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Abstract

:

As the demand for secure digital data continues to increase, image encryption and decryption have recently received tremendous attention. The rapid development of ultrathin metasurfaces has mainly been driven by the desire for the introduction of novel methods with which electromagnetic waves can be manipulated. As a promising application of metasurfaces, metalenses have shown great potential to replace bulky traditional optical devices. In this work, we present that the images produced by a commercially available projector are encrypted by using the color superposition principle, and the fabricated metalens is subsequently utilized to perform image decryption with an incidence made of white light-emitting diodes (LEDs). The correct positions for image decryption are carefully found by three distinct diode lasers as incident light sources. Recent investigations show that high-performance metalenses can be successfully developed once the suitable dielectric material is chosen. As a consequence, our metalens of high performance is composed of hexagon-resonated elements (HREs) made of gallium nitride (GaN) and is capable of resolving line width as small as 870 nm. The metalens with a smaller diameter of 8 μm is numerically simulated with a diffraction-limited focusing efficiency as high as 92%. This work once again shows that GaN metalenses, as future optics, have great prospects in expanding widespread applications in the near future.
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1. Introduction


As the largest system in the human brain, the visual cortex is devoted to the processing of perceived visual images. A wide variety of applications ranging from medical diagnosis to military purposes rely on images, through which significant information is efficiently represented and delivered. Considering patient privacy and military security, received images should be kept confidential to avoid being accessed by unauthorized users. There is obviously a need to develop secure image methods in order to assure the safety of image transmission [1,2,3,4,5]. As a result, a secure method for encryption and decryption of digital images, well-known as cryptography, is developed thanks to the development of digital communication [6,7].



Metasurfaces featuring exotic electromagnetic properties have recently received much attention by constructing artificial structures of near wavelength depth spaced by a sub-wavelength period [8,9,10,11,12]. Early demonstrations of metasurfaces were made of metal resonators as sub-wavelength constituents utilizing their plasmonic properties [13,14,15,16]. However, the low transmission efficiency or highly efficient operation only in the reflective mode severely limits their applications. To realize strong transmission efficiency, dielectric materials have been introduced as being the sub-wavelength building blocks for the fabrication of metasurfaces. Dielectric metasurfaces have been realized by various materials such as silicon [17,18], glass [19], titanium dioxide [20,21,22], gallium nitride (GaN) [23,24,25,26,27,28], etc. GaN, as the third generation of semiconductors, is conventionally grown on (0001) sapphire substrates. Such a material combination, GaN on sapphire, has tremendous advantages in high transparency in the visible regime, 8-inch wafer available for semiconductor manufacturing, high volume mass production and low-cost fabrication.



GaN-based metasurfaces have successfully demonstrated various functionalities in lenses, so-called metalenses. In 2017, Chen et al. [23] firstly fabricated GaN metalenses capable of on- and off-axis focusing of diffraction limit by using the Pancharatnam–Berry (PB) phase design principle and proposed its feasible application in CMOS image sensor. An integrated-resonant unit element (IRUE) with the PB phase rotational morphology was then utilized to construct an achromatic GaN metalens that can continuously eliminate wavelength aberration in the visible spectrum [28]. The achromatic GaN metalens was further used to construct metalens arrays for the realization of full-color light-field imaging [27]. Li et al. [26] presented the integration of a metalens array with a nonlinear crystal to achieve a high-dimensional and multiphoton quantum photon source. In 2021, Chen et al. [24] optimized the top-down fabrication processes to exhibit high-aspect-ratio GaN metalenses of high performance at visible wavelengths. However, achieving full manipulation over the phase of arbitrary linearly polarized light of high efficiency requires the research and development of novel GaN nano-resonators. As a result, the hexagon-resonated elements (HREs) were developed by our group to accomplish polarization-insensitive GaN metalenses that can be designed at desired wavelengths [29].



In this work, we have prepared a GaN metalens built up with high-aspect-ratio HREs to perform the capability of encryption and decryption of digital images produced by a projector with white light-emitting diodes (LEDs) as a light source. For the proof of concept, the simple color superposition method has been employed to encrypt our digital images. In contrast to eliminating inherent material characteristics, i.e., chromatic aberration, the encrypted images are subsequently decrypted at different focal lengths by using the wavelength dispersion characteristic of the metalens. On the other hand, white LEDs are generally composed of yellow phosphors excited with LED chips that emit blue light with a narrow spectral regime between 440 and 470 nm. Therefore, the GaN metalens constructed of HREs is chosen to be designed at a specific wavelength of 450 nm to carry out the study. Additionally, the diffraction-limited focusing and 1951 United States Air Force (USAF) imaging capacities for the 450-nm-design metalens are sequentially displayed in this work.




2. Design and Fabrication of the Metalens


Figure 1a shows a schematic for illustrating the image decryption of the metalens, with HREs as their building blocks revealed in Figure 1b. The phase profile of the metalens at the 450-nm wavelength should follow a traditional converging lens as:


  φ  ( x , y ) =    2 π  λ   ( f -     x 2  +  y 2  +  f 2    )  








where x and y are coordinates in connection with the center of the metalens surface with the focal distance f. λ is the free-space wavelength. The phase distribution is imparted by modifying the radii of the HREs. A commercially available CST software has been employed to optimize the efficiency of the HRE with respect to the required phase shift. With the selected subwavelength period of 220 nm, the CST-simulated phase shifts and efficiencies of the HREs are, respectively, shown in Figure 1c,d, in which the black dashed lines are radii of the HREs used for building up the metalens at the wavelength of 450 nm. The radius range corresponding to the dashed lines in the figure is between 28 and 76 nm. The simulation results show that near-unity transmission efficiency can be achieved by carefully choosing the HRE radii according to the chosen subwavelength period.



The 450 nm metalens was fabricated with a lens diameter of 100 μm and a focal length of 150 μm, producing a numerical aperture (NA) of 0.3. The fabrication processes start with the growth of an 800-nm-thick GaN epi-layer on a sapphire substrate using the metal-organic chemical vapor deposition (MOCVD), followed by depositing a 400 nm-thick silicon dioxide (SiO2) layer on the epi-ready substrate by the reactive-ion etching (RIE) system. The next step is coating a resist layer on the SiO2-deposited substrate. The subsequent processes are evaporating a 45 nm-thick chromium (Cr) layer on the developed resist-coated substrate after exposing a highly concentrated electron beam onto the top surface of the resist. The inductively coupled-plasma reactive-ion etching (ICP-RIE) is used to transfer the HRE patterns from the lift-off substrate to the GaN epi-layer. The metalens fabrication is completed after dipping the sample into a buffered oxide etchant (BOE) solution.



An optical microscope (OM) image of the fabricated metalens is shown in Figure 2a. The zoom-in secondary electron microscope (SEM) top-view images are represented in Figure 2b–d, which are individually associated with the color-dashed squares located in Figure 2a. The corresponding tilt-view SEM images are also provided in Figure 2e,f. It is worthwhile to note that the smallest radius of the HRE fabricated in the metalens is 28 nm, which is very challenging for the top-down approach to achieve such high-aspect ratio HREs with near-vertical sidewall morphology.




3. Image Decryption by Metalens and Discussion


Figure 3a displays a schematic for the measurement setup to experimentally demonstrate the image decryption capability for the metalens. A commercialized projector using the white LED as a light source passes through a pinhole with a diameter of 100 μm along the z-axis, which is then focused by the metalens. Subsequently, the CMOS camera captures the experimentally decrypted images, which are obtained through a 20× objective used to collect the metalens-focused light beam.



To carefully ensure the encrypted images formed at the correct z-axis positions, the white LED in Figure 3a was replaced by two distinct lasers with respective peak emission wavelengths of 633 and 532 nm. The vertical cut of focal spot intensity distribution corresponding to the 633 and 532 nm incident lasers are, respectively, indicated in Figure 3b,c. The metalens illuminated with green laser possesses a focal length of 123 μm, while the red laser irradiating the metalens makes the focal distance become 87 μm.



For the proof of concept, Figure 3d–f exhibit simple encrypted images to carry out the decryption experiment for the metalens. Each image is synthesized from three different red, green, and blue images based on the principle of color superposition. Figure 3g–i are the decrypted images that are acquired at the length of 87-μm on the z-axis, resulting from the metalens irradiated with the projector. Obviously, only the images colored in red can be clearly revealed such as the dotted and solid capital letter R, respectively, shown in Figure 3g,h along with the rabbit in Figure 3i. On the other hand, one needs to increase the z-axis distance up to 123 μm in order to decrypt the green images as demonstrated in Figure 3j–l. It is also predictable to make blue image decryption available by moving the z-axis length to 150 μm, the focal distance of the metalens with 450-nm laser as incident irradiation as displayed in Figure 3m–o. It is worth noting that the blurred edges found in the images because the metalens is designed at the specific wavelength of 450 nm and illuminated with the white LED light source operating over a continuous wavelength regime at visible. These images can be further improved by designing metalenses capable of broadband achromatic operation or by inserting a bandpass filter with a narrow bandwidth in the measurement setup.



Although the concept of image encryption proposed in this study seems simple, the image decryption becomes more complicated by adding numbers of different color images. It is worthy of noting that the light generated by the white LED traveling through a 100-µm-diameter pinhole can be spatially dispersed by the metalens based on the PB-phase design method to show a rainbow-like distribution as demonstrated in the literature [30], promising plenty of color options due to the wavelengths distributed continuously in the visible spectrum.




4. Metalens Characteristics


To carefully confirm the performance of the fabricated metalens, Figure 4a schematically depicts the measurement setup for the focal spot distribution and focusing efficiency of the fabricated metalens with an incident light source being a 450-nm diode laser, linearly polarized along the x-direction. This setup uses a spatial filter to eliminate speckles of the laser incidence to generate a pure Gaussian beam, succeeded by a 100-μm-diameter pinhole to reduce its beam spot. The highly concentrated beam spot is then produced by the metalens focusing. The CMOS camera and the objective lens are continuously moved together along the laser propagation direction to acquire x-y plane images at different z-axis positions. The cross-sectional light intensity profile (y-z plane) is further obtained by merging those captured x-y plane images as shown in Figure 4b. As shown in the figure, the measured focal spot is kept brightest at the z-axis position of 150 μm that is consistent with the designed focal length, showing an excellent light-converging of the fabricated metalens.



The x-y plane focal spot profile and the correlated cross-section of the metalens are, respectively, demonstrated in Figure 4c,d, in which a black-dashed line referring to the ideal Airy function. Experimental measurements show that the highly symmetrical focal spot has a cross-sectional profile very close to the ideal Airy function. The full-width at half-maximum (FWHM) of the metalens is 751 nm, which is extremely close to the theoretical value of the diffraction limit. The calculated formula can be found in the literature [23,24,28,29]. Moreover, the focusing efficiency is numerically calculated as high as 92% by the CST software using a metalens with the same NA of 0.3, but with a smaller diameter of 8 μm due to our computational limitation. The experimentally diffraction-limited focusing efficiency of the metalens is measured up to 88%. The efficiency is evaluated by the ratio of the optical power measured by the metalens with the diffraction-limited focusing to the laser light incident power going through a double-polished sapphire substrate together with a pinhole possessing a diameter in accordance with the metalens size.



The metalens imaging evaluation is characterized by choosing 1951 USAF as the imaging target. The setup of the measurement is similar to Figure 4a, except that the 1951 USAF target is additionally placed between the pinhole and the metalens. As shown in Figure 4e–i, all of the features can be clearly identified and distinguished. The smallest line width resolved in the figures is as low as 870 nm, with line separation by a center-to-center distance of 1.74 μm. The experimental imaging results elucidate the successful manufacturing of the high-performance metalens comprised of high-aspect-ratio HREs.




5. Conclusions


In this work, we have successfully demonstrated images decrypted by the fabricated metalens. The encrypted images can be clearly observed at appropriate z-axis positions, which are carefully inspected by using the lasers as incident light sources. The metalens proposed in this study is capable of polarization-insensitive focusing of diffraction limit with efficiency up to 88%. Additionally, the smallest line with the width of 870 nm in the 1951 USAF can be clearly observed. Such a polarization-insensitive metalens of high performance is constructed with HREs. This work provides another application for metalenses and paves the way for the research community to explore other advances in secure digital data by metalenses.
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Figure 1. (a) Schematic describing a digital image decrypted by a metalens; (b) schematic showing the building blocks of the metalens; (c) the diagram referring to the phase modulation of the building blocks; and (d) simulated efficiencies corresponding to the building blocks. 
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Figure 2. (a) The OM image of the fabricated metalens, scale bar: 10 μm; (b–d) top-view SEM images associated the color-dashed squares in (a), scale bar: 500 nm; and (e,f) tilt-view SEM images associated the color-dashed squares in (a), scale bar: 500 nm. 
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Figure 3. (a) Schematic for the setup of the image decryption by the metalens; the cross-sectional intensity distribution using 633 and 532 nm laser as the light incidence, respectively, shown in (b,c); (d–f) the encrypted images produced by the projector; (g–i) the decrypted images with the dotted and solid red capital letter R in (g,h), respectively, together with a red rabbit in (i); (j–l) the decrypted images with the dotted and solid green capital letter G in (j,k), respectively, together with a green gorilla in (l); and (m–o) the decrypted images with the dotted and solid blue capital letter B in (m,n), respectively, together with a blue bear in (o); Scale bar: 10 μm in (g–o). 
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Figure 4. (a) Schematic for illustrating the measurement setup for diffraction-limited focusing; (b) the y-z plane cross-sectional image; (c) measured focal spot profile (x-y plane); (d) the cross-sectional intensity distribution of the focal spot, with the dashed line indicating the ideal Airy function; and (e–i) the measured images using 1951 USAF as the target, scale bar: 10 μm in (e,f), scale bar: 3 μm in (g–i). 
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