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Metalens is one of the most promising applications for the development of metasurfaces. A wide 
variety of materials have been applied to metalenses working at certain spectral bands in order to 
meet the requirements of high efficiency and low‑cost fabrication. Among these materials, wide‑
bandgap gallium nitride (GaN) is one of the most promising materials considering its advantages 
especially in semiconductor manufacturing. In this work, GaN has been utilized to fabricate the high‑
performance metalenses operating at visible wavelengths of 405, 532, and 633 nm with efficiencies 
up to 79%, 84%, and 89%, respectively. The homemade 1951 United State Air Force (UASF) resolution 
test chart has also been fabricated in order to provide resolvable lines with widths as small as 870 nm. 
As shown in the experimental results for imaging, the metalens designed at 405 nm can provide 
extremely high resolution to clearly resolve the smallest lines with the nano‑sized widths in the 
homemade resolution test chart. These extraordinary experimental results come from our successful 
development in design and fabrication for the metalenses composed of high‑aspect‑ratio GaN 
nanoposts with nearly vertical sidewalls.

Metasurfaces are constructed of artificial patterns with a subwavelength period, making it possible to exhibit 
exotic electromagnetic properties with high  efficiency1–5. A wide variety of applications for wavefront shaping 
have been developed using these novel metasurfaces over the last couple of  years6–21 and those applications were 
hard to be realized in conventional optical devices. As one of the most attractive wavefront-engineered applica-
tions, ultra-thin  metalens22–24 has revolutionized the means with which the propagation direction of light can 
be manipulated by shaping the related wavefront. Several excellent papers focusing on the metalenses made of 
different materials have been reported, some of which are made of metal  structures25–31 while others involve only 
 dielectrics32–40. However, metalenses made of noble metal structures are known to have strong light attenuation 
associated with high plasmatic metal loss in the visible. On the other hand, dielectric metalenses are promising 
to be capable of achieving high transmission efficiency with much less reflection at visible. Various dielectric 
metalenses have been demonstrated using silicon (Si)38, silicon dioxide  (SiO2)41, titanium oxide  (TiO2)32, gallium 
nitride (GaN)34, etc. Among these dielectric materials, GaN prepared by metal organic chemical vapor deposi-
tion (MOCVD) should be one of the most promising materials considering its advantages in wide bandgap, low 
absorption and high refractive index at visible wavelengths, high yield, mass production, and low-cost fabrication.

Recently, we have developed the top-down approach to fabricate three distinct dielectric metalenses composed 
of GaN dielectric structures with Pancharatnam-Berry phase rotational morphology at visible wavelengths of 
430, 532, and 633  nm34. Nevertheless, the metalens designed at the wavelength of 633 nm possesses the focus-
ing efficiency as low as 50.6%, mainly due to the imperfection of fabrication processes resulting in conical 
nanostructures as shown in our previous  work34. Such tapered nanostructures lead to a large phase error even 
with a small degree-tapering as demonstrated in the  literature33, making it hard to realize high efficiency and 
diffraction-limited focusing for the metalens. Moreover, the lack of evaluation of the imaging performance for 
these metalenses limits their applications at visible wavelengths in future markets.

In this study, we demonstrate high-performance metalenses designed and fabricated for working at visible 
wavelengths of 405, 532, and 633 nm. We employ the top-down approach to accomplish high-aspect-ratio dielec-
tric GaN nanoposts with nearly vertical sidewalls in order to build up these metalenses capable of focusing inci-
dent visible light beams into diffraction-limited spots. The efficiency for the metalens designed at the wavelength 
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of 633 nm has been experimentally achieved as high as 89%, which is close to the simulated efficiency of 90.3%. 
To evaluate the practical imaging performance of our metalenses, the 1951 United State Air Force (UASF) resolu-
tion test chart was utilized as our test target. With the 405-nm-desinged metalens, the smallest features in the test 
chart that we can observe are lines with widths as small as 870 nm, which is the best resolution ever achieved for 
the metalens with the numerical aperture (NA) of 0.3 as far as we know, and never attempted before this work.

Metalens design
Figure 1A–C, shows schematic figures of the building blocks with respect to the given subwavelength periods of 
200, 260, and 320 nm for metalenses operating at three distinct wavelengths of 405, 532, and 633 nm, respectively. 
The structural parameters of each building block have been numerically optimized at the design wavelength 
to achieve the highest operating efficiency corresponding to the respective subwavelength period as shown in 
Fig. S1 in Supplementary Materials. The phase retardation distribution of a converging lens can be described as:

where f  and � are respectively the design focal length and the operating wavelength in free space. d =

√

x2 + y2 
is the distance between the location of each nanopost and the center of the metalens surface. Such phase pro-
file can be readily implemented by introducing the simple design principle of the Pancharatnam-Berry phase 
 method32,34 through rotating the orientation of nanoposts composed of identical feature sizes to reach each phase 
shift at the design location. The simulated cross-sectional intensity distributions for the metalenses designed 
at wavelengths of 405, 532, and 633 nm with a design focal length of 12 μm and the NA of 0.3 are shown in 
Fig. 1D–F, revealing that the focal lengths remain at the design position, which are consistent with our design. 
Smaller diameter and focal distance used for metalenses simulation here can be ascribed to the limited memory 
and computation ability of our computer. Moreover, the simulated conversion efficiencies calculated as the ratio 
of the optical power of focused light divided by optical power of total incident light have achieved to be as high 
as 81.1%, 86.4%, and 90.3% for metalenses at the designed wavelengths of 405, 532, and 633 nm, respectively.

Fabrication and measurement results
To demonstrate device performance for practical focusing and imaging, we fabricated three distinct metalenses 
that possess optimally structural dimensions as simulated above. Details for fabrication parameters and processes 
can be found in the Methods section. All of these fabricated metalenses impart the same diameter of 100 μm 
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Figure 1.  Design and simulation of metalenses. (A–C) Schematics of the metalenses building blocks designed 
at wavelengths of (A) 405, (B) 532, and (C) 633 nm. (D–F) Numerical intensity profiles of the metalenses 
designed at wavelengths of (D) 405, (E) 532, and (F) 633 nm. (G–I) Phase profiles for the metalenses designed at 
wavelengths of (G) 405, (H) 532, and (I) 633 nm.
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and focal length of 150 μm, yielding the same NA of 0.3 as our aforementioned simulation results in order to 
compare the device performance. Figure 1G–I, point out the required phase profiles for the three distinct metal-
enses, showing that more nanostructures are needed to construct the metalens designed at a shorter wavelength.

Figure 2A–C, show the top-view of optical microscope (OM) images of fabricated metalenses working at 
the respective wavelengths. And the top-view of zoom-in scanning electron microscope (SEM) images of cor-
responding metalens samples are illustrated in Fig. 2D–I. From inspections of these OM and SEM images, all of 
nanoposts in these metalenses have been well-defined after several pattern transfer techniques, showing accurate 
fabrication processes for nano-sized structures. Figure 2J–L, present the tilt-view of zoom-in SEM images for 
associated metalenses, where nanoposts in each figure preserve high aspect ratio with nearly vertical sidewalls. 
It is worth noticing that the degree of complexity in fabricating such nano-sized structures made of GaN is very 
challenging to be realized in practice by using the top-down fabrication approach considering inevitably lateral 
dimension etching.

The experimental setup for measuring focal spot profiles and efficiencies of the metalenses are illustrated in 
Fig. 3A. Here, we use a laser beam to sequentially go through a spatial filter, a polarizer, and a quarter-wave plate 

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: 25 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), respectively. (J–L) The tilt-view SEM 
images shown in (J), (K), and (L) corresponding to the highlighted regions in (A–C). Scale bar, 1 μm in (D–L).
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in order to produce circularly polarized light of high quality. An objective lens is used to image the light focused 
by a metalens, which is equipped with an electric motional stage to adjust the distance between the objective 
lens and a metalens. Then a quarter-wave plate and a polarizer are used to convert circularly polarized light into 
linearly polarized light. Finally, a complementary metal oxide semiconductor (CMOS) camera is used to record 
an image of the focused light.

Figure 3B–G, demonstrate the experimental results of focal spot profiles and associated cross-sectional dis-
tributions in comparison with the normalized Airy function (dashed lines) for the three distinct metalenses, 
respectively. All of the metalenses show highly symmetric focusing profiles with the circularly-polarized incident 
visible light beams. The cross-sectional distributions for all metalenses are extremely close to theoretically nor-
malized Airy function, displaying tremendous performance in light convergence for all metalenses. To evaluate 
the diffraction-limited focusing abilities, the corresponding full-widths at half-maximum (FWHM) of focal spot 
profiles for the metalenses designed at distinct wavelengths of 405, 532, and 633 nm have been measured as 692, 

Figure 3.  Characterization of the metalenses. (A) Measurement setup for metalenses characterization. (B–D) 
Measured focal spots of the metalenses designed at wavelengths of (B) 405, (C) 532, and (D) 633 nm. Scale 
bar: 5 μm. (E–G) Corresponding horizontal cuts of focal spots with FWHM of 692, 888, and 1058 nm. Dashed 
lines referring to normalized ideal Airy function. (H–J) Intensity profiles of the metalenses along axial planes 
designed at wavelengths of (H) 405, (I) 532, and (J) 633 nm.
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888, 1058 nm, respectively, which are close to theoretical diffraction-limited values 
(

�

2NA

)

. The results demon-
strate good converging functions as being focusing lenses free of spherical aberration. The measured efficiencies 
defined as the ratio of focused optical power with opposite helicity to the total incident optical power with cir-
cularly polarized incident light for these metalenses are 79% (405 nm), 84% (532 nm), and 89% (633 nm). It is 
worth mentioning that the achievable focusing efficiency for 633-nm-designed metalens composed of the tapered 
nanostructures is as low as 50.6% as shown in our previous  work34. The total incident optical power was measured 
by a power meter via light passing through a pin hole with the same diameter of 100 μm as designed in the 
fabricated metalenses. These measured efficiencies for the fabricated metalenses are also in good agreement with 
simulated efficiencies as demonstrated above, showing a successful development in precise fabrication processes. 
Moreover, the cross-sectional light intensity profiles along the propagation direction of incidences for theses 
metalenses haven been performed in Fig. 3H–J, providing another evidence of successful metalens fabrication 
that the focal lengths measured for all of the metalenses remain in the same position as the design focal length. 
The setup for this optical measurement has the same configuration as illustrated in Fig. 3A. One can see Fig. S3 
in Supplementary Materials for the experiments of the depth of focus (DOF) measured with the metalenses 
working for visible light. The experimental results point out that an increase in the measured values of DOFs 
with the use of the metalenses designed at longer wavelengths.

To perform practical capabilities of imaging for these metalenses, we first choose a commercially produced 
device purchased from Thorlab Inc., the 1951 USAF resolution test chart, as our target for imaging. Such pur-
chased resolution test chart is composed of elements consisting of three vertical and horizontal bars with the 
same length, width, and space, providing the smallest lines with widths of 2.2 μm. The measurement system is 
revealed in the Methods section. Images taken from a CMOS camera and formed by the three metalenses oper-
ating at wavelengths of 405, 532, and 633 nm, respectively, can be demonstrated in Fig. 4A–I. All of the images 
taken from the three metalenses show remarkably clear and sharp line features, even the smallest features in 
the present purchased USAF resolution test chart can be clearly resolved as well. It is worth mentioning that the 
resolution of the metalenses is capable of distinguishing micro-sized features clearly at visible wavelengths, which 
can be ascribed to the successful fabrication of these well-functioned metalenses composed of the nanoposts 
with nearly vertical sidewalls.

To demonstrate the capability of diffraction-limited imaging for our metalenses, we have prepared our home-
made 1951 USAF resolution test chart that offers resolvable lines with widths as small as 870 nm. Figure 5A 
depicts the schematic figures of our fabrication processes. The processes start with a double-polished sapphire 
substrate. A  SiO2 layer is then deposited on the substrate. After that, a 350-nm-thick chromium (Cr) layer is 
evaporated on the  SiO2-deposited sapphire substrate followed by spin-coating a resist layer directly onto the top 
surface of the substrate. The resist-coated substrate is exposed to concentrated electron beam and a wet etching 
process is performed to build up lines of our homemade test chart after the development process. The sample 
fabrication will be accomplished after the removal of a resist layer.

Dimensions of each line in our homemade test chart have been carefully examined by use of the focused-ion 
beam system with high resolution imaging capability in order to meet requirements for industrial standards for 
accuracy. Figure 5B, shows the top-view of the SEM image of the fabricated 1951 USAF resolution test chart. And 
the zoom-in SEM images proving the fabricated lines with correct feature sizes are presented in Fig. 5C–F. The 

Figure 4.  Imaging with the metalenses. (A–I) Images of the 1951 USAF resolution test chart formed by the 
metalenses at laser wavelengths of (A,D,G) 405, (B,E,H) 532, and (C,F,I) 633 nm. (A–C) The smallest features 
are lines with widths of 3.9 µm and center-to-center distances of 7.8 µm. (D–F) The smallest features are lines 
with widths of 3.1 µm and center-to-center distances of 6.2 µm. (G–I) The smallest features are lines with widths 
of 2.2 µm and center-to-center distances of 4.4 µm. Scale bar, 10 μm in (A–I).
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measurement configuration is similar to the one shown in the Methods section, except that the imaging target has 
been replaced by the homemade one. Figure 5G–R, demonstrate the imaging results for the fabricated metalenses. 
One can expect that the images taken with the metalenses working at the longest wavelength of 633 nm firstly 
become blur when we compare with other metalenses. No surprisingly, the contrast significantly drops for the 
metalens designed at 633 nm when we begin imaging lines with widths smaller than 1.1 μm (Fig. 5P) because of 
the diffraction limit. The images taken with the green one maintain resolvable until the widths of the lines reach 
0.98 μm as shown in Fig. 5M. Nevertheless, the edges of lines with widths in Fig. 5G–J, still remain exceptionally 
clear line features as small as 870 nm for the metalens working at the shortest wavelength of 405 nm with the NA 
of 0.3. The results agree with the metalens working at a shorter wavelength shows superior resolution capability 
under the premise that complex fabrication processes have been successfully developed.

Conclusion
In this work, we have demonstrated high-performance metalenses comprised of GaN nanoposts. Using Pan-
charanam-Berry phase rotational morphology, the metalenses are capable of forming diffraction-limited focal 
spots at design wavelengths and achieving experimentally efficiency as high as 89%. The imaging capabilities 
of these metalenses can provide extremely high resolution as demonstrated by resolving the smallest lines with 
the nano-sized widths in the homemade 1951 USAF resolution test chart. These tremendous devices perfor-
mance can be attributed to successful development in designing and fabricating the metalenses composed of 
the high-aspect-ratio GaN nanoposts with nearly vertical sidewalls. This work can provide opportunities for the 
semiconductor industry to participate in developing visible optical components using dielectric metasurfaces 
based on the wide-bandgap GaN material.

Methods
Details of fabrication parameters and processes. A 800-nm-thick gallium nitride (GaN) layer is 
grown on a sapphire substrate by metal organic chemical vapor deposition (MOCVD). A 400-nm-thick silicon 
dioxide  (SiO2) layer is then deposited by plasma-enhanced chemical vapor deposition (PECVD). After that, a 
100-nm-thick resist (ZEP520A) layer is spin coated on the  SiO2 layer, and electron beam lithography is utilized 
to create the pattern in the resist layer with the exposure and develop processes. A 40-nm-thick chromium (Cr) 
layer is deposited on the substrate by electron-beam evaporation, and a lift-off process is implemented after-
wards. Then, the  SiO2 is etched by reactive-ion etching (RIE) using the Cr layer as a hard mask, followed by the 
removal of the Cr layer with the CR-7 chromium etchant. The GaN layer is subsequently etched by inductively 
coupled plasma reactive-ion etching (ICP-RIE) with the patterned  SiO2 layer as a hard mask. The sample fab-
rication will be accomplished after the  SiO2 layer is removed with the buffered oxide etch (BOE) solution. The 
schematics for the metalens fabrication processes can be found in Supplementary Materials, Fig. S2.

Figure 5.  Imaging with the metalens. (A) Fabrication of the 1951 USAF resolution test chart. (B) SEM 
micrograph of the fabricated 1951 USAF resolution test chart. Scale bar: 25 μm. (C–F) SEM micrographs of the 
USAF element. (C) Group 8 element 5, (D) Group 8 element 6, (E) Group 9 element 1, and (F) Group 9 element 
2. (G–R) Corresponding Images of the USAF elements formed by the metalenses at laser wavelengths of (G–J) 
405, (K–N) 532, and (O–R) 633 nm. Scale bar, 5 μm in (C–R).
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The 1951 United State Air Force (USAF) resolution test chart measurements. The laser beam 
first passes through a spatial filter and a plano-convex lens to form higher-quality laser light. The laser light passes 
through a polarizer and a quarter-wave plate to produce circularly polarized light afterwards. A 10× objective 
lens is successively used to focus the light onto the USAF 1951 target. A 20× objective lens is used to image the 
light focused by a metalens. The distance between the 20× objective lens and the metalens can be adjusted by 
using an electric stage. Then a quarter-wave plate and a polarizer are used to convert circularly polarized light 
into linearly polarized light. Finally, a CMOS camera is used to record an image of the 1951 USAF resolution 
test chart. The schematics of the present measurement setup can be shown in Supplementary Materials, Fig. S4.

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