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Abstract 

Metasurfaces offer compact, lightweight alternatives to conventional optics by enabling 

precise wavefront control with subwavelength nanostructures. However, the mechanical 

fragility of pillar-based configurations limits their applicability in practical systems, 

particularly under routine handling and cleaning. Here, we report a mechanically robust 

metasurface architecture in which high refractive index nanopillars are encapsulated within a 

conformal SiO₂ layer. Numerical simulations indicate that the embedded design maintains 

stable focusing efficiency over a wide range of surrounding refractive index values of 

common operational media such as air, water, and oil, whereas pillar-based structures exhibit 

significant degradation. Experimentally, the embedded design preserves diffraction-limited 

focusing and high-contrast imaging performance. After standard mechanical cleaning, the 

embedded metasurface maintains over 90% of its initial focusing efficiency, while 

unprotected metasurfaces exhibit an efficiency reduction of approximately 88%. The near-

symmetric dielectric layer enhances orientation-independent optical response, demonstrating 

identical imaging performance under forward and reverse illumination. A magnification ratio 

of 1.29 is observed between two configurations. This ratio arises from the difference in object 

distances, which is caused by the thickness differences in the substrate and the encapsulated 
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SiO₂ layer. This CMOS-compatible, bidirectional, and mechanically stable metasurface 

platform provides a scalable approach to integrated flat optics for advanced imaging and 

sensing applications. 

 

1. Introduction 

Metasurfaces—planar optical components composed of subwavelength-scale 

nanostructures—have emerged as compact and lightweight alternatives to conventional bulk 

optics.[1] By precisely engineering the geometry and spatial distribution of constituent meta-

atoms, these surfaces enable full control over amplitude, phase, polarization, and frequency,[2–

5] facilitating a wide range of functions including wavefront shaping,[2,7,8] structured beam 

generation,[9] holography,[10–14] polarization control,[9,15–17] and advanced spectroscopy.[18–22] 

Metalenses based on hyperbolic phase profiles have demonstrated diffraction-limited focusing 

performance.[23] In addition, multiplexed metasurfaces operating across wavelength, 

polarization, and incidence angle enable multiple optical functions to be integrated on a single 

platform.[3,11,24–29] 

Despite these advances, the large-scale practical deployment of metasurfaces remains limited 

by mechanical stability and environmental sensitivity. Metasurfaces typically rely on high-

aspect-ratio nanostructures that are susceptible to damage during processing, cleaning, or 

maintenance. Nanostructures with a larger aspect ratio enable broader phase coverage and 

greater flexibility in optical modulation; however, this increased aspect ratio also leads to 

higher mechanical vulnerability. Holey metasurface designs have been proposed to improve 

mechanical robustness; however, they remain sensitive to external mechanical and 

environmental stresses, particularly during surface cleaning.[30]  

Furthermore, conventional metasurfaces composed of nanopillar structures are directly 

exposed to air, which exhibit an optical response that is intrinsically sensitive to the refractive 

index of the surrounding medium. When the environmental medium changes, the effective 

refractive index of the meta-atoms shifts, inducing phase deviations from the designed optical 

phase profiles. This inherent environmental sensitivity restricts their practical operation to a 

single specific medium, complicating their application in integrated photonic systems, oil-

immersed lenses,[31] and underwater lenses.[32] 

Metasurfaces are regarded as reciprocal optical elements and are expected to exhibit 

symmetric bidirectional characteristics.[33] However, their typical configuration—an 

asymmetric stack consisting of air, nanostructures, and a substrate—introduces inherent 

asymmetry along the out-of-plane direction. This vertical asymmetry in both structure and 
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material composition leads to direction-dependent optical responses. Such effects become 

particularly significant in nonlinear or anisotropic systems,[34–36] where forward and backward 

incidences can induce distinct optical responses. Several recent studies have explored 

direction-dependent functionalities and incidence-direction multiplexing based on this 

asymmetry.[33,37] In contrast, enhancing the vertical symmetry of the structural design can 

improve the consistency of bidirectional optical responses, which is crucial for practical 

applications, such as imaging, optical communication, and integrated photonics. 

To address these limitations, we report a robust CMOS-compatible embedded metasurface 

architecture realized by encapsulating high-index nanopillars within a conformal 𝐒𝐢𝐎𝟐 matrix. 

An overview of the proposed concept is shown in Figure 1. This embedded design enhances 

structural robustness while preserving optical performance. Diffraction-limited focusing and 

high-resolution imaging are preserved, while optical throughput remains stable after 

mechanical cleaning. The near-symmetric embedding further enhances orientation-

independent bidirectional imaging. 

Although some materials have already been used as cladding layers in metasurface research, 

such as SU-8, SiNₓ, and SiO₂, their role in improving structural durability under practical 

mechanical stresses has not been systematically quantified. For example, SiNₓ has been used 

to reduce reflection and enhance broadband absorption,[38] SU-8 to reduce reflection,[39] and 

SiO₂ to protect optical transmission from environmental changes.[40] Here, we show that the 

embedded metasurface retains over 90% of its focusing efficiency after mechanical cleaning, 

whereas unprotected structures suffer efficiency losses of up to 88%. Although we 

demonstrate this approach using amorphous silicon (a-Si), the encapsulation strategy is 

applicable to other high-index materials such as TiO₂, GaN, diamond, and SiC.[41-43] These 

materials (n > 2) maintain full 2π phase control even when clad with SiO₂ (n ≈ 1.45), and the 

small thermal expansion mismatch (<5 × 10⁻⁶/K) minimizes interfacial stress. 

The subsequent sections detail the metasurface design methodology, and optical 

characterization. Comparative measurements highlight the improved durability and 

performance stability relative to pillar-based designs. Finally, orientation-independent 

behavior is validated through resolution tests and biological imaging experiments. These 

findings support the development of durable, alignment-tolerant metasurfaces suitable for 

integration into practical optical systems. 
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Figure 1. Design and environmental stability of embedded metasurfaces. (a) diagrams of a 

conventional pillar-based metasurface (top) and the embedded metasurface (bottom). (b) 

Simulated focusing efficiency of the two metasurfaces as a function of the surrounding 

refractive index (n), where the embedded metasurface maintains stable focusing efficiency. 

(c) Optical microscope images of the metasurfaces before and after mechanical cleaning, 

demonstrating structural durability of the embedded design. 

 

2. Material Selection and Environmental Stability 

Figure 1 (a) illustrates the structure of the proposed embedded metasurface architecture. The 

embedded metasurface consists of periodically arranged amorphous silicon pillars (a-Si) on a 

SiO₂ substrate, with a 2 μm-thick SiO₂ layer filling the gaps between the pillars and covering 
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the top surface to enhance device robustness. A-Si exhibits a high refractive index value and 

low loss in the near infrared spectrum.[41] SU-8 polymer has been utilized as a cladding 

material to enable double-sided metasurface structures.[39] However, its relatively high 

refractive index (1.6-1.7) limits the achievable 0–2π phase coverage for many high-index 

materials, such as Si₃N₄ and TiO₂. In contrast, SiO₂ offers a low refractive index (~1.45), 

ensuring sufficient index contrast for full 2π phase modulation while maintaining high 

transmission due to negligible optical absorption. In addition, the thermal expansion 

coefficient of SiO₂ is compatible with silicon-based fabrication processes, which minimizes 

intrinsic stress. The deposition of SiO₂ layers is fully CMOS-compatible, facilitating large-

scale, low-cost, and highly stable component fabrication. Using SiO₂ as both the bottom 

substrate and the top encapsulation layer establishes a vertically symmetric dielectric 

environment. This symmetry is essential for achieving consistent optical transmission in both 

forward and backward directions and plays a key role in preserving bidirectional performance. 

The metasurface operates based on the propagation phase mechanism, in which the required 

phase delay is accumulated as light propagates through the nanopillars. Filling the gaps with 

SiO₂ does not affect the working mechanism, because the refractive index of the pillar 

material remains higher than that of SiO₂. In the conventional design, the gaps were filled 

with air (n = 1), whereas in the embedded design they are replaced by SiO₂. For a dielectric 

metasurface with thickness H and effective refractive index 𝑛𝑒𝑓𝑓, the propagation phase is 

given by 𝜙 =
2𝜋

𝜆
𝑛𝑒𝑓𝑓𝐻, where 𝜆 is the wavelength of the incident light. Based on this phase 

modulation model, the replacement of the surrounding medium primarily results in a change 

in the effective refractive index 𝑛𝑒𝑓𝑓. 

Full-lens finite-difference time-domain (FDTD) simulations were performed for both the 

embedded and conventional pillar-based designs to evaluate their optical performance under 

varying surrounding refractive indices. Both metasurfaces were designed with a diameter of 

 0 μm and a focal length of  0 μm, corresponding to a numerical aperture (N ) of 0.2 , 

consistent with the fabricated devices. The meta-atom libraries used for two designs are 

detailed in Supporting Information S1. For the embedded configuration, the nanopillars were 

encapsulated within a 2 μm-thick SiO₂ cladding layer.  erfectly matched layers (  Ls) were 

applied in all directions. A linearly x-polarized plane wave at 808 nm was incident from the 

substrate side, and the electric-field distribution was recorded using frequency-domain field 

and power monitors placed in the xy-plane at z = 5 μm, with the same monitoring 

configuration applied in all simulations. Far-field projections along the propagation axis (z-
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direction) were subsequently calculated, as shown in Figure 2 (a). The surrounding refractive 

index varied from 1.0 (air) to 1.515 (oil) to represent typical operating environments. 

 

 

Figure 2. Optical performance of metasurfaces under varying surrounding refractive index. 

(a) Simulated electric-field intensity distributions for the embedded (top) and pillar-based 

(bottom) metasurfaces at different surrounding refractive indices (n = 1.0–1.515). (b) Focal 

distance as a function of the surrounding refractive index. (c) Total efficiency (solid lines) and 

(d) focusing efficiency (dashed lines) for the two metasurface designs under different 

surrounding refractive indices. 

 

Both metasurfaces exhibit distinct focal spots over the entire range of surrounding refractive 

index. However, a significant degradation in the intensity of the focal point was observed with 

increasing refractive index, particularly for the pillar-based design. Although the designed 

focal length was fixed at  0 μm, both devices exhibited focal shifts as the environmental 

refractive index increased. This behavior arises from changes in the optical path length 

(𝑂𝑃𝐿 =  𝑛 · 𝑠) during propagation, where s is the path of geometrical length. Figure 2 (b) 

quantifies the focal shifts. The embedded metasurface shows a smaller shift and a more stable 
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focal shift, which is attributed to the effective isolation of the phase modulation elements by 

the SiO₂ encapsulation. In contrast, the pillar-based metasurface, with nanostructures directly 

exposed to the surrounding medium, exhibits larger deviations due to direct environmental 

modulation of the local effective refractive index and corresponding phase profile. The 

focusing and total efficiencies of both designs are presented in Figure 2 (c) and (d). The 

focusing efficiency (dashed lines) is defined as the ratio of the optical power within a circular 

aperture at the focal plane (diameter = 3 × FWHM of the focal spot) to total transmitted 

power. The total efficiency (solid lines) is defined as the ratio of the optical power within the 

same focal-plane aperture to the incident optical power. The embedded metasurface maintains 

high focusing efficiencies and total efficiencies across the full refractive-index range, whereas 

the focusing efficiency of the pillar-based design decreases from 86% to 60%. These results 

indicate that the embedded design preserves phase modulation capability and optical 

performance under realistic operational environments, including immersion in water or oil. 

 

3. Optical Characterization and Mechanical Durability 

To characterize the optical performance of the embedded metasurface, we measured the 

focusing process to quantify the focal length, depth of focus, and focal-spot size. The 

experimental setup consists of an 808 nm laser, adjustable mirrors, the metasurface, and a 

microscope system. In the microscope system, the light is collected by an objective lens and 

then passes through the tube lens to a camera. The horizontal microscope system was 

calibrated by using a USAF resolution target, resulting in an effective magnification of 43.3× 

with a 50× objective lens (NA = 0.45) and a tube lens (focal length = 200 mm). 

In the characterization experiment, we first measured the optical performance of both the 

pillar-based metasurface (Figure 3 (a)) and the embedded metasurface (Figure 3 (c)), which 

were fabricated in the same run. To replicate practical conditions, a cleaning procedure was 

applied by gently wiping the metasurface surface with optical lens tissue. Following this, the 

optical performance of the metasurfaces was re-evaluated to enable a direct comparison 

before and after cleaning.  
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Figure 3. Optical characterization of pillar based metasurface and embedded metasurface. (a–

d) Optical microscope images of the pillar-based (a,b) and embedded (c,d) metasurfaces 

before and after cleaning. (e–h) Focal spots in the xy-plane for the pillar-based (e,f) and 

embedded (g,h) metasurfaces before and after cleaning. (i–l) Focal spots in the xz-plane for 

the pillar-based (i,j) and embedded (k,l) metasurfaces before and after cleaning 

 

The measured focal lengths were 1.181 mm (pillar-based) and 1.178 mm (embedded), both of 

which are close to the designed focal length of 1.2 mm, with relative errors of 1.58% and 

1.83%, respectively (Figure 3 (e) and (g)). The full width at half maximum (FWHM) is 1.68 

μm for both metasurfaces, which confirms that both designs achieve near-diffraction-limited 

focusing performance (1. 8 μm). As shown in Figure 3 (i) and (k), the depth of focus is 

approximately 1 5 μm for both metasurfaces. These results indicate that the encapsulation 

process does not degrade optical performance. 
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Figure 3 (b) and (d) show optical microscope images of the metasurfaces after the cleaning 

procedure. Visible structural damage is observed in the pillar-based metasurface (Figure 3 

(b)). The pillar-based metasurface exhibits severe surface scratches and partial loss or 

displacement of the patterns. In contrast, the embedded metasurface (Figure 3 (d)) maintains 

its structural integrity and exhibits no visible scratches. 

To evaluate the impact of the cleaning process and structural damage on optical performance, 

we measured the focusing performance of the metasurfaces following the same procedure as 

before. The focal distance after cleaning was 1.1   mm for the pillar-based metasurface and 

1.182 mm for the embedded metasurface, both of which remain consistent with their pre-

cleaning values. This indicates that the previously observed difference in focal distances 

resulted from slight mechanical misalignment during the measurement. Similarly, the FWHM 

of the focal spots exhibits negligible changes compared to their pre-cleaning results. 

However, a critical disparity is observed in the optical throughput. To achieve comparable 

focal spot brightness, the embedded metasurface maintains high efficiency with an exposure 

time of 0.   ms, while the pillar-based metasurface requires an exposure time of 4.11 ms 

under the same illumination conditions. Figure 3 (f) and (j) show the focal spots and depth-of-

focus profiles along the z-direction, respectively, acquired at the same exposure time of 

0.   ms. The image of the pillar-based metasurface obtained with a  .11 ms exposure time is 

provided in the Supporting Information Figure S5. Based on this exposure time ratio, the 

focus efficiency of the pillar-based design is reduced by approximately 88.6% compared to 

the embedded metasurface. The reduction indicates that mechanical damage degrades the 

optical performance of the pillar-based design. In contrast, the embedded metasurface 

preserves optical performance and mechanical robustness, demonstrating the effective 

protection provided by the SiO₂ layer. 

 

4. Imaging Resolution and Biological Application 

To evaluate the imaging capabilities and mechanical durability of the metasurfaces, we 

conducted comparative imaging experiments on both metasurfaces before and after the 

cleaning process. In these experiments, we performed resolution testing using a high-

resolution USAF test target (TC-RT01, Edmund Optics) and conducted biological imaging of 

dragonfly wings to discuss the practical imaging performance across different applications. 

These comparative results provide insight into the mechanical durability and imaging 

reliability of the embedded design compared with the pillar-based metasurface. The 

experimental setup, designed for singlet metasurface imaging, is schematically shown in 
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Figure 4 (a) and (b). The object is illuminated by an incoherent 808 nm LED source through 

a condenser lens. The metasurface is used to form an image of the USAF resolution target 

located on one side of the structure onto the opposite side. The image is subsequently 

collected by the microscope system. Based on the actual dimension of the USAF resolution 

target image, the system magnification was calibrated to be 47×.  

 

 

Figure 4. Imaging experiment with the pillar-based and embedded metasurface. (a) optical 

configuration of the imaging system. (b) imaging setup. (c)-(f) Imaging results of a USAF 

resolution target obtained using different metasurfaces: (c) pillar-based metasurface, (d) 

embedded metsurface, (e) pillar based metasurface after clean, and (f) embedded metasurface 

after clean. (g)-(j) Biological imaging results of dragonfly wings obtained using: (g) pillar 

based metasurface, (h) embedded metasurface, (i) pillar based metasurface after clean, and (j) 

embedded metasurface after clean, respectively. 
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metasurfaces successfully resolve Group 330 (element frequency = 330 lp/mm). This 

corresponds to a resolvable line width of approximately 1.74 μm, which approaches the 

theoretical diffraction-limited resolution of 1. 8 μm. Before cleaning, the embedded 

metasurface exhibits higher image quality than the pillar-based metasurface. Quantitative 

analysis using the Michelson contrast metric 𝐶𝑀𝑖𝑐ℎ𝑒𝑙𝑠𝑜𝑛 =
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
  demonstrates that the 

pillar-based metasurface achieves a contrast of 0.1 at the resolution limit (330 lp/mm), while 

the embedded metasurface reaches a contrast of 0.2. This enhancement suggests that the 

planarized surface effectively suppresses stray light scattering. 

To assess mechanical durability, both metasurfaces were subjected to a cleaning protocol 

involving mechanical wiping with isopropyl alcohol (IPA) using optical lens tissue. Post-

cleaning imaging was performed at the same location on the USAF target to ensure 

consistency. The results are shown in Figure 4 (d) and (f). Both devices exhibit a reduction in 

imaging quality after cleaning; however, the pillar-based metasurface exhibits a greater 

degree of degradation. In contrast, the embedded design displays only a slight change in 

performance, indicating improved resistance to mechanical damage. Quantitative analysis of 

Michelson contrast at Group 330 reveals a sharp decrease from 0.1 to 0.023 for the pillar-

based metasurface, whereas the embedded design retains a much higher contrast of 0.17. This 

77% reduction in contrast correlates with the structural damage and efficiency loss observed 

in Section 3. This result is consistent with the focal spot characterization results presented 

earlier, supporting the assessment of enhanced mechanical robustness in the embedded 

design. 

In addition, biological imaging experiments with dragonfly wings demonstrate the practical 

imaging capabilities of both metasurface designs with the same singlet metasurface setup. As 

shown in Figure 4 (g)–(j), the imaging results of dragonfly wings are presented for the pillar-

based metasurface, embedded metasurface, and their corresponding post-cleaning conditions. 

The embedded metasurface consistently resolves fine structural details with high fidelity 

throughout the test. In contrast, the pillar-based metasurface exhibits a noticeable reduction in 

image quality following the cleaning process, with blurring particularly at the edges of the 

sample. These results demonstrate that the embedded architecture ensures reliable, high-

contrast imaging performance suitable for real applications. 

 

5. Verification of Bidirectional Optical Symmetry 

To investigate the bidirectional optical symmetry enabled by the symmetric dielectric 

environment, we conducted imaging experiments under two distinct configurations: wafer-up 



  

12 

 

(light incident from the substrate side) and wafer-down (light incident from the encapsulation 

side). Figure 5(a) and (b) show the optical setup, which is consistent with the singlet imaging 

system used previously. In both cases, the illumination source and the USAF resolution target 

are kept fixed. Additionally, the metasurface forms a projected image of the target on the 

opposite side, which is collected by the microscope system. The only difference between the 

two setups is the physical orientation of the metasurface relative to the object. 

 

 

Figure 5. Bidirectional imaging experiment using wafer-down and wafer-up configurations. 

Schematic diagrams of the optical setups corresponding to the two configurations: (a) wafer-

up setup, and (b) wafer-down setup. (c,d) Experimental imaging results of the same USAF 

resolution target obtained under the (c) wafer-up and (d) wafer-down setups, respectively. 

 

Figures 5(c) and (d) show the imaging results of the same USAF target obtained under the 

wafer-up and wafer-down configurations, respectively. Both configurations produce images 

with comparable resolution and contrast, which confirms that the embedded metasurface 

exhibits orientation-independent optical behavior regardless of its orientation. 
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This orientation-independent behavior is a direct consequence of the SiO₂ encapsulation, 

which homogenizes the refractive index on both sides of the nanostructures and eliminates the 

interfacial phase discontinuities typically observed in air-clad designs.  

A discrepancy in the field of view (FOV) and system magnification is observed between the 

two orientations, although similar line pairs are resolved. The wafer-up configuration exhibits 

a larger FOV and lower magnification than the wafer-down case. This variation is geometric 

and arises from differences in object distance caused by the thickness of the substrate. In the 

wafer-up configuration, the metasurface is farther from the sample, resulting in a longer 

object distance of approximately 1.5 mm (1.2 mm + 0.3 mm). In contrast, in the wafer-down 

configuration, the metasurface is placed much closer to the sample, with an object distance of 

approximately 1.2mm (1.2 mm + 0.000155 mm). The shorter object distance in the wafer-

down configuration leads to a higher magnification and correspondingly smaller field of view. 

Based on the thin-lens equation, the corresponding image distances are calculated to be 

2.51 mm and 2.    mm for the wafer-up and wafer-down configurations, respectively. These 

result in theoretical single-lens magnifications of 1.1× and 1.5×. This yields a theoretical 

magnification ratio of 1.36. Experimentally, a magnification ratio of 1.29 is observed, 

corresponding to a relative error of ~5%, which is within experimental uncertainty. These 

quantitative results confirm that the observed scaling difference is fully explained by the 

geometric variation in object distance, rather than a change in the intrinsic optical response of 

the metasurface. Consequently, the embedded metasurface demonstrates robust, orientation-

independent functionality, making it highly suitable for integration into bidirectional optical 

systems. 

 

6. Conclusion 

In conclusion, a mechanically robust embedded metasurface architecture has been 

demonstrated that effectively overcomes the intrinsic fragility and environmental sensitivity 

of traditional pillar-based designs. Numerical simulations confirm stable focusing efficiency 

across a broad refractive index range (n = 1.0-1.515), indicating compatibility with diverse 

immersion media including water and oil. By encapsulating high-index nanostructures within 

a conformal SiO₂ cladding, the embedded configuration preserves diffraction-limited focusing 

and imaging performance while exhibiting improved mechanical durability. Crucially, 

experimental validation reveals that the embedded metasurface retains more than 90% of its 

optical efficiency following standard mechanical cleaning, in contrast to the efficiency 

reduction of approximately 88% observed in unprotected designs. In addition, the symmetric 
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dielectric environment eliminates structural asymmetry and enables orientation-independent 

bidirectional imaging capabilities. This facilitates bidirectional imaging performance without 

the need for orientation-dependent alignment and simplifies system integration. The 

embedded metasurface offers the potential for practical implementation of robust 

metasurfaces in future large-scale applications. Future work may explore the extension of this 

embedding approach to dynamic or multifunctional metasurfaces, advancing toward 

deployable, multifunctional flat optical systems. 
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