MLAs’ mold is patterned with multi-sized holes by single-step photolithography of positive photoresist (PR, AZ 5214, AZ Electronic Materials, Co., Ltd, Luxembourg), and then the wet etching process is carried out, consecutively (Figure 2a). The entire fabrication procedure of Mf-MLA is as follows: (i) 700 nm thick Poly-Si is deposited on a quartz substrate in order to prevent the penetration of hydrofluoric acid (HF) in the next wet etching process. Hole-patterning was performed by using a multi-sized hole mask on one side of the Poly-Si through photolithography. Note that we set 2 μm as the minimum hole size, due to the resolution (refer as the minimum critical dimension) of the mask aligner (M100, Prowin, Incheon, Korea) using our demonstration. (ii) Dry-etching via an inductively coupled plasma reactive ion etch (ICP-RIE) is conducted on the patterned Poly-Si sample, according to the etching conditions as follows: SF6 flow/working pressure/RF power/ICP power/etch time = 50 sccm/4 mTorr/50 W/100 W/2 min. (iii) By dipping the sample in an HF solution, the quartz substrate is isotropically etched based upon the guide of the patterned hole of the Poly-Si. Note that the maximum pitch of adjacent microlenses is predefined by the lithography mask of the previous step. After the Poly-Si is eliminated, by using a potassium hydroxide (KOH) solution, a concave Mf-MLA quartz mold is created with the multiple curvatures and sag heights. (iv) A PDMS replica molding is conducted on the concave Mf-MLA quartz mold. To demold the cured PDMS Mf-MLA, a fluorocarbon-based release agent is used as an anti-adhesive spray (DAIFREE GA-7550, Daikin, Japan). The spraying distance from the mold is ~30 cm, and the agent is spread evenly for 5 s. Next, PDMS is poured and cured on the concave Mf-MLA mold at room temperature for ~4 d, preventing the thermal deformation of the PDMS. After the polymer solidification, PDMS Mf-MLA is gently peeled off from the mold.



In Figure 2b, the scanning electron microscope (SEM, Hitachi S-4700, Hitachi, Tokyo, Japan) images show the geometrical information of the fabricated master quartz mold for Mf-MLA (Figure 2a; (ii)). The cross sectional view (Figure 2b; right) from the dashed deep-red line in the top view (Figure 2b; left) clearly shows that each lens is formed with different lens diameters. Likewise, the pitch and geometric shape (i.e., 200 μm and hemispheric form, respectively) of adjacent lenses satisfies the designed value. For the quantitative analysis, the fabricated Mf-MLA was scrutinized by using a confocal laser scanning microscope (CLSM). Figure 2c represents the surface morphology variation according to the change in the via-hole diameter at the same wet etch time. Moreover, the results show a fine surface roughness (arithmetical mean deviation, Ra) below 0.045 μm (Table 1). The wet etch time is 85 min and each diameter of the hole is 2, 6 and 10 μm, respectively. As the via-hole diameter increased, microlens was formed with enlarged radius and sag height. In addition, the diameter and radius of curvature (RoC) of individual microlenses were also measured along with the via-hole diameter variation (Figure 2d,e), indicating that lens parameters such as RoC and diameter are easily manipulated through via-hole diameter and the wet etch time.





3. Results and Discussion


3.1. Characterization of Mf-MLA


The multifocal features of the fabricated Mf-MLA were measured by using a microscope system and an image stacking method with a commercial software (MATLAB, Mathworks, Natick, MA, USA), under a collimated laser beam at 532 nm. The focusing ability of the fabricated Mf-MLA is characterized on the motorized stage microscope by sequentially imaging the estimated range of focal plane at an interval of 1 μm along the optical axis (z-plane) of the Mf-MLA. The top view (x-y plane) image indicates the fine spatial uniformity of beam spots at the foci of the Mf-MLA. The obtained 3D optical sectioning of the top-view and stacked optical images is the Mf-MLA for 200 μm in pitch under the 85-min etch time. The optical sections in the y-z plane also show that the focal length (f) of Mf-MLAs decreases as the diameter increases (Figure 3a). The measured focal lengths of Mf-MLA were 128, 157, and 192 μm fabricated under the 85-min etch time from hole pattern with diameters of 2, 6, and 10 μm, respectively. The experimental results are well matched with the calculated focal lengths of 130, 155, and 194 μm, based on the results in Figure 2e and the approximated lens maker formula, f = RoC/(n-1), where n is the refractive index (Figure 3b). Then, the point spread function (PSF) was elicited from the beam spots of each type of the microlens. The PSFs clearly show that each lens has a similar beam-spot diameter of ~2.1 μm (full width at 1/e2 maximum) regardless of the focal length increase from 128 to 192 μm. This can be explained by the identical NA of the Mf-MLA, which is enabled by the isotropic wet etching processes. The measured PSFs are also well matched to the calculated PSFs from the ray-tracing simulation based on the Monte Carlo method (Figure 3c–e).




3.2. Multifocal Arrayed Images


For the practical analysis, we constructed a light field imaging system to capture multifocal images formed by fabricated Mf-MLAs. Figure 4a depicts the schematic of the light field microscopy system using Mf-MLA, which is adopted in this study. The angular information can be extracted by the Mf-MLA along the x-axis, which has the intermediate image formed by the main optics as an object. A Lena image (1 mm × 1 mm) was used as an object for the light field imaging test at three different focal points. The imaging system operates as a relay optics between main optics and an individual micro-image, which operate as a virtual camera. The object was precisely placed to align with a 5.1-megapixel complementary metal-oxide-semiconductor image sensor array (CMOS ISA) (SONY IMX 264, SONY Corp., Tokyo, Japan, pixel size = 3.45 μm). To maximize the range of the extended DoF, we adopted the formula for the DoF of the Mf-MLAs and its maximizing condition as the left and right boundary of the three types of lenses. The equation is as follows [26]:


   a 0 −  =   [  1 f  −  1 g    1 −  p d    ]   − 1    



(1)






   a 0 +  =   [  1 f  −  1 g    1 +  p d    ]   − 1    



(2)




where    a 0 −    and    a 0 +    are the left and right boundaries of the DoF,  g  is the distance between the Mf-MLA and the CMOS ISA,  d  is the diameter of the microlens, and  p  is the pixel size, respectively.



Then, the DoF is


   a 0  =    a 0 +  −  a 0 −     



(3)




Thus, the optimized condition for the maximum extended DoF is as follows:


   a 0 +     f 1    =  a 0 −     f 2     



(4)




When the  g  is the variable, the optimized positions of the Mf-MLAs (f1 = 128 μm, f2 = 157 μm, f3 = 192 μm at d1 = 110 μm, d2 = 136 μm, d3 = 165 μm) are 100, 97, and 94 μm respectively. Figure 4c shows the obtained images at the optimized  g  of each type of microlens by using a xyz translation stage. The DoF ranges are −783.8 to −316.6 μm, −316.3 to −211 μm, and −210.9 to −164.7 μm for the Galilean light field mode [27]. The results show that the Mf-MLAs reached the ~6 times extended whole DoF range from 105.3 μm to 619.1 μm, implying the enlarged depth estimation range in the light-field system.





4. Conclusions


In summary, we present a simple, but clever fabrication of multifocal microlens arrays (Mf-MLAs) with high numerical aperture and extended DoF. The systematic fabrication of Mf-MLAs was simply performed by a single photolithography step using a multi-sized hole lithography mask and the chemical wet etching step sequentially. Unlike conventional approaches to Mf-MLA, all the lens surface of newly fabricated Mf-MLAs successfully maintains the hemispherical shape by using isotropic etched properties of the quartz substrate, thus achieving a high NA of the Mf-MLA. Individual lens parameters are also elaborately handled by the wet etch time and the diameter of the hole. In addition, the fabricated Mf-MLAs clearly present the extended DoF ranges through the captured image at the multifocal plane. Therefore, the Mf-MLAs, as an essential micro-optics, are expected to pave the way for the advanced imaging systems such as 3D telemedicine endoscopes, holographic display, and the unmanned vehicles.







Author Contributions


Conceptualization, J.H.L.; methodology, J.H.L., H.M.K., M.S.K.; validation, J.H.L., S.C., M.S.K., Y.J.K. and Y.M.S.; formal analysis, S.C. and M.S.K.; investigation, J.H.L., S.C., M.S.K. and H.M.K.; resources, J.H.L., M.S.K., writing—original draft preparation, J.H.L., S.C.; writing-review and editing, J.H.L., S.C. and Y.M.S.; visualization, J.H.L., M.S.K. and Y.J.K.; project administration, Y.M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Research Foundation of Korea (NRF), funded by the Korean government (NRF-2018R1A4A1025623, and NRF-2020R1A2C2004983), the Korean Institute of Energy Technology Evaluation and Planning (KETEP) and the Ministry of Trade, Industry & Energy (MOTIE) of the Republic of Korea (No. 20183010014310), and by the GIST Research Institute (GRI), through a grant funded by the GIST in 2020. This work was also supported by the Institute of Information & Communications Technology Planning & Evaluation (IITP), through a grant funded by the Korean government (MSIT) (No.2020-0-01000, Light field and LiDAR sensor fusion systems for full self-driving). This work is also partly supported by Samsung Electronics.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Song, Y.M.; Xie, Y.; Malyarchuk, V.; Xiao, J.; Jung, I.; Choi, K.J.; Liu, Z.; Park, H.; Lu, C.; Kim, R.H.; et al. Digital cameras with designs inspired by the arthropod eye. Nature 2013, 497, 95–99. [Google Scholar] [CrossRef] [PubMed]

	



Keum, D.; Jang, K.W.; Jeon, D.S.; Hwang, C.S.H.; Buschbeck, E.K.; Kim, M.H.; Jeong, K.H. Xenos peckii vision inspires an ultrathin digital camera. Light Sci. Appl. 2018, 7, 80. [Google Scholar] [CrossRef] [PubMed]

	



Lee, G.J.; Choi, C.; Kim, D.; Song, Y.M. Bioinspired artificial eyes: Optic components, digital cameras, and visual prostheses. Adv. Funct. Mater 2018, 28, 1705202. [Google Scholar] [CrossRef]

	



Lee, W.; Jang, H.; Park, S.; Song, Y.M.; Lee, H. COMPU-EYE: A high resolution computational compound eye. Opt. Express 2016, 24, 2013–2026. [Google Scholar] [CrossRef] [PubMed]

	



Endo, Y.; Wakunami, K.; Shimobaba, T.; Kakue, T.; Arai, D.; Ichihashi, Y.; Yamamoto, K.; Ito, T. Computer-generated hologram calculation for real scenes using a commercial portable plenoptic camera. Opt. Commun. 2015, 356, 468–471. [Google Scholar] [CrossRef]

	



Sun, J.; Xu, C.; Zhang, B.; Hossain, M.M.; Wang, S.; Qi, H.; Tan, H. Three-dimensional temperature field measurement of flame using a single light field camera. Opt. Express 2016, 24, 1118–1132. [Google Scholar] [CrossRef]

	



Apelt, F.; Breuer, D.; Nikoloski, Z.; Stitt, M.; Kragler, F. Phytotyping4D: A light-field imaging system for non-invasive and accurate monitoring of spatio-temporal plant growth. Plant J. 2015, 82, 693–706. [Google Scholar] [CrossRef]

	



Uchida, N.; Shibahara, T.; Aoki, T.; Nakajima, H.; Kobayashi, K. 3D face recognition using passive stereo vision. In Proceedings of the IEEE International Conference on Image Processing 2005, Genova, Italy, 14 September 2005; pp. II–950. [Google Scholar]

	



Liu, J.; Claus, D.; Xu, T.; Keßner, T.; Herkommer, A.; Osten, W. Light field endoscopy and its parametric description. Opt. Lett. 2017, 42, 1804–1807. [Google Scholar] [CrossRef]

	



Geng, J.; Xie, J. Review of 3-D Endoscopic Surface Imaging Techniques. IEEE Sens. J. 2014, 14, 945–960. [Google Scholar] [CrossRef]

	



Kim, H.M.; Kim, M.S.; Lee, G.J.; Jang, H.J.; Song, Y.M. Miniaturized 3D Depth Sensing-Based Smartphone Light Field Camera. Sensors 2020, 20, 2129. [Google Scholar] [CrossRef]

	



Georgeiv, T.; Intwala, C. Light Field Camera Design for Integral View Photography. In Adobe Technical Report; Adobe Systems Incorporated: San Jose, CA, USA, 2006. [Google Scholar]

	



Chang, J.; Kauvar, I.; Hu, X.; Wetzstein, G. Variable Aperture Light Field Photography: Overcoming the Diffraction-Limited Spatio-Angular Resolution Tradeoff. In Proceedings of the 2016 IEEE Conference on Computer Vision and Pattern Recognition (CVPR), Las Vegas, NV, USA, 27–30 June 2016; pp. 3737–3745. [Google Scholar]

	



Kim, H.M.; Kim, M.S.; Lee, G.J.; Yoo, Y.J.; Song, Y.M. Large area fabrication of engineered microlens array with low sag height for light-field imaging. Opt. Express 2019, 27, 4435–4444. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; He, W.; Wei, D.; Hu, C.; Shi, J.; Zhang, X.; Wang, H.; Xie, C. Depth-of-Field-Extended Plenoptic Camera Based on Tunable Multi-Focus Liquid-Crystal Microlens Array. Sensors 2020, 20, 4142. [Google Scholar] [CrossRef] [PubMed]

	



Georgiev, T.; Lumsdaine, A. The multifocus plenoptic camera. In Digital Photography, VIII; Battiato, S., Rodricks, B.G., Sampat, N., Imai, F.H., Xiao, F., Eds.; International Society for Optics and Photonics SPIE: Bellingham, WA, USA, 2012; Volume 8299, p. 829908. [Google Scholar]

	



Di, S.; Lin, H.; Du, R. An artificial compound eyes imaging system based on MEMS technology. In Proceedings of the 2009 IEEE International Conference on Robotics and Biomimetics (ROBIO), Guilin, China, 19–23 December 2009; pp. 13–18. [Google Scholar]

	



Albero, J.; Nieradko, L.; Gorecki, C.; Ottevaere, H.; Gomez, V.; Thienpont, H.; Pietarinen, J.; Päivänranta, B.; Passilly, N. Fabrication of spherical microlenses by a combination of isotropic wet etching of silicon and molding techniques. Opt. Express 2009, 17, 6283–6292. [Google Scholar] [CrossRef]

	



Hu, Y.; Chen, Y.; Ma, J.; Li, J.; Huang, W.; Chu, J. High-efficiency fabrication of aspheric microlens arrays by holographic femtosecond laser-induced photopolymerization. Appl. Phys. Lett. 2013, 103, 141112. [Google Scholar] [CrossRef]

	



Huang, J.Y.; Lu, Y.S.; Yeh, J.A. Self-assembled high NA microlens arrays using global dielectricphoretic energy wells. Opt. Express 2006, 14, 10779–10784. [Google Scholar] [CrossRef]

	



Ko, D.H.; Tumbleston, J.R.; Henderson, K.J.; Euliss, L.E.; DeSimone, J.M.; Lopez, R.; Samulski, E.T. Biomimetic microlens array with antireflective “moth-eye” surface. Soft Matter 2011, 7, 6404–6407. [Google Scholar] [CrossRef]

	



Jang, H.J.; Kim, Y.J.; Yoo, Y.J.; Lee, G.J.; Kim, M.S.; Chang, K.S.; Song, Y.M. Double-sided anti-reflection nanostructures on optical convex lenses for imaging applications. Coatings 2019, 9, 404. [Google Scholar] [CrossRef]

	



Park, M.K.; Lee, H.J.; Park, J.S.; Bae, J.M.; Kim, H.R. Design and Fabrication of Multi-Focusing Microlens Array with Different Numerical Apertures by using Thermal Reflow Method. J. Opt. Soc. Korea 2014, 18, 71–77. [Google Scholar] [CrossRef]

	



Bae, S.I.; Kim, K.; Yang, S.; won Jang, K.; Jeong, K.H. Multifocal microlens arrays using multilayer photolithography. Opt. Express 2020, 28, 9082–9088. [Google Scholar] [CrossRef]

	



Shiroma, L.S.; Piazzetta, M.H.O.; Duarte-Junior, G.F.; Coltro, W.K.T.; Carrilho, E.; Gobbi, A.L.; Lima, R.S. Self-regenerating and hybrid irreversible/reversible PDMS microfluidic devices. Sci. Rep. 2016, 6, 26032. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.J.; Li, S.; Yuan, Y.; Liu, Y.D.; Xu, C.L.; Shuai, Y.; Tan, H.P. Multi-focused microlens array optimization and light field imaging study based on Monte Carlo method. Opt. Express 2017, 25, 8274–8287. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Xiong, B.; Xue, Y.; Jin, X.; Greene, J.; Tian, L. Design of a high-resolution light field miniscope for volumetric imaging in scattering tissue. Biomed. Opt. Express 2020, 11, 1662–1678. [Google Scholar] [CrossRef] [PubMed]








[image: Micromachines 11 01068 g001 550] 





Figure 1. (a) Concept schematic of Multifocal Microlens Arrays (Mf-MLAs) with three different radii of curvature (RoC) for an extended depth of field. (b) Photographs of bare poly-dimethylsiloxane (PDMS) and a replicated PDMS Mf-MLAs sample. (c) 40-degree tilted view SEM image. (d) Microscope images of letter “E” placed on object distances corresponding to each lens’ focal length. 
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Figure 2. (a) Process schemes for Mf-MLA fabrication with three different radii of curvature (RoC). Diverse lens diameters of Mf-MLA are controlled by the via-hole size. (b) SEM image of the fabricated quartz master mold with different viewing angle, Top view; (left) and cross-sectional view (right). (c) The measured morphology profiles of replicated PDMS Mf-MLA with different via-hole diameters. (d) The diameter changes of each microlens according to the wet etch time. (e) The RoC change of each microlens according to the wet etch time. 






Figure 2. (a) Process schemes for Mf-MLA fabrication with three different radii of curvature (RoC). Diverse lens diameters of Mf-MLA are controlled by the via-hole size. (b) SEM image of the fabricated quartz master mold with different viewing angle, Top view; (left) and cross-sectional view (right). (c) The measured morphology profiles of replicated PDMS Mf-MLA with different via-hole diameters. (d) The diameter changes of each microlens according to the wet etch time. (e) The RoC change of each microlens according to the wet etch time.



[image: Micromachines 11 01068 g002]







[image: Micromachines 11 01068 g003 550] 





Figure 3. (a) Three experimentally measured focal lengths of Mf-MLAs through the stacked optical microscope images (top view; left, cross-sectional view; right). The pitch between microlenses is 200 μm. (b) Graph of measured (bars) and calculated (symbols) focal lengths at each microlens with three different focal lengths. (c) Intensity profiles along the X-axis of the foci depending on the lens type of the fabricated Mf-MLA. 
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Figure 4. (a) Schematic illustration of the optical setup for capturing micro-images corresponding to the focal lengths of each lens type of Mf-MLA. An object, main optics, Mf-MLAs, and a CCD image sensor were precisely aligned along the optical axis. (b) Illustrations of the magnification of each micro-image depending on the focal length of each lens of the Mf-MLA. (c) Photographs of images through the fabricated Mf-MLA at the optimized positions of each lens type between the Mf-MLAs and the image sensor. 
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Table 1. Surface roughness of Mf-MLAs with each type of microlens (cutoff: 8 μm).
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	Hole Size
	2 μm
	6 μm
	10 μm





	Roughness (Ra)
	0.044 μm
	0.036 μm
	0.034 μm
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