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Abstract 

Metasurfaces-based flat optics, which can make use of existing foundry planar technology for 

high throughput production, allows the arbitrary control of the wavefront and polarization of 

light within sub-wavelength thick structures. So far, however, flat optics for the mid-infrared 

has received far less attention than devices operating at visible or near-infrared wavelengths.  

Here, we demonstrate polarization-insensitive, highly efficient, all-dielectric metalenses 

operating in the mid-infrared (MIR) around 4µm. The metalens was designed using rigorous 

coupled wave analysis and was based on hydrogenated amorphous silicon (-Si:H) nano-pillars 

supported by a MgF2 substrate. The metalenses produced close to a diffraction-limited focal 

spot and could resolve structures on the wavelength-scale where the focusing efficiency reached 
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78% at magnification of ×120. The imaging qualities were comparable with commercial bulk-

molded chalcogenide aspheric lenses. Our results provide novel solutions for existing MIR 

technology and nurture new functionalities with the population of miniaturized and planarized 

opto-electrical devices. 

 

1. Introduction 

Planar all-dielectric metasurfaces permit the arbitrary control of the wavefront and polarization 

within sub-wavelength thick structure at the surface whilst remain highly efficient [1–4]. 

Benefitting from their compact configuration and fabrication using the advanced capabilities of 

CMOS foundries, metasurface optics have unprecedented advantages over their traditional 

bulky and expensive counterparts [3,5–7]. The first optical devices based on metasurfaces 

consisted of metal nano-antenna-like plasmonic scatters [8–11], however, these suffered from low 

efficiency due to their high ohmic losses. In contrast, all-dielectric metasurfaces are based on 

optical Mie-type resonances, and as a result the absorption loss of the sub-wavelength thick 

layer from which they are fabricated can be negligible. Based on this concept various optical 

components operating in transmission with high efficiency have been demonstrated, including 

gratings [12], lenses [13–16], beam shapers [3,17,18], deflectors [19] and holograms [6,7,20].  

Metalenses highlight the potential of this planar technology and can respond to the growing 

demand for miniaturization of conventional imaging lenses for portable and wearable electronic 

devices, computer vision, microscopy, etc. A variety of dielectric metalenses based on different 

structures have been demonstrated and their focusing characteristics studied [13,21–23]. Recently, 
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metalenses for visible light were shown to be capable of sub-wavelength resolution and high 

optical efficiency resulting in performance comparable with commercial objective lenses [15]. 

Moreover, the direct integration of a metalenses doublet onto a CMOS image sensor has 

demonstrated the ability to achieve sophisticated image corrections in a compact configuration 

[16]. Most of results to date, however, have focused on visible or near-infrared, and little has 

been reported on metaoptics for the MIR, which is far less developed than that of shorter 

wavelengths. This has been mainly due to the limited availability of high refractive index layers 

on MIR-transparent substrates, less advanced manufacturing technology, and expensive 

characterization techniques. On the other hand, the longer wavelengths in the MIR relax the 

constraints on fabrication accuracy compared with the case of metalenses designed for the 

visible. This allows the application of lower-resolution photolithographic processes rather than 

expensive deep UV steppers or high resolution electron beam writers which is inevitable for 

pattering a metalens operating in the visible. Furthermore the relative immaturity of 

conventional optics for the MIR compared with their visible counterparts provides an 

opportunity to create compact, efficient and low cost MIR metalenses, which will substantially 

advance the existing MIR technology and can be readily applied in various fields ranging from 

thermal imaging; surveillance; molecular fingerprint detection for anti-terrorism, drug 

diagnostic; micro-spectroscopy; etc.  

In this work, we demonstrated experimentally a novel, highly efficient material platform 

suitable for the fabrication of MIR metasurfaces. The metasurface itself consisted of a periodic 

arrangement of nano-pillars (NPs), which provide spatially-dependent phase modulation at 
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subwavelength spatial sampling resolution resulting from the localized resonant nature of the 

underlying dielectric resonators [13,24,25]. We demonstrate that our metalenses focus MIR light 

to close to a diffraction-limited focal spot and that their imaging qualities are comparable to 

those of commercial aspheric bulk-molded chalcogenide glass MIR lenses. The aberration 

factors of the metalenses were studied to identify possible further improvement of the 

performance via the refinement of fabrication process or the application of a doublet corrected 

for chromatic aberrations [16,22,23]. 

Several dielectric material platforms with various resonant structures have been employed 

as the building blocks for metalenses operating in the visible and near-infrared with ever-

increasing transmission efficiency. These include metalenses based on crystalline silicon (c-

Si)[21]; poly-silicon on a quartz substrate[3]; hydrogenated amorphous silicon (-Si:H) on 

silica[13,16]; and most recently, TiO2 nanofin on glass[15]. However, these platforms are 

unsuitable for efficient MIR devices because of the poor transparency of substrate materials 

such as SiO2 in the MIR or the high reflection loss from silicon. For the MIR, metalenses based 

on c-Si[21] and metallic plasmonics[26] have been proposed but suffer from the fundamental 

limits stated above. In this work, we developed a metasurface based on an array of -Si:H NPs 

supported on a double-side polished MgF2 substrate. This structure takes advantages of the 

negligible absorption of the -Si:H thin film in the MIR and high refractive index difference 

between rod resonators (n~3.5) and the MgF2 substrate (n~1.37), which leads to localized 

optical resonance induced by strong field confinement within the NPs. Furthermore, unlike the 

work reported in [4, 15] where the phase profile was created by a relative rotation of each nanofin 
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resonator thus making the metalens polarization-sensitive so it operated only with circularly 

polarized light, here the circularly symmetric resonance properties of NP resonators made our 

metalenses polarization-insensitive and unlocks wider applications in general imaging optics 

compared with previous reports [3,8,15,27,28]. 

 

2. Metalens design 

Instead of a square lattice, we used a hexagonal pattern because it is the densest planar packing 

arrangement. This leads to smoother sampling of the phase near the boundary of each zone and 

results in better performance compared with the case of a square lattice. The silicon NPs were 

placed at the centers of each hexagonal unit cell. We simulated the transmission properties of 

these metasurfaces using the rigorous coupled-wave analysis (RCWA) method [29, 30]. RCWA is 

a frequency-domain modal method based on the decomposition of the periodic structure and 

the pseudo-periodic solution of Maxwell’s equations in terms of their Fourier series expansions. 

The field is discretized upon the Fourier basis along transverse periodic directions, and is 

expressed analytically along the other propagation direction. RCWA has been widely used for 

modelling periodic optical structures due to its fast convergence and accurate far-field 

calculations. We examined the transmission properties of our periodic system of NPs with 

different radius and period instead of studying the response of an isolated NP. Such 

characterization provides a very good approximation of the local transmission properties of 

high-index metasurface composed of gradually varying NPs. The performance of designed 

metasurface is insensitive to the polarization of the incident beam due to the symmetry of the 
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NP structure, and thus the output wave possesses the same polarization state as the input wave. 

The design of the metalens used in transmission mode is shown schematically in Figure 1a. A 

converging wavefront generated by the high aspect ratio NPs (the structure parameters are 

shown in Figure 1c) can be described by Equation 1, 

                          (1) 

where f is the lens focal length and λ is the wavelength of light. The phase delay and 

transmission as a function of NP radius and period for various heights (i.e. film thickness) were 

calculated using rigorous coupled-wave analysis (RCWA). Here, the NP height was chosen to 

be 2µm for sake of fabrication feasibility, and we employed a hexagonal lattice with a constant 

a=2µm, providing a sampling resolution of λ/2 at the design wavelength of 4µm. The 

dependence of the transmitted phase and amplitude as a function of NP radius, R, and lattice 

constant, a, are shown in Figure 1b, whilst Figure S1 in the supporting materials shows how 

these parameters change with NP heights of 1, 1.5, and 2.5µm. The specific results for a=2µm 

and h=2µm are plotted in Figure 1d, which corresponds to the dashed lines in Figure 1b; It is 

evident from Figure 1d that the NPs offer full 2π phase coverage as the radius is changed from 

100nm up to 600nm, whilst at the same time the transmission efficiency remains close to unity. 

 2 22
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Figure 1. Design parameters for the MIR metalens working at 4µm wavelength. a) 

Configuration of MIR metalens and the calculation of phase propagation. b) Simulated phase 

delay and transmission as functions of the lattice constant and NP radius for a NP height of 2µm. 

c) Structure parameters of the NP unit cell: NP radius - R; height – h; and period - a. d) 

Calculated phase delay and transmission for h=2µm, a=2µm.  

 

3. Numerical verification using beam deflector 

In order to verify the feasibility of the metalens design numerically, a MIR beam deflector was 

designed by employing the relation from Figure 1d, which is a periodic structure and only one 

unit cell was modeled, requiring much less computation resources than the metalens. The 

slanted phase profile of a beam deflector was designed using a relation similar to Equation 1, 

and the 2D NP array was constructed and modeled by a 3D FDTD model [31] (FDTD Solution, 

Lumerical Solutions Inc.). As shown in Figure 2a, the wavefront of a plane wave was tilted 

when transmitted through the metasurface made from a similar NP array to the lens, and the 

deflection angle  extracted from the FDTD calculation, accurately matches the design 

(Figure 2b). The deflection efficiency reached 96% for small angles (5°) but decreased to ~70% 

at an angle of 25° due to under-sampling of the rapidly varying phase profile that occurs at 

t
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larger deflection angles. This efficiency droop can be partially overcome by reducing the lattice 

constant of the NP array. A feasible approach using denser arrays to improve the response at 

larger angles is discussed in Figure S2 in the supporting material. The accuracy of the deflected 

angle and high efficiency confirm the validity of the calculation of RCWA and the design 

procedure. 

 

Figure 2. Simulation of a MIR(4µm) beam deflector based on a metasurface with similar 

parameters to the proposed metalens. a) Cross section of slanted phase profile generated by 

metasurface beam deflector; the inset shows the working configuration of the beam deflector. 

b) Deflection angle and corresponding efficiency. 

 

4. Experimental fabrication and characterization of the metalenses 

The fabrication of the MIR metalenses started with oxygen cleaning of a double-side polished 

MgF2 substrate (c-cut) to promote the adhesion between the substrate and amorphous silicon 

film. Following this, a 2 µm thick -Si:H film was deposited onto one side of the substrate by 

plasma-enhanced chemical vapor deposition (PECVD, Plasmalab 100 from Oxford) using 

optimized conditions in our previous work[32]. The film shows a negligible extinction 

coefficient (<0.001, measured by IR-VASE, JA Woollam, Inc.) over the wavelength range from 

1.5 µm to 10 µm (see Figure S3 in the supporting material). After spin-coating of an electron 
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beam resist (ZEP520A from Zeon Chemicals), a thin layer of e-spacer 300Z (Showa Denko) 

was applied to avoid charging during subsequent electron beam exposure. The NP pattern was 

then formed using an electron beam writer (EBL, Raith150) and subsequent development in 

ZED-N50. Next a 60 nm aluminum (Al) layer was deposited by e-beam evaporation (Temescal 

BJD-2000), followed by a lift-off process by soaking the sample in resist remover (ZDMAC 

from ZEON Co.). The remaining circular Al pattern array was used as the etch mask to transfer 

the designed pattern into the -Si:H film using fluorine based inductively coupled plasma-

reactive ion etching (ICP-RIE, Oxford Plasmalab System 100). The etching conditions were 

optimized to obtain a highly anisotropic etching profile for the -Si:H. Finally, the residual Al 

etch mask was removed by chlorine-based plasma etching. The fabrication procedure is 

illustrated in Figure S4 in the supporting material. Figure 3 shows optical and SEM images of 

the produced metalens.  

 

Figure 3. Characterization of MIR metalenses. a) Top view of central part of metalenses from 

an optical microscope. The insert shows the overall optical image of fabricated metalenses with 

different aperture size. b) Details of NPs of metalens from SEM imaging.  

 

The optical properties were characterized using the configuration shown in Figure S5. A 

femtosecond mid-infrared optical parametric amplifier tunable from 3.3µm~4.6µm (Hotlight 

Systems MIROPA-fs) was used as the illumination source. The mid-infrared images were 
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recorded using an InSb camera (Xenics Onca MWIR-640). To evaluate the size of the focal 

spot and for the imaging tests (Figure S4a-b), an input lens with low numerical aperture (NA0.2) 

was defocused in the measurement setup to provide uniform illumination onto themetalens 

surface. We characterized the imaging resolution against a 1951 United States Air Force (USAF) 

resolution test chart which was obtained by patterning the chart into a 100 nm thick Al film 

deposited on a double-side polished silicon wafer. For the focusing efficiency measurement in 

Figure S5c, a metal pinhole with 20µm diameter (aperture 1) was inserted between input 

objective lens and the metalens. The transmission efficiency was then defined by the ratio of 

energy at the image at aperture 2 (which was selected with a variable iris with a size 2~3 times 

that of the imaging of the focal spot) compared with the energy transmitted through aperture 1 

without the metalens in place. The relative power was measured using a large area PbSe detector. 

The stop next to the attenuator reduced the effective NA of the input objective to ensure that all 

the energy transmitted through aperture 1 was captured by the metalens. 

5. Results and discussion 

 

Figure 4. Optical characterization of MIR metalens using 4µm wavelegnth. a) FWHM of focal 
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spots from metalens with different numerical aperture. b) Examples of imaging using MIR 

metalenses, insets show corresponding imaged patterns under optical microscope. c) Resolution 

test chart imaged by MIR metalenses (insert). d) Optical image of resolution test chart, group 6 

and 7. e) Resolution test chart imaged by a NA=0.54 molded aspheric chalcogenide lens 

(Thorlabs, insert). Scale bars, 10µm. 

 

We fabricated a set of metalens with focal lengths from 300µm down to 50µm in 50µm steps 

and having a fixed diameter of 300µm which corresponded to NA values from 0.95 to 0.45. As 

is shown in Figure 4a, the measured FWHM’s of the focal spots were close to the diffraction 

limit. Note that the actual FWHM should be smaller as numerical aperture of the output lens 

(NA0.56) used in the measurement setup (Figure S5a) was not matched accurately with the 

measured metalens. To evaluate the imaging performance, much larger metalenses were 

produced with both the diameter and the focal length being 2mm, which corresponds to a 

numerical aperture of 0.45. Figure 4b shows examples of imaging as demonstration using this 

metalens at a wavelength of 4µm. Here, the imaged sample was obtained by patterning letters 

with 100 nm thick Al film onto double-side polished silicon substrates, as shown in the insets 

of Figure 4b. Figure 4c displays the quantitative imaging resolution obtained by imaging 1951 

USAF test chart using the setup in Figure S5b, where the metalenses operates at magnification 

of 120×. The finest features that the metalenses could clearly resolve was element 6 in group 6 

(Figure 4d), which has a corresponding linewidth of 4.38µm and is equivalent to 114 line pairs 

per mm (lp/mm). For comparison, we repeated the measurement using a conventional molded 

chalcogenide lens with numerical aperture of 0.56 (C036TME-E, Thorlabs); the smallest 

linewidth resolved was element 2 in group 7 with a linewidth of 3.48µm, equals to 143 lp/mm. 

Noting the NA of the chalcogenide lens is ~10% larger than the metalenses (NA 0.45) used in 
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the same imaging setup, we can therefore conclude that the imaging resolution of the metalens 

is at least comparable with the these conventional molded MIR lenses. The metalens was tested 

with different linear polarizations and no difference in terms of imaging behavior was found 

between the measurements. This indicates that the lens is polarization-insensitive in agreement 

with the theoretical model of the radially symmetric resonators discussed in Part 2. We tuned 

the wavelength of MIR OPA from 3.7µm to 4.2µm, over which no noticeable degradation in 

the imaging resolution was observed when we tuned the working distance from the metalens to 

the resolution target accordingly (equal to changing focal length), which agrees with the 

theoretical model of the dispersive behaviour underlying the NP resonators with low quality 

factor, whose typical bandwidth is several percent of the design wavelength [6]. The focusing 

efficiency of the metalenses was measured to be ~78% using the setup in Figure S5c, which 

was 19% less than the estimate from the RCWA calculation (97%) shown in Figure 1d. 

Providing 2.5% of the Fresnel reflection loss from the MgF2/air interface at the backside of 

metalenses, we attribute the extra ~16.5% loss to the fabrication imperfections, absorption of 

defects, and wavefront under-sampling due to the relatively large NP period as was predicted 

from the FDTD calculations of the beam deflector in Figure 2b. The focal length and focusing 

efficiency of the metalens are subject to chromatic dispersion, which can be corrected with 

approaches proposed and demonstrated in previous work [16, 23, 33]. Nevertheless, the current 

metalens can be readily employed in applications with laser or narrow-band light sources. 

The imaging resolution measurement with the test chart agrees with the modulation transfer 

function (see Figure S6 in supporting material), which was obtained from the Fourier transform 
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of the point spread function measured for the metalenses. The reduced performance compared 

with a diffraction-limited system comes partly from fabrication errors. For instance, the 

averaged radius of fabricated NPs was ~5% larger than the design across the entire metalens 

structure (see Figure S7 in supporting material), and this imposes a different phase across the 

beam leading to a non-uniform RMS wavefront error. Apart from improving the precision of 

fabrication, the performance of the metalens could be further improved by employing an 

algorithm for phase optimization using optical design software such as ZEMAX (OpticStudio, 

Zemax LLC). Also, a metalens doublet could be applied in real imaging system as it allows 

sophisticated imaging corrections leading to a wide angle of view (AOV) and correction of 

chromatic aberrations. 

6. Conclusion 

In summary, we demonstrated a highly efficient all-dielectric metalenses operating in the MIR 

spectral region. An -Si:H NP array supported by a MgF2 substrate was employed as the 

building block for the metasurface. The large refractive index contrast between the resonators 

and the substrate led to strong optical resonances within the individual NPs, that allowed the 

desired phase modulation to be produced for the metalens in transmission. We calculated the 

phase and transmittance response as functions of the geometric parameters of the NPs using the 

RCWA, then numerically verified the performance by designing a MIR beam deflector. The 

fabricated metalenses produced focal spot size using a coherent source that was close to the 

diffraction limit. It was also demonstrated that MIR images could be resolved at the wavelength-

scale and that the focusing efficiency was as high as 78%. The main deficiencies in the current 
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lenses have been discussed and further improvement have been identified. Nevertheless, the 

metalens was comparable in performance with commercial molded chalcogenide lenses, but 

have the advantages of a smaller footprint and negligible weight, making them attractive for 

deployment in weight sensitive applications such as satellite imaging. We note that the materials 

used in these metalenses are compatible with conventional CMOS processes, which enable not 

only high throughput at low-cost, but also a planar form factor favorable for on chip integration. 

As such, our work provides a novel solution for existing MIR optical imaging systems and 

nurture new functionalities aimed at miniaturized and planarized opto-electronic devices, which 

can substantially benefits the far less developed MIR optics. 
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Figure S1. Simulated phase delay and transmission efficiency for NPs as functions of the lattice 

constant, a, and rod radius, R, for different rod heights: a-b) 1µm, c-d) 1.5µm, e-f) 2.5µm.  
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Figure S2. Simulated phase delay (a) and transmission (b) as functions of the lattice constant 

and NP radius for a NP height of 2µm.  

The efficiency drop at larger angles is due to under-sampling of the rapidly varying phase 

profile that occurs at larger deflection angles, and this can be improved by using a smaller lattice 

constant. Specifically, as is shown in Figure S2, we can use lattices marked with the dashed 

lines numbered from 2 to 7 (we applied line 1 in the demonstration), and these can provide 

sampling resolution from λ/2 down to nearly λ/4. In these cases, the corresponding transmission 

efficiency remains closer to unity. 

Increasing the height of NPs is another approach for obtaining denser arrays. Calculations 

(see Figure S1 e-f, 2.5µm) show that the rod radius required to achieve 2π phase coverage can 

then be much smaller, and thus denser arrays can be used using longer rods. To achieve this ICP 

etching and related wafer processing needs further optimization to achieve the higher aspect 

ratio that is required. 
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Figure S3. Measured optical coefficients of 2µm -Si:H using an MIR ellipsometer. The 

refractive index of silicon was provided for comparison. 

 

Figure S4. Schematic showing fabrication procedure for the MIR metalenses. 
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Figure S5. Optical characterization system for the metalens. a) Focal spot measurement. b) 

Imaging resolution measurement. c) Focusing efficiency measurement. 

 

Figure S6. Measured modulation transfer function (MTF) as a function of spatial frequency in 

line pairs per millimeter (lp/mm). The inset shows the point spread function (PSF) obtained 

using the setup in Figure S4a, the metalenses was the same one as used in imaging resolution 

tests and had a NA=0.45. 
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Figure S7. Fabrication errors in the NP radius. The graph indicates that the NP radius was about 

~30nm larger than that of the design. 

 

 

 


