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Polarization‑insensitive GaN 
metalenses at visible wavelengths
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Hoang Yan Lin1*

The growth of wide-bandgap materials on patterned substrates has revolutionized the means with 
which we can improve the light output power of gallium nitride (GaN) light-emitting diodes (LEDs). 
Conventional patterned structure inspection usually relies on an expensive vacuum-system-required 
scanning electron microscope (SEM) or optical microscope (OM) with bulky objectives. On the other 
hand, ultra-thin metasurfaces have been widely used in widespread applications, especially for 
converging lenses. In this study, we propose newly developed, highly efficient hexagon-resonated 
elements (HREs) combined with gingerly selected subwavelength periods of the elements for the 
construction of polarization-insensitive metalenses of high performance. Also, the well-developed 
fabrication techniques have been employed to realize the high-aspect-ratio metalenses working 
at three distinct wavelengths of 405, 532, and 633 nm with respective diffraction-limited focusing 
efficiencies of 93%, 86%, and 92%. The 1951 United States Air Force (USAF) test chart has been chosen 
to characterize the imaging capability. All of the images formed by the 405-nm-designed metalens 
show exceptional clear line features, and the smallest resolvable features are lines with widths of 
870 nm. To perform the inspection capacity for patterned substrates, for the proof of concept, a 
commercially available patterned sapphire substrate (PSS) for the growth of the GaN LEDs has been 
opted and carefully examined by the high-resolution SEM system. With the appropriately chosen 
metalenses at the desired wavelength, the summits of structures in the PSS can be clearly observed 
in the images. The PSS imaging qualities taken by the ultra-thin and light-weight metalenses with 
a numerical aperture (NA) of 0.3 are comparable to those seen by an objective with the NA of 0.4. 
This work can pioneer semiconductor manufacturing to choose the polarization-insensitive GaN 
metalenses to inspect the patterned structures instead of using the SEM or the bulky and heavy 
conventional objectives.

As one of the most promising next-generation semiconductors, wide-bandgap gallium nitride (GaN) has recently 
drawn much attention due to its widespread applications in high-power electronics1,2, high-frequency devices3,4, 
blue light-emitting diodes (LEDs)5,6, laser diodes7–9, and so on. Among these applications, the blue LEDs as 
excitation sources of white LEDs have revolutionized lighting technology in the visible. These white LEDs have 
been served as state-of-the-art solid-state lighting10–12. The blue LEDs are typically grown on micro/nano-sized 
patterned-sapphire substrates (PSSs)13–17 owing to challenges in narrow photon escape cone leading to low light-
extraction efficiency (LEE)18 of the LEDs as well as high threading dislocations caused by the hetero-epitaxial 
growth. Such PSSs are usually examined by a scanning electron microscope (SEM) system of high cost and low 
speed or an optical microscope (OM) that requires bulky and heavy objectives. There is a need to develop ultra-
light and thin optics to replace current conventional objectives.

Metasurfaces19–22 are typically composed of near-wavelength artificial patterns separated by subwavelength 
distances, making it possible to achieve high-performance ultrathin optics. Early demonstrations of practical 
applications have been realized by using reflective metasurfaces23–25, which are made of noble metals resulting 
in low transmission efficiency in the visible regime. On the other hand, the rapid development of all-dielectric 
metasurfaces26–31 operating in transmissive mode can be ascribed to the high intrinsic losses of plasmonic metals 
in the visible spectrum. Besides, one of the significant applications for the development of dielectric metasurfaces 
is well-known as metalenses.
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Recently, highly efficient metalenses constructed with a Pancharatnam-Berry (PB) phase rotational mor-
phology have been successfully manufactured using either top-down or bottom-up approaches depending on 
the fabrication processes with which the artificial patterns are made32–37. However, the metalenses based on the 
PB-phase method require circularly polarized light as an excitation incidence to reach their full-phase control. 
Although this obstacle can be circumvented by using nanostructures with symmetric cross-sections, polarization-
insensitive metalenses38–41 of high performance for the desired wavelength require the development of highly 
efficient building blocks along with carefully selected subwavelength periods and well-established fabrication 
processes.

This work demonstrates three distinct polarization-insensitive metalenses of high performance at wavelengths 
of 405, 532, and 633 nm with experimentally diffraction-limited focusing efficiencies of 93%, 86%, and 92%, 
respectively. The building blocks of the metalenses are the so-called high-aspect-ratio GaN hexagon-resonated 
elements (HREs) with an axis of six-fold rotational symmetry. The carefully opted subwavelength periods of the 
elements combined with the matured top-down manufacturing enable fabrication of these high-aspect-ratio 
GaN HREs with nearly vertical sidewalls. The 1951 United States Air Force (USAF) test chart has been served 
as our imaging target to characterize imaging capability for the fabricated metalenses. The results show that 
the metalenses with a numerical aperture (NA) of 0.3 can resolve nano-sized features as small as 870 nm in the 
1951 USAF sample.

Moreover, few studies have focused on metalenses applied to the examination of patterned substrates used 
for the growth of the GaN-based LEDs42. We have prepared a commercially available PSS being cautiously 
inspected by a high-resolution SEM system for the proof of concept. A mass-produced objective (20 × Olympus; 
NA = 0.4) has also been chosen to compare the native PSS imaging performance of our metalenses with the 
objective. Although our metalenses are designed at the NA of 0.3, the PSS imaging qualities are comparable or 
even superior to those formed by the objective. For the practical application, the GaN LED epitaxial layers with 
multiple quantum wells (MQWs) emitting at a wavelength of ~ 440 nm have been grown on the PSS to be further 
inspected with the metalens designed at a wavelength of 450 nm. The results show that patterned structures in 
the epi-wafer can be clearly identified using the 450-nm-designed metalens and the commercialized objective.

Metalenses design and fabrication.  Novel optical metalenses are known to promise light-weight and 
ultra-thin benefits as compared to bulky conventional converging lenses that impede their practical applica-
tions. Figure 1A shows a schematic of a dielectric metalens operating in a transmissive mode, and Fig. 1B, C, are 
respectively the schematics for illustrating the tilt-view and top-view of building blocks of the metalens consist-
ing of the HREs, with linearly x-polarized incident light. The associated phase profile of the metalens32,33 should 
follow as

where f  is the focal length, x and y are coordinates for each HRE, and � is the design wavelength in free space. 
To maximize transmission efficiency that meets the phase retardation distributions requirements for the metal-
enses, we choose the HREs made of wide bandgap GaN as being truncated waveguides that eliminate coupling 
between neighbors by highly concentrating electric and magnetic energy inside the nanostructures as near-field 
distributions shown in Fig. 1D, E, respectively, with a HRE radius of 140 nm and the 320-nm-period unit cell. 
The corresponding horizontal cut of the electric energy intensity at z = 500 and 200 µm are respectively revealed 
in Fig. 1F, G. The associated cross-sectional magnetic energy distributions are also shown in Fig. 1H (z = 500 µm) 
and I (z = 200 µm). As shown in the figures, such structures can also generate strong electric energy around 
corners of each HRE (Fig. 1F, G) and converge magnetic energy inside the HRE (Fig. 1H, I)30,31. Thus, a large 
phase compensation of high efficiency can be achieved by using the high-aspect-ratio GaN HREs that allow for 
strong symmetrical near-field coupling among the corners of the hexagon-shaped nanostructures in addition to 
excitation of high-order resonances of a waveguide-like cavity inside the nanostructures.

Three periods for the building blocks of the metalenses have been gingerly selected as 200, 260, and 320 nm at 
the respective design wavelengths of 405, 532, and 633 nm. Simulations using the CST Microwave Studio based 
on a finite integration time (FIT) method have been employed to calculate phase responses for GaN HREs with 
various radii and incident wavelengths as individually revealed in Fig. 1J–L, with the corresponding efficiency 
diagrams of GaN HREs found in Fig. 1M–O. The black dashed lines in Fig. 1J–O, indicate the radii used for the 
construction of the metalenses in this work. The structural parameters of each building block have been opti-
mized to achieve the highest operating efficiency. It is well noted that those metalenses constructed of the high-
aspect-ratio HREs with nearly vertical sidewall require the aforementioned building block periods (p = 200, 260, 
and 320 nm) carefully chosen. This is because the longer length of the p is, the broader range of radius variation 
the HRE is needed to achieve 2π phase modulation. Consequently, achieving these vertical-sidewall HREs with 
smaller or larger radii becomes more challenging because of inevitable lateral etching and smaller spaces between 
nanostructures. From another point of view, reducing the period of the building blocks results in a less obvious 
difference between the HRE radii selected for metalens construction. Such smaller periods lead to pronounced 
fabrication errors while making metalenses due to the stringent fabrication tolerance.

Figure 2A–C, represent the OM images for three distinct metalenses fabricated at the respective design 
wavelengths of 405, 532, and 633 nm. The detailed fabrication processes can be found in the Methods section 
and schematically illustrated in Supplementary Fig. S1. All of the metalenses possess the same NA of 0.3 result-
ing from the use of a diameter of 100 µm and a focal length of 150 µm. The top-view of SEM micrographs of the 
metalenses are demonstrated in Fig. 2D–I, and the associated tilt-view SEM images are presented in Fig. 2J–L. 
With the carefully selected periods together with the well-developed semiconductor manufacturing, the GaN 
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Figure 1.   Design and simulation of the building block for metalenses. (A) Schematic of a dielectric metalens 
operating in a transmissive mode. (B, C) Schematics of the tilt-view and top-view of the building block for the 
metalens composed of the HREs. (D, E) Simulated electric and magnetic field intensity distribution. (F, G) The 
x–y cross-sections of simulated electric field intensity distribution at z = 500 and 200 µm, individually. (H, I) The 
x–y cross-sections of simulated magnetic field intensity distribution corresponding to (F, G). Scale bar, 50 nm 
in (F–I). (J–L) Diagrams showing the range of phase modulation for the building block periods of 200, 260, and 
320 nm on the combinations of wavelength and radius profiles for the metalenses designed at wavelengths of 
405, 532, and 633 nm, respectively. (M–O) Simulated efficiencies of the metalenses designed at the wavelengths 
of 405, 532, and 633 nm, respectively. The black dashed lines represent the implemented radius range for the 
metalens.
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HREs with nearly vertical sidewalls can be successfully fabricated to accomplish the high-aspect-ratio metalenses 
by using the top-down fabrication approach. We highly note that it is very challenging without gingerly choosing 
a designed period for the building block of a metalens at visible wavelengths.

Experimental measurements.  The required phase profiles of the three distinct metalenses are shown 
as the solid lines in Fig. 3A–C, in which hollow circles indicate the simulated phases associated with the HRE 

Figure 2.   Micrographs of the metalenses. (A–C) Optical images of the fabricated metalenses designed at 
wavelengths of (A) 405, (B) 532, and (C) 633 nm. Scale bar: 10 μm. (D–I) The top-view SEM images shown in 
(D, G), (E, H), and (F, I) corresponding to the highlighted regions in (A–C). Scale bar, 2 μm in (D–I). (J–L) 
The tilt-view SEM images shown in (J–L) corresponding to the highlighted regions in (A–C). Scale bar, 1 μm in 
(J–L).
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Figure 3.   Characterization of the metalenses. (A–C) Phase profiles for the metalenses designed at wavelengths 
of (A) 405, (B) 532, and (C) 633 nm. Solid lines depict optimized phase profiles, and hollow circles indicate 
implemented phase profiles. (D) Measurement setup for metalenses characterization. (E–G) The intensity 
profiles along the axial planes for the metalenses designed at wavelengths of (E) 405, (F) 532, and (G) 633 nm. 
(H–J) Measured focal spots of the metalenses designed at wavelengths of (H) 405, (I) 532, and (J) 633 nm. Scale 
bar: 6 μm. (K–M) Corresponding horizontal cuts of focal spots with the dashed lines referring to normalized 
ideal Airy function.

radii used for the realization of the fabricated metalenses. As shown in the figures, the solid lines can be well 
implemented with the circles for all designs. The experimental setup for measuring intensity profiles along axial 
planes, focal spots, and efficiencies is schematically displayed in Fig. 3D. These measurements use a laser beam to 
go through a spatial filter to produce a clean Gaussian beam, which is then focused by the metalenses to generate 
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a highly concentrated spot. Subsequently, the focal spot is collected by an objective lens, followed by capturing 
an image on a CMOS camera.

Figure 3E–G, perform the intensity profiles along the axial planes for the three distinct metalenses using diode 
lasers as incident light sources with linear polarization in the y-direction. Here, the objective lens and the CMOS 
camera are successively moved together along laser light propagation direction to capture images at different x–y 
planes, which are stitched together to acquire the light intensity distribution for the y–z plane. As revealed in the 
figures, the brightest focal spots for the three distinct metalenses remain at the designed focal length of 150 μm. 
The correlated focal spots for the metalenses are demonstrated in Fig. 3H–J, showing highly symmetric profiles 
and the excellent ability for light convergence. Figure 3K–M, further provide the cross-sectional distributions 
(colorful solid lines) for the measured focal spots, which are extremely close to respective normalized Airy 
functions as black-dashed lines. The measured full-widths at half-maximum (FWHMs) of the metalenses at the 
wavelengths of 405, 532, and 633 nm correspond to 676, 887, 1062 nm. All of the measured FWHMs are very 
close to theoretically diffraction-limited values calculated by �

2NA , demonstrating superior diffraction-limited 
focusing capability. Furthermore, focusing efficiencies for the metalenses are experimentally measured as high 
as 93% (405 nm), 86% (532 nm), and 92% (633 nm). The efficiency is defined as the ratio of transmitted optical 
power at diffraction-limited focusing to the optical power of the incident beam passing through a pinhole with 
the same diameter of the fabricated metalenses.

As demonstrated in Supplementary Fig. S2, we also simulated cross-sectional intensity profiles for the metal-
enses with the same NA of 0.3 but with a smaller focal length of 12 μm due to our computational limitation. The 
simulated efficiencies for the metalenses at wavelengths of 405, 532, and 633 nm are respectively 95%, 90%, and 
93%. It is also noted that the fabrication imperfection in the hexagon-shaped GaN nanostructures with smaller 
radii lead to the optical performance to deviate from the simulation results. Moreover, the polarization insensitiv-
ity for all of the fabricated metalenses still needs to be carefully examined. As a consequence, both left-handed 
circularly polarized (LCP) and right-handed circularly polarized (RCP) laser beams43–45 have been utilized as 
incident sources for the metalenses to measure the corresponding intensity profiles and diffraction-limited focal 
spots as demonstrated in Supplementary Fig. S3. Light intensity distribution for all of the metalenses with LCP 
and RCP incident laser light remains the same, and negligible change in the measured FWHMs can be observed 
in the figures. The experimental results show that these metalenses are polarization-insensitive and are capable 
of focusing light into diffraction-limited spots of high efficiency. We attribute extraordinary optical properties of 
the metalenses to the matured fabrication techniques combined with the gingerly chosen period of the building 
blocks composed of highly efficient HREs.

One practical application for metalenses is imaging. Here we have selected the 1951 USAF as our imaging 
target illuminated by laser light beams at three distinct wavelengths. Nevertheless, a commercially available 
USAF sample only provides the smallest width of lines that are resolvable for 2.19 μm. Therefore, a USAF sample 
with smaller features is fabricated and carefully examined by the high-resolution SEM system. A schematic for 
the fabrication processes of the imaging target is illustrated in Fig. 4A. The fabrication starts with evaporating a 
chromium (Cr) layer on a sapphire substrate deposited with a thin silicon dioxide (SiO2) layer, which is subse-
quently coated by a resist layer followed by exposing an electron beam directly onto the resist-coated substrate. 
The subsequent process builds up 1951 USAF patterns by etching the Cr layer after developing the exposed 
resist-coated substrate. Details of the measurement configuration are shown in Supplementary Fig. S4.

Figure 4B–J, show the images taken by the 405-nm-designed metalens with a NA of 0.3. As exhibited in the 
figures, all of which exhibit extreme clear line features, and the smallest features we can observe are line with 
widths of 870 nm, where the features are separated by a center-to-center distance of 1.74 μm. On the contrary, 
in Supplementary Fig. S5, the line features in images formed by the metalens designed at the wavelength of 
532 nm are clearly resolvable until approaching the line widths of 0.98 μm (Fig. S5H). Nevertheless, it is still 
predictable that the same line features captured by the metalens designed at the wavelength of 633 nm turn into 
the blurred one and cannot be distinguished as revealed in Fig. S5Q due to the larger diffraction-limited value 
of the metalens. As a result, the demonstration in clearly resolving line features corresponding to the distinct 
diffraction-limited metalenses can be ascribed to the successful development of the highly-efficient HREs, the 
gingerly chosen subwavelength periods together with the triumphant fabrication techniques.

The differences in refractive indexes and lattice constants between sapphire and GaN severely limit the per-
formance of GaN-based LEDs. The use of PSSs has been demonstrated so far to show benefits in increasing LEE 
and reducing the threading dislocations for the LEDs. In order to avoid the expensive vacuum system required 
for SEM and bulky conventional objectives, the metalens at the design wavelength of 405 nm has been utilized 
to inspect feature sizes and morphology of the fabricated PSSs as shown schematically in Fig. 5A. The com-
mercially available PSS constructed of dome-shaped posts has been prepared to serve as the inspection target. 
The center-to-center distance of the posts in the PSS is 3 μm. Each dome-shaped post has a height of 1.65 μm 
and a bottom width of 2.8 μm as top-view and tilt-view SEM images demonstrated in Fig. 5B, C, respectively. 
In addition to the dome-shaped PSS, the growth of GaN-based blue LED epitaxial layers emitting blue light at a 
peak wavelength of ~ 440 nm on the PSS has been prepared by using the metal–organic chemical vapor deposi-
tion (MOCVD) system as the schematic depicted in Fig. 5D, with the detailed epitaxial conditions found in the 
Methods section. To verify the peak emission wavelength for the blue LED on the PSS, the photoluminescence 
spectrum was carried out by a diode laser at a wavelength of 266 nm as an excitation light source, as shown in 
Fig. 5E. The blue LED grown on the PSS emits light at the peak wavelength of ~ 440 nm. The measured result for 
the peak emission wavelength of the blue LED on the PSS is in accordance with our design.

The setup for the experimental measurement is the same as one shown in Supplementary Fig. S4. except that 
the 1951 USAF has been replaced by the commercialized PSS. Figure 5F, G, demonstrate PSS images formed by 
the mass-produced objective (20 × Olympus; NA = 0.4) with light incidences of a halogen lamp and 405-nm diode 
laser, respectively. The image captured by the 405-nm-designed metalens is shown in Fig. 5H. As compared in 
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figures, the metalens with the smaller NA of 0.3 can also provide a clear and high contrast image for the summits 
of the dome-shaped posts in the PSS. This is understood because the commercialized objective is designed for the 
broadband operation, resulting in undesirable wavefront aberration for a light incidence at a specific wavelength. 
However, it is worth noting that a fair inspection index can be developed in the future to compare the imaging 
performance of the metalenses and the conventional objective.

Another benefit of using the metalens is the capability to examine the PSSs even with the GaN-based blue 
LED epitaxial layers on them, which is unattainable for the vacuum-required SEM system. As shown in Fig. 5E, 
the MQWs of the blue LED is verified to emit blue light at a wavelength of ~ 440 nm. Therefore, we fabricated 
another metalens working at the wavelength of 450 nm with the same focal length of 150 μm and NA = 0.3. The 
top-view SEM micrographs of the metalens are presented in Fig. 5I. Unsurprisingly, the one taken by the objec-
tive shown in Fig. 5J, is vaguer than the image pictured by the 450-nm-designed metalens, as verified in Fig. 5K, 
which can clearly and sharply visualize the post apexes in the PSS. The results show that the PSS for the growth 
of the GaN-based LED can be inspected by the metalens with an appropriately designed wavelength. In addi-
tion, this work provides opportunities for the PSS manufacturing companies to start to use metalens to examine 
fabricated structures instead of using the bulky conventional objectives.

Conclusion
In this work, we have successfully developed the high-aspect-ratio HREs of high efficiency as the building blocks 
for the metalens construction. The polarization-insensitive metalenses of high performance can be realized with 
gingerly chosen subwavelength periods and well-developed fabrication. The metalenses are capable of focusing 
light into the diffraction-limited focal spots and provide extremely clear imaging for the line widths as small as 
870 nm. For the proof of concept, the imaging capability for capturing the commercial PSS is also demonstrated. 
The metalenses with the smaller NA of 0.3 can even perform superior contrast and clearer images compared to 
that taken by the mass-produced objective with the NA of 0.4. This work demonstrates the tremendous capacity 
for the ultra-thin and light-weight metalenses being used for fabricated structure inspection of the patterned 
substrates and offers another novel and advanced optics based on semiconductor manufacturing.

Figure 4.   Imaging with the metalenses. (A) Fabrication of the 1951 USAF resolution test chart. (B–J) Images of 
the 1951 USAF resolution test chart formed by the metalenses at the laser wavelength of 405 nm. The smallest 
features are (B) line widths of 3.91 µm and center-to-center distances of 7.82 µm, (C) line widths of 3.1 µm and 
center-to-center distances of 6.2 µm, (D) line widths of 2.19 µm and center-to-center distances of 4.38 µm, (E) 
line widths of 1.95 µm and center-to-center distances of 3.9 µm, (F) line widths of 1.55 µm and center-to-center 
distances of 3.1 µm, (G) line widths of 1.23 µm and center-to-center distances of 2.46 µm, (H) line widths of 
1.1 µm and center-to-center distances of 2.2 µm, (I) line widths of 0.98 µm and center-to-center distances of 
1.96 µm, and (J) line widths of 0.87 µm and center-to-center distances of 1.74 µm. Scale bar, 20 μm in (B, C). 
Scale bar, 10 μm in (D–F). Scale bar, 3 μm in (G–J).
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Figure 5.   Imaging with the native PSS and the blue LED on the PSS. (A) Schematic of patterned structures 
inspected by the metalens. (B) The top-view SEM micrograph of the native PSS. Scale bar: 2 μm. (C) The 
tilt-view SEM micrograph of the PSS. Scale bar: 1 μm. (D)The epitaxial structures of the blue LED. (E) 
Photoluminescence spectrum. Images of the PSS formed by the objective lens (NA = 0.4) with the incidences of 
(F) the halogen lamp and (G) the 405-nm laser light. (H) PSS Image formed by the 405-nm-designed metalens 
(NA = 0.3) at the laser wavelength of 405 nm. Scale bar, 3 μm in (F–H). (I) The tilt-view SEM micrograph 
of the fabricated metalens designed at the wavelength of 450 nm. Scale bar: 500 nm. Images of the PSS on 
which the blue LED taken by (J) the objective lens (NA = 0.4) at the laser wavelength of 450 nm, and (K) the 
450-nm-designed metalens (NA = 0.3) at the laser wavelength of 450 nm. Scale bar, 3 μm in (J, K).
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Methods
Details of fabrication parameters and processes.  A metal–organic chemical vapor deposition 
(MOCVD) system has been utilized for the growth of an 800-nm-thick gallium nitride (GaN) layer on a sapphire 
substrate, followed by depositing a 400-nm-thick silicon dioxide (SiO2) layer using plasma-enhanced chemi-
cal vapor deposition (PECVD). The distinct metalens patterns in the resist layer have been created by using 
the electron-beam lithography after spin-coating a 100-nm-thick resist (ZEP520A) layer on the SiO2-deposited 
substrate. Afterward, a 40-nm-thick chromium (Cr) layer is evaporated on the developed substrate, and a lift-off 
process is implemented. The subsequent process is to transfer the patterns from the patterned Cr layer as a hard 
mask to the SiO2 layer by reactive-ion etching (RIE). The remaining Cr layer is removed with the CR-7 etchant, 
and then the GaN layer is dry-etched by inductively coupled plasma reactive-ion etching (ICP-RIE). Finally, the 
sample is accomplished after dipping the fabricated substrate in the buffered oxide etch (BOE) solution.

The epitaxial structures of the blue LED.  The MOCVD system was also employed for the growth 
of GaN-based blue LED epitaxial layers on a commercialized patterned sapphire substrate (PSS). Prior to the 
growth, the PSS was thermally baked at 1130  °C in hydrogen gas to remove surface contamination. Then, a 
low-temperature GaN nucleation layer was grown at 550 °C. Subsequently, the reactor temperature was raised 
to 1130 °C for the growth of a 2-µm-thick undoped GaN layer and a 3-µm-thick Si-doped n-type GaN layer. 
Then, five pairs of InGaN/GaN MQWs with a 2.8-nm-thick InGaN well and a 10-nm-thick GaN barrier were 
deposited, followed by a 20-nm-thick p-AlGaN electron blocking layer and a 120-nm-thick Mg-doped p-type 
GaN layer. The InGaN/GaN MQWs were designed to emit blue light at a peak wavelength of ~ 440 nm.

Data availability
The data regarding the findings of this study are available from the corresponding authors.

Received: 21 May 2021; Accepted: 7 July 2021

References
	 1.	 Wu, Y. F. et al. Very-high power density AlGaN/GaN HEMTs. IEEE Trans. Electron Devices 48, 586–590 (2001).
	 2.	 Hickman, A. et al. High breakdown voltage in RF AlN/GaN/AlN quantum well HEMTs. IEEE Electron Device Lett. 40, 1293–1296 

(2019).
	 3.	 Mishra, U. K., Parikh, P. & Wu, Y. F. AlGaN/GaN HEMTs—an overview of device operation and applications. Proc. IEEE 90, 

1022–1031 (2002).
	 4.	 Yang, L. et al. Enhanced g(m) and f(T) with high Johnson’s figure-of-merit in thin barrier AlGaN/GaN HEMTs by TiN-based 

source contact ledge. IEEE Electron Device Lett. 38, 1563–1566 (2017).
	 5.	 Nakamura, S., Senoh, M., Iwasa, N. & Nagahama, S. High-power InGAN single-quantum-well-structure blue and violet light-

emitting-diodes. Appl. Phys. Lett. 67, 1868–1870 (1995).
	 6.	 Nathan, M. I. The blue laser diode. GaN based light emitters and lasers—Nakamura, S, Fasol, G. Science 277, 46–47 (1997).
	 7.	 Nakamura, S. et al. InGaN/GaN/AlGaN-based laser diodes with modulation-doped strained-layer superlattices grown on an 

epitaxially laterally overgrown GaN substrate. Appl. Phys. Lett. 72, 211–213 (1998).
	 8.	 Lin, Y. D. et al. Blue-green InGaN/GaN laser diodes on miscut m-plane GaN substrate. Appl. Phys. Express 2, 082102 (2009).
	 9.	 Chi, Y. C. et al. 450-nm GaN laser diode enables high-speed visible light communication with 9-Gbps QAM-OFDM. Opt. Express 

23, 13051–13059 (2015).
	10.	 Pimputkar, S., Speck, J. S., DenBaars, S. P. & Nakamura, S. Prospects for LED lighting. Nat. Photonics 3, 179–181 (2009).
	11.	 Ning, J. et al. GaN films deposited on sapphire substrates sputter-coated with AlN followed by monolayer graphene for solid-state 

lighting. ACS Appl. Nano Mater. 3, 5061–5069 (2020).
	12.	 Wasisto, H. S., Prades, J. D., Gulink, J. & Waag, A. Beyond solid-state lighting: Miniaturization, hybrid integration, and applications 

of GaN nano- and micro-LEDs (vol 6, 041315, 2019). Appl. Phys. Rev. 7, 041315 (2020).
	13.	 Lee, Y. J. et al. Enhancing the output power of GaN-based LEDs grown on wet-etched patterned sapphire substrates. IEEE Photonics 

Technol. Lett. 18, 1152–1154 (2006).
	14.	 Byeon, K. J., Cho, J. Y., Kim, J., Park, H. & Lee, H. Fabrication of SiNx-based photonic crystals on GaN-based LED devices with 

patterned sapphire substrate by nanoimprint lithography. Opt. Express 20, 11423–11432 (2012).
	15.	 Su, V. C. et al. Suppressed quantum-confined Stark effect in InGaN-based LEDs with nano-sized patterned sapphire substrates. 

Opt. Express 21, 30065–30073 (2013).
	16.	 Chen, P. H., Su, V. C., Wu, S. H., Lin, R. M. & Kuan, C. H. Defect reduction in GaN on dome-shaped patterned-sapphire substrates. 

Opt. Mater. 76, 368–374 (2018).
	17.	 Hu, H. P. et al. Boosted ultraviolet electroluminescence of InGaN/AlGaN quantum structures grown on high-index contrast pat-

terned sapphire with silica array. Nano Energy 69, 104427 (2020).
	18.	 Fujii, T. et al. Increase in the extraction efficiency of GaN-based light-emitting diodes via surface roughening. Appl. Phys. Lett. 84, 

855–857 (2004).
	19.	 Su, V. C., Chu, C. H., Sun, G. & Tsai, D. P. Advances in optical metasurfaces: fabrication and applications invited. Opt. Express 26, 

13148–13182 (2018).
	20.	 Yu, N. F. et al. Light propagation with phase discontinuities: generalized laws of reflection and refraction. Science 334, 333–337 

(2011).
	21.	 Kildishev, A. V., Boltasseva, A. & Shalaev, V. M. Planar photonics with metasurfaces. Science 339, 1232009 (2013).
	22.	 Li, L. et al. Metalens-array-based high-dimensional and multiphoton quantum source. Science 368, 1487-+ (2020).
	23.	 Wang, S. M. et al. Broadband achromatic optical metasurface devices. Nat. Commun. 8, 9 (2017).
	24.	 Sun, S. et al. Gradient-index meta-surfaces as a bridge linking propagating waves and surface waves. Nat. Mater. 11, 426–431 

(2012).
	25.	 Sun, S. et al. High-efficiency broadband anomalous reflection by gradient meta-surfaces. Nano Lett. 12, 6223–6229 (2012).
	26.	 Khorasaninejad, M. et al. Achromatic metalens over 60 nm bandwidth in the visible and metalens with reverse chromatic disper-

sion. Nano Lett. 17, 1819–1824 (2017).
	27.	 Chen, W. T. et al. A broadband achromatic metalens for focusing and imaging in the visible. Nat. Nanotechnol. 13, 220-+ (2018).
	28.	 Chen, W. T. et al. Broadband achromatic metasurface-refractive optics. Nano Lett. 18, 7801–7808 (2018).
	29.	 Shrestha, S., Overvig, A. C., Lu, M., Stein, A. & Yu, N. F. Broadband achromatic dielectric metalenses. Light-Sci. Appl. 7, 85 (2018).



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:14541  | https://doi.org/10.1038/s41598-021-94176-7

www.nature.com/scientificreports/

	30.	 Wang, S. M. et al. A broadband achromatic metalens in the visible. Nat. Nanotechnol. 13, 227–232 (2018).
	31.	 Lin, R. J. et al. Achromatic metalens array for full-colour light-field imaging. Nature Nanotechnol. 14, 227-+ (2019).
	32.	 Khorasaninejad, M. et al. Metalenses at visible wavelengths: diffraction-limited focusing and subwavelength resolution imaging. 

Science 352, 1190–1194 (2016).
	33.	 Chen, B. H. et al. GaN metalens for pixel-level full-color routing at visible light. Nano Lett. 17, 6345–6352 (2017).
	34.	 Groever, B., Chen, W. T. & Capasso, F. Meta-lens doublet in the visible region. Nano Lett. 17, 4902–4907 (2017).
	35.	 Liang, H. W. et al. Ultrahigh numerical aperture metalens at visible wavelengths. Nano Lett. 18, 4460–4466 (2018).
	36.	 Yoon, G., Kim, K., Huh, D., Lee, H. & Rho, J. Single-step manufacturing of hierarchical dielectric metalens in the visible. Nat 

Commun 11, 2268 (2020).
	37.	 Chen, C. et al. Spectral tomographic imaging with aplanatic metalens. Light Sci. Appl. 8, 99 (2019).
	38.	 Khorasaninejad, M. et al. Polarization-insensitive metalenses at visible wavelengths. Nano Lett. 16, 7229–7234 (2016).
	39.	 Paniagua-Dominguez, R. et al. A metalens with a near-unity numerical aperture. Nano Lett. 18, 2124–2132 (2018).
	40.	 Decker, M. et al. Imaging performance of polarization-insensitive metalenses. ACS Photonics 6, 1493–1499 (2019).
	41.	 Park, J. S. et al. All-glass, large metalens at visible wavelength using deep-ultraviolet projection lithography. Nano Lett. 19, 8673–

8682 (2019).
	42.	 Su, V. C. & Gao, C. C. Remote GaN metalens applied to white light-emitting diodes. Opt. Express 28, 9 (2020).
	43.	 Zang, X. F. et al. Polarization-insensitive metalens with extended focal depth and longitudinal high-tolerance imaging. Adv. Opt. 

Mater. 8, 9 (2020).
	44.	 Chen, D. L. et al. Polarization-insensitive dielectric metalenses with different numerical apertures and off-axis focusing charac-

teristics. J. Opt. Soc. Am. B-Opt. Phys. 37, 3588–3595 (2020).
	45.	 Fan, Q. B. et al. A high numerical aperture, polarization-insensitive metalens for long-wavelength infrared imaging. Appl. Phys. 

Lett. 113, 4 (2018).

Acknowledgements
The authors acknowledge financial support from the Ministry of Science and Technology, Taiwan (Grant Nos. 
MOST 107-2218-E-239-002-MY2, MOST 109-2221-E-239-016-, MOST 109-2221-E-002-192-MY2).

Author contributions
M.H.C. performed the numerical simulations and structural design. M.H.C. and V.C.S. conceived and wrote the 
manuscript. C.W.Y., C.H.K., and V.C.S. performed metalenses preparation. M.H.C., C.W.Y., C.C.G., and V.C.S. 
carried out the optical measurement. M.H.C., H.Y.L., and V.C.S. organized and led the project, performed data 
analysis, and refined the manuscript. All authors discussed the results and commented on the refined manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​94176-7.

Correspondence and requests for materials should be addressed to V.-C.S., C.-H.K. or H.Y.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-94176-7
https://doi.org/10.1038/s41598-021-94176-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Polarization-insensitive GaN metalenses at visible wavelengths
	Metalenses design and fabrication. 
	Experimental measurements. 
	Conclusion
	Methods
	Details of fabrication parameters and processes. 
	The epitaxial structures of the blue LED. 

	References
	Acknowledgements


