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Abstract 
　Owing to their use of subwavelength nanostructures, metalenses show superior capability 
to replace conventional refractive counterparts. However, their applications at visible 
wavelengths are limited owing to restrictions in material choice and fabrication technique, 
making it challenging to design metalenses with high efficiency, large scale, and low 
fabrication cost simultaneously. To address this issue, we developed a single-step, rapid, and 
high-aspect-ratio glass-etching technique using catalysts for all-glass visible metalenses. By 
using the etching technique, SiO2 meta-atom pillars with an aspect ratio of more than 20:1 
can be achieved, which ensures sufficient optical phase coverage given the low refractive 
index of the glass. To demonstrate the capability of the technology, we designed and 
fabricated a 405 nm blue-light metalens, which has a 4 mm diameter and shows 69 % 
focusing efficiency. The same fabrication technique applies to green and red metalenses. 
Combining the RGB metalenses in a single device demonstrates the potential for full-visible-
band, full-color imaging and virtual-reality applications. This report introduces the catalyst-
based glass-etching technology and design schemes for prototyping metalenses.
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1. INTRODUCTION 

  Metasurfaces with flat, engineered arrays of  
nanoscale elements are rapidly transforming opti-
cal design by enabling unprecedented manipula-
tion of light within ultrathin form factors. Their 
versatility in controlling parameters such as wave-
front, intensity, and polarization opens doors for 
new generations of lensing, beam-shaping, and 
multifunctional photonic devices.1-4 Despite re-
markable progress, much of the metasurface field 
remains reliant on high-index thin-film materials 
like amorphous silicon5-11, which are well-suited for 
infrared operation but often present complications 
in the visible regime due to absorption losses and 
strict fabrication tolerances.
  Given the demand for robust visible-light optics 
applicable to imaging and sensing, silica-based 
platforms have gained momentum due to their op-
tical clarity and mechanical stability.12-17 However, 
the transition to low-index materials is nontrivial: 
silica’s refractive index imposes the need for deep-
er structures with increased aspect ratios, chal-
lenging established microfabrication approaches. 
Standard plasma etching techniques, while mature 
for microelectronics, struggle with hard mask ero-
sion and non-vertical sidewalls when attempting to 
realize tall, high-resolution silica nanostructures, 
often compromising device efficiency and repro-
ducibility.16-21

  In response, our work explores a plasma-free, 
catalyst-enhanced etching process using atmos-
pheric hydrogen fluoride （HF） gas and a novol-
ac-based photoresist.22- 24 Unlike conventional vacu-
um-based etching, it promotes anisotropic material 
removal through surface catalysis, yielding verti-
cal, smooth, and deep features in SiO₂ without the 
drawbacks of mask damage or ion-induced rough-
ening. Computational insights from density func-
tional theory （DFT） analyses reveal that the cata-
lytic pathway reduces energy barriers, accounting 

for the experimentally observed selectivity and ef-
ficiency of the etch25.
  Leveraging this innovative technique, we devel-
oped fused silica metalenses optimized for the blue 
light, which exhibits focusing efficiencies of 69 % 
with near-diffraction-limited performance, validat-
ing both the fabrication process and the viability 
of silica metalenses in the visible band26.

2. �SiO2 ETCHING TECHNIQUE 
USING ANHYDROUS HF GAS 
AND A CATALYST 

  Achieving high-efficiency metalenses hinges on 
fabricating deeply etched, vertical nanostructures. 
This requirement is particularly demanding for 
SiO2 due to its low refractive index, which man-
dates deeper etch depths compared to metalenses 
based on higher-index materials such as Si3N427-29 
or TiO230-33. Conventional ICP-RIE etching methods 
face significant obstacles when working with SiO2. 
The material’s poor selectivity relative to most 
mask materials necessitates the use of robust hard 
masks, typically metals like chromium or alumi-
num, but mask erosion during prolonged etch 
steps often leads to undesirable tapered profiles 
and undermines sidewall verticality16, 18. Moreover, 
plasma-driven processes can increase roughness 
and inflict substrate damage34, 35, further limiting 
the achievable performance and structural quality.
  To overcome these challenges, we introduce a 
selective, plasma-free etching strategy that em-
ploys anhydrous HF gas together with a novol-
ac-based photoresist acting as a catalyst22, 23. The 
procedure shown in Fig. 1 involves patterning a 
layer of novolac photoresist onto a SiO2 substrate 
using standard photolithography. The patterned 
substrate is subsequently exposed to heated, anhy-
drous HF vapor, which reacts preferentially with 
SiO2 at photoresist-covered sites. Once etching 
concludes, the catalyst resist is efficiently stripped 

Fig. 1  Process flow of the etching technique using anhydrous HF gas and a catalyst. Enlarged view: schematic of the catalytic ef-
fect of a novolac polymer. Broken lines indicate interactions; red arrow shows the initiation of reactions.
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away with oxygen plasma, restoring a clean 
etched surface. With exception of the HF vapor 
step, the entire process remains compatible with 
conventional semiconductor manufacturing and 
can be seamlessly adopted in existing fabrication 
facilities.
  A distinguishing aspect of this method is its 
site-selective etching mechanism. SiO2 alone shows 
almost no reaction with HF vapor under typical 
process temperatures （around 200–300°C） 22, 36; 
however, the presence of the novolac photoresist 
dramatically accelerates the local etch rate. This 
enhancement is attributed to the hydroxyl func-
tional groups in the polymer, which catalyze the 
chemical exchange between the HF gas and the 
substrate. Density functional theory （DFT） mode-
ling confirms that these hydroxyl groups partici-
pate in synergistic interactions both with hydro-
gen atoms in HF and with oxygen from the SiO2 
matrix37, lowering the energy barrier for silicon–
oxygen bond breakage and thus enabling rapid 
material removal. Importantly, the photoresist acts 
solely as a catalyst and is not consumed during 
the process, ensuring that the original pattern fi-
delity is preserved as the geometry is directly 
transferred into the underlying SiO2.
  This approach offers several benefits. The cata-
lyst-induced reaction produces sharply defined, 
vertical, and exceptionally smooth sidewalls re-
gardless of etch depth, and the diffusion-driven na-
ture of HF vapor ensures that even deeply etched 
profiles are accessible. Based on previous charac-
terization of this etching technique22, 23, the fabri-
cated structures are also expected to exhibit taper 
angles below 1° and sidewall roughness below 3–4 
nm, which are better than those typically obtained 
using conventional RIE techniques. Eliminating 
plasma from the process not only prevents plas-
ma-induced defects but also obviates the need for 
both complex vacuum equipment and hard masks. 
Furthermore, since the process is compatible with 
batch operation, it supports scalable, high-through-
put production at reduced fabrication costs.

3. METALENS CHARACTERIZATION

  We designed and fabricated a metalens opti-
mized to focus blue light at a wavelength of 405 
nm, using a hydrogen‑fluoride （HF） gas–catalyzed 
etching process. An optical‑microscope image of 
the patterned structure is given in Fig. 2a. Figs. 
2b and 2c provide top and tilted view SEM imag-
es. The resulting meta-atom pillars exhibited a 
height of 1.8 μm and an aspect ratio of more than 

20:1re than 20:1 aspect ratio. This value falls below 
the design target, thereby introducing phase error 
into the metalens and resulting in a modest reduc-
tion in the measured efficiency relative to the the-
oretical maximum of 84 %. Given that a higher pil-
lar height is associated with greater susceptibility 
to collapse, the selected etching thickness repre-
sents a compromise between metalens optical effi-
ciency and mechanical robustness. With process 
refinement, we anticipate this gap can be mini-
mized in future iterations. To further demonstrate 
our capability in fabricating ultra-thin metalenses, 
we fabricated a metalens sample using the same 
design and fabrication approach on a 0.1 mm 
fused-silica substrate. Fig. 2d shows a photograph 
of the completed sample, Fig. 2e presents a 
side‑view comparison between the ultra‑thin 
metalens （left） and a similar metalens fabricated 
on a conventional 0.5 mm silica substrate （right）, 
demonstrating the successful realization of the ul-
tra‑thin platform without macroscopic damage or 
warping. 

Fig. 2  Fabrication and structural characterization of the 
metalenses.（a） Optical microscope image and （b） 
top-view,（c） tilted-view SEM image of the 405 nm 
wavelength metalens.（d） Photograph of the metalens 
fabricated on an ultra-thin 0.1 mm glass substrate.（e） 
Side-view comparison between the ultra-thin metalens 
（left） and metalens on conventional 0.5 mm substrate 
（right）. 

  For experimental validation, the metalens was 
evaluated using the setup depicted in Fig. 3a. An 
expanded blue laser beam was directed perpendic-
ularly onto the metalens, and its focal spot was im-
aged and magnified using a microscope objective 
before reaching the power meter. Incident power 
over the lens area was gauged with a 4 mm pin-
hole matching the metalens aperture as illustrated 
in the small red box. To quantify performance, fo-
cusing efficiency is defined as the ratio of focal 
spot power （corrected for objective lens transmit-



−5−

AGC Research Report 76（2026）

tance） to incident laser power through the pin-
hole. The metalens achieved a focusing efficiency 
of 69±%1 %, which is higher than those reported 
in previous studies under similar conditions16. No-
tably, adding an anti-reflection coating to the sub-
strate is expected to further boost efficiency.
  We then measured the point spread function 

（PSF） of the metalens by replacing the power me-
ter with a high-resolution camera （Thorlabs 
CS165MU, 1440 × 1080 pixels, 3.45 μm pixel size）
. The experimentally observed focal spot is shown 
in Fig. 3b, with a full width at half maximum 

（FWHM） of 0.86±0.05 μm. The calculated Strehl 
ratio, normalized to the integrated power over a 
five-FWHM area, reached 0.76±0.03, indicating 
near diffraction-limited imaging performance. Fig. 
3c compares the measured intensity profile across 
the X axis to the expected profile of an ideal lens 
with identical NA, showing close correspondence.
  To assess imaging fidelity, we derived the modu-
lation transfer function （MTF） from the PSF data 
via Fourier transform, which is shown in Fig. 3d. 
The MTF closely matches that of a diffraction-lim-
ited lens at the same numerical aperture, confirm-
ing both the high fabrication quality and the supe-
rior optical performance of the fabricated 
metalens.

Fig. 3  Metalens optical measurement.（a） Efficiency meas-
urement setup. Red box illustrates the incident power 
measurement setup.（b） Point-spread function （PSF） 
measurement.（Scale bar: 1 μm）（c） 1-D PSF along 
the horizontal direction.（d） MTF of the metalens.

4. CONCLUSION

  In summary, we have established atmospheric 
HF-gas catalyst etching as a robust technique for 
crafting high-aspect-ratio, all glass metalenses and 
successfully addressed the challenge of achieving 
full phase modulation in low-index materials. The 
exceptional visible transparency of SiO2, coupled 
with the demonstrated fabrication precision, posi-
tions it as an ideal candidate for next-generation 
planar optics. Our prototype blue wavelength 

metalens achieved a substantial focusing efficiency 
of 69 % and delivered near diffraction-limited im-
aging, validating the approach’s practicality for 
high-performance devices.
  This scalable fabrication process paves the way 
for large-area, broadband metalenses across the 
visible spectrum. The innovations have wide-rang-
ing implications for advanced imaging, displays, 
augmented and virtual reality, biophotonics, and 
integrated optical systems. Overall, our results 
highlight the potential of all-glass metalens optics 
for emerging photonic applications requiring both 
visual clarity and manufacturability.
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