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the large dispersion of the metalens limits 
the detection system to single wavelength.

Up to now, achromatic metalenses have 
aroused great interests[31–35] and been real-
ized through mainly three methods. First, 
meta-atoms[36] and spatial multiplexing 
methods[37,38] are raised for multiwave-
length metalenses. Second, cascaded 
metasurfaces are used to guide light along 
the predetermined trajectory to achieve 
achromatic focusing.[39,40] Finally, various 
works based on dispersion manipulation 
principles have been proposed in recent 
years, including Wang et  al.’s phase shift 
method and Capasso and co-workers delay 
method.[41–44] In summary, achromatic 
metalenses are becoming mature and 
practical.

Here, we propose and experimen-
tally demonstrate an achromatic metalens array (AMLA) 
based broadband optical multiparameter detection system. 
The polarization and wavefront of the incident beam can be 
simultaneously acquired from the intensity and the shift of 
the focal point. The achromatic focusing ability of the AMLA 
is verified at the wavelength of 1310, 1430, and 1550  nm. We 
also test its detection performances with 18 different polariza-
tion states and eight different incident angles at three wave-
lengths. All results show that this multiparameter detection 
system can work for broadband optical measurements. This 
system will provide a platform for measuring various para-
meters of the beam. Based on this design, the working wave-
length of the metalens array can be extended to any desired 
spectrum, which has great potential in other fields such as 
polarization imaging, biomedical diagnosis, optical communi-
cation, atmospheric interference measurement, and quantum 
communication.

2. Designs and Principles

Detection principles of the broadband optical multi-parameter 
detection system are shown in Figure 1a. Each pixel of the 
AMLA contains four polarization-dependent achromatic met-
alenses which only focus certain polarization components of 
light. The focal points shift when the incident phase gradient 
changes. Therefore, the polarization state and the phase gra-
dient of the incident light can be both restored at the same 
time, from the intensity and the position of the focal point. The 

Metalenses, known as flat metasurface lenses based on subwavelength 
phase modulations, have been widely applied to compact and multifunctional 
optical devices due to their high flexibility in controlling light. However, 
most metalenses only operate at single wavelength, limiting their practical 
applications. In this paper, an achromatic metalens array (AMLA)-based 
optical multiparameter detection system, for a near-infrared spectrum from 
1310 to 1550 nm, is reported. Such system can simultaneously detect the 
spatially varying polarization and phase gradient of the broadband beam. Its 
performance is experimentally characterized at wavelengths of 1310, 1430, 
and 1550 nm. Average errors of 18 selected polarization states are respectively 
6.40%, 6.74%, and 6.02%. Average errors of phase gradients of seven different 
incident light are 8.93%, 7.44%, and 5.68%. This system can find applications 
in structured light detection, quantum optics, and polarization imaging.
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1. Introduction

Metasurfaces, famous for the flexibility in manipulating the 
phase and polarization of light, have been widely used in beam 
shaping,[1–5] polarization modulations,[6–11] holograms,[12–16] 
optical stealth,[17–19] and especially planar metalenses.[20–28] 
Owing to high compactness and no spherical aberrations, met-
alenses have broad application prospects in optical focusing, 
imaging and detections. In previous works,[29,30] we have dem-
onstrated a dielectric metalens array for multiparameter detec-
tion, operating at the wavelength of 1550 nm. Compared with 
traditional methods, our system can simultaneously measure 
the polarization and wavefront of the incident light. However, 
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achromatic metalenses are composed of silicon elliptical pillars 
with a period of 900 nm and a height of 1400 nm, upon a quartz 
substrate (Figure 1a). The phase and transmittance of the ellip-
tical pillar are adjusted by varying its major axis Dx, minor axis 
Dy and orientation angle θ. The general phase profile of a met-
alens is[20]

r
c

r F F Cϕ ω ω ( )( ) = − + − +, 2 2  (1)

where r is the radial coordinate, ω is the incident frequency, 
F is the focal length, and C is a constant bias. The diffrac-
tion, and the nanopillar’s frequency sensitive electromagnetic 
response coming from the material dispersion and the reso-
nant mode dispersion, both contribute to the chromatism of 
the metalens. By carefully selecting pillars whose frequency 
sensitive phases match Equation (1) well, the diffractive dis-
persion can be compensated and thus the achromatic met-
alens is achieved.

In our AMLA, every metalens is set to operate for the 
infrared band from 1310 to 1550 nm, with a width of 29.7 µm 
and a numerical aperture (NA) of 0.21. For linearly polarized 
metalenses, we numerically calculate the propagation phase of 
each unit element under the x linear polarized (XLP) incidence 
with a broadband spectrum from 1310 to 1550 nm, through the 
finite-difference time-domain (FDTD) approach. We then fit the 
curve of the phase versus the frequency with the linear function 
φ(ω)  =  Aω + B. Unit elements with fitting errors less than 1% 
are chosen to construct the library. The fitting error is defined as 
the average relative absolute error between the fitting curve and 
the simulation phase. Figure 1b–d separately exhibit the library, 

the phase contributions on the radial direction, the fitting slops 
on the radial direction, for the XLP achromatic metalens at the 
wavelength of 1430 nm. The y linearly polarized (YLP) and the 
45° linearly polarized (ALP) metalenses are realized by rotating 
the same pillars of the XLP metalens by 90° and 45°, respec-
tively. The left circularly polarized (LCP) metalens, whose simu-
lation results are listed in Section S1, Supporting Information, 
is designed with the similar method. However, because with an 
extreme height of 1400 nm, the selected pillars in LCP metalens 
are hard to be processed with simultaneously accurate Dx, Dy, 
and θ. Meantime, part of the Dx and Dy are smaller than the 
minimum feature size. Both of them result the poor focusing 
performance of the achromatic LCP metalens. Therefore, we 
replace the achromatic LCP metalens with a dispersive LCP 
metalens whose NA is also 0.21 at the wavelength of 1430 nm. 
Because of the usage of the PB phase,[45,46] all nanopillars in 
the dispersive LCP metalens are with the same long and short 
axis of Dx =  260 nm and Dy =  340 nm, which are easier to be 
fabricated.

As revealed in Figure 1a, a group of XLP, YLP, ALP, and LCP 
metalenses, separately focusing four polarization components 
of the incidence into four different focal points, composes an 
AMLA pixel. The focusing intensities IXLP, IYLP, IALP, and ILCP 
characterize the Stokes parameters by the equation set[47–49]
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Figure 1. Design of the achromatic metalens array. a) Scheme of the AMLA pixel consisting of four polarization-sensitive achromatic metalenses and 
the unit element. Incident polarizations and phase gradients are reconstructed from the intensities and shifts of the focal points. b) Fitting results of 
all unit elements in the library (blue points) and the values (red cross) of the selected unit elements of the XLP achromatic metalens. A is the slope 
and B is the intercept, for the fitting function φ(ω)  =  Aω + B. c,d) Realized (red circles) and required (black curves) B and A at each radial coordinate 
of the XLP achromatic metalens. e) Scanning electron micrograph of one pixel in the AMLA. The scale bar is 10 µm.
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where Ix, Iy, Ia, Ib, Ir, and Il refer to the intensity of the x 
linear, y linear, 45° linear, −45° linear, right-circular and 
left-circular polarization components of the incident light. 
Moreover, following the concept of the Hartmann–Shark wave-
front sensor,[50,51] phase gradients of the incident light can be 
acquired from the positions of every focal points, through the 
relationship

x

d

f d
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where ∂Φ/∂x indicates the phase gradient of the incident 
light along the x axis. dx is the focal position offset and α is 
the incident angle. An AMLA usually contains multiple pixels, 
thus able to detect space variant polarization states and phase 
gradients.

To verify the performance of our design, we fabricated an 
AMLA composed of an array of 10 × 10 pixels. Figure 1e shows 

the scanning electron micrograph of the fabricated sample (the 
fabrication process and scanning electron image of the AMLA 
are in Section S2 in the Supporting Information).

3. Results and Discussions

3.1. Characterization of the Achromatic Metalenses

The focusing performances of the XLP and LCP metalenses 
are shown in Figure 2. Figure  2a,b, respectively for the XLP 
and the LCP metalens, depict the experimental field inten-
sity in the x–z plane and the focal plane at three wavelengths. 
Although the focal length slightly changes at different wave-
lengths, both XLP and LCP incident light can be focused in 
the detection plane because of the long focal depth. Measured 
and simulated focal lengths are collected in Figure 3a (detailed 
simulation results are in Section S3 in the Supporting Infor-
mation). Simulated focal lengths of the XLP and LCP met-
alenses both change slightly around the target 70  µm. The 
measured focal length of the XLP metalens varies a little but 
deviates obviously from the simulation result. Here, the devia-
tion is partly attributed to manufacture errors. To eliminate 
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Figure 2. Focusing performances of the XLP and LCP metalenses. a,b) Normalized measured intensity distributions at the wavelength of 1310, 1430, 
and 1550 nm, for a) the XLP metalens and b) the LCP metalens. Focal planes are marked with white dashed lines, and shown in the bottom. Red solid 
lines depict Gaussian fitting results.
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such errors, scanning electron microscopy can be applied 
during the fabrication to improve size accuracy. Meantime, 
unit elements with higher manufacturing error tolerance can 
be selected on the bias of the fabrication condition. In addi-
tion, by increasing geometric freedom of unit elements, those 
elements with higher transmittances and more precise dis-
persion slops might be found to optimize the performance of 
the metalens. The full width at half maxima (FWHM) and the 
focusing efficiencies are shown in Figure 3b,c. The FWHM is 
calculated by 2.335 times of the standard deviation of the fit-
ting Gaussian function. The efficiency is defined as the ratio 
of the power in a circular area with a diameter of three times 
of the FWHM to the total power in the focal plane. According 
to the simulation, both XLP and LCP metalenses can focus 
the incidence into the near diffraction limit (0.514 λ/NA), 
with average efficiencies of 58.31% and 79.45% respectively. 
The experimental FWHM is still close to the diffraction limit 
whereas the average efficiencies of the XLP and LCP metal-
enses decrease to 25.75% and 50.29%, which also mainly 
comes from the fabrication error.

3.2. Polarization Detection

Optical setup for the polarization detection is exhibited in 
Figure 4a. The half or quarter wave plate and the polarizer are 
used to generate an arbitrary polarized incident beam. Here, the 
horizontal, vertical and 45° linear polarizations, and the left-cir-
cular polarization are detected with the AMLA first to construct 
a reconstruction matrix for accurately reconstructing Stokes 
parameters.[47–49] Figure  4b shows focal plane intensity distri-
butions of an AMLA pixel, under the normal incidences with  

different polarization states and at three wavelengths. Totally 18 
Stokes parameters S1, S2, and S3 are then measured with this 
pixel. Corresponding detection results are characterized with 
the Poincare sphere in Figure 4c. The errors of the 18 polariza-
tion states detected at 1310, 1430, and 1550 nm are 6.40%, 6.74%, 
and 6.02%, respectively. The relative mean square of each 
polarization is calculated as S S S S S S S− + − + −′ ′ ′( ) ( ) ( ) /1 1

2
2 2

2
3 3

2
0,  

where S1
′, S2

′, and S3
′ are the measured Stokes paraments, S0, 

S1, S2, and S3 are the theoretical values. The error of polariza-
tion is defined as the average of the relative mean squares of 18 
polarization states. Experimentally reconstructed Stokes para-
meters and their theoretical values are recorded in Table S1 in the 
Supporting Information. Average detection errors of elliptical 
polarizations are 175% larger than those of linear polarizations, 
which contribute primarily to the total error. We attribute this 
to the mismatch between the focal lengths of the linearly polar-
ized metalenses and the LCP metalens, as the focal plane of the 
former is chosen as the observation plane. (See Table S2 in the 
Supporting Information for the simulation results of polariza-
tion state detection at other wavelengths).

3.3. Wavefront Detection

The experimental setup in Figure 5a is used to demonstrate 
the wavefront detection capacity of the AMLA. The collimated 
XLP illumination, at different wavelengths of 1310, 1430, and 
1550 nm, is deflected in the x–z plane, with different intersec-
tion angles of 0.5°, 1°, 2°, 5°, 8°, 10°, 12° to z axis. Figure  5b 
shows focal plane intensities of one AMLA pixel under different 
incident angles, at the wavelength of 1310 nm (see Section S4, 
Supporting Information for results at 1430 and 1550  nm). As 
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Figure 3. Results of simulations and experiments. a) Focal lengths, b) FWHM, c) efficiencies. All experimental results are plotted with isolated crosses 
and circles, and simulated ones are with lines. The dashed line in (b) indicates the diffraction limit.
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to be expected, focal spots shift greater from the center under 
larger incident angles. The centroid of the focal spot is calcu-
lated to identify the focusing position, so the phase gradient 
of the incident light can be reconstructed even when the focal 
spot shifts less than one charge coupled device (CCD) pixel, for 
example, under the incident angle of 0.5°. When the incident 
angle reaches 12°, the focal spot almost reaches the bound of 
the corresponding metalens, representing the largest detectable 
phase gradient. The maximum detectable phase gradient can 
be improved by a sorting method algorithm.[52] Figure 5c sum-
marizes the wavefront detection results at three wavelengths. 
For 1310, 1430, and 1550 nm, the errors of the phase gradients 
are 8.93%, 7.44%, and 5.68%. The measured phase gradient G 
is calculated by Equation S6 in the Supporting Information. 
The theoretical value G0 is defined as sin (θ) · 2π/λ, where θ 
is the incident angle. The relative error of the phase gradient 
is calculated by (G − G0)/G0. The error of the phase gradient at 
one wavelength is defined as the average of the relative errors at 
seven different angles. The limit spatial resolution of the CCD 
contributes to errors. Our AMLA has a longer focal length of 
70  µm compared with the previous work[29] of 30  µm, so it is 
more sensitive to tiny phase gradients. In order to maintain the 

NA, we increase the diameter of the metalens, in the cost of the 
detectably spatial resolution. (See Table S3 in the Supporting 
Information for the simulation results of wavefront detection at 
other wavelengths).

4. Conclusion

In summary, we have demonstrated a broadband polarization 
and wavefront detection system based on the AMLA, through 
both simulations and experiments. In our system, polarization-
sensitive metalenses decompose the incidence into different 
polarization states, while their achromatic properties ensure to 
focus the light, within an infrared band from 1310 to 1550 nm, 
to nearly the same position. The spatial polarization state and 
the phase gradient of the incident light are simultaneously 
acquired from the focusing behavior. The semiconductor-com-
patible processing technology promises to integrate the AMLA 
with the CCD to form a compact multiparameter detection 
camera for communication bands. By changing materials and 
designing unit elements with higher degrees of freedom, this 
design can also be applied to other bands.

Adv. Optical Mater. 2021, 9, 2100772

Figure 4. Experimental setup and results of the polarization detection with the AMLA. a) Optical setup for polarization detection. Incident polariza-
tions are generated with the XLP polarizer and the wave plate. A 20× object lens is put in front of the CCD to observe the focal field. b) Normalized 
intensity distributions in the focal plane of one selected pixel, under the XLP, YLP, ALP, and LCP light at wavelengths of 1310, 1430, 1550 nm. The scale 
bar is 20 µm. c) Detected Stokes parameters (stars) and theoretical predictions (circles) on a Poincare sphere. Red, black, and blue lines denote the 
positions where S1, S2, and S3 are respectively 0.
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