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been widely employed for rapid tem-
perature measurement of the public, 
making important contributions to the 
fight against infectious diseases such as 
COVID-19. However, traditional infrared 
optics often suffers from several long-
standing challenges, including bulky 
size, large thermal sensitivity, small field 
of view (FOV), high fabrication cost, and 
few available materials. On the one hand, 
the change in refractive index with tem-
perature is significantly larger for most 
infrared materials than for normal optical 
glasses, resulting in much larger thermal 
focus shifts. The lack of high-quality 
infrared materials has made the design of 
infrared optical systems much more com-
plex. On the other hand, according to the 

aberration theory, the complexity of optical systems, including 
the number of optical elements and surface curvatures, will be 
further increased if high-resolution imaging at large FOV is 
required.[2,3]

In the past decade, optical metasurfaces consisting of sub-
wavelength elements have been extensively explored to engi-
neer light-matter interactions in a virtually planar surface, 
offering unusual electromagnetic properties not available in 
traditional bulky optical elements.[4,5] Many exotic phenomena 
and applications have been realized, such as photonic spin–
orbit interactions,[6–8] achromatic wavefront shaping,[9,10] multi-
dimensional full-color holography,[11,12] invisibility cloaking,[13,14] 
image differentiation,[15,16] near-field wave control,[17–19] and 
many others.[20–22] Especially, multistate switching of photonic 
angular momentum coupling, namely, symmetric, asymmetric, 
and none coupling, have been experimentally demonstrated 
at different crystallization levels of phase-change metasur-
faces.[23] The subwavelength thickness of metasurfaces makes 
the absorption loss therein much smaller than bulky optical 
elements. For example, as the material basis of microelectronic 
technology, silicon is not considered for the long-wave infrared 
region because of its high absorption in the region of 8–14 µm. 
With the advent of metasurface technologies, all-silicon func-
tional optical elements become possible,[6,24] providing new 
opportunities for the integration of optical and electronic sys-
tems in a single platform. More interestingly, in metalenses 
based on geometric phase or so-called photonic spin–orbit 
interactions,[25] the phase gradient is only dependent on the 
geometric shapes, thus thermal sensitivity of refractive index 
could be ignored through proper designs.

Infrared optical systems are indispensable in almost all domains of society, but their 
performances are often restricted by bulky size, small field of view, large thermal 
sensitivity, high fabrication cost, etc. Here, based on the concept of catenary optics, 
a novel isophase streamline optimization approach is leveraged to design silicon 
complementary metal–oxide–semiconductor (CMOS)-compatible metasurfaces 
with broadband, wide-angle, and high-efficiency performances, which breaks 
through the glass ceiling of traditional optical technologies. By using the truly local 
geometric phase, a maximum diffraction efficiency approaching 100% is obtained 
in ultrawide spectral and angular ranges. Somewhat surprising results are shown 
in that wide-angle diffraction-limited imaging and laser beam steering can be 
realized with a record field of view up to 178°. This methodology is scalable to the 
entire optical band and other materials, enabling unprecedented compact infrared 
systems for surveillance, unmanned vehicles, medical science, etc.

1. Introduction

As extensions of the ability of the human eye, infrared imaging 
and lidar techniques have found many important applications 
in night vision, surveillance, unmanned vehicles, medical 
science, and so forth.[1] For instance, thermal imagers have 
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The combination of novel functionalities and complemen-
tary metal–oxide–semiconductor (CMOS)-compatible fabrica-
tion processes in optical metasurfaces has enabled a new era of 
optical engineering that not available with traditional technolo-
gies.[26–30] However, practical metasurfaces must simultaneously 
take account of energy efficiency, angular range, and spectral 
bandwidth, which are three main indicators that determine the 
imaging quality, resolution, and FOV.[2,31] According to funda-
mental diffraction theory,[32] however, it is of great challenge to 
efficiently bend light at a large deflection angle owing to insuf-
ficient phase sampling over a limited space. Finely sampling the 
phase distribution would prefer a smaller element spacing, which 
is, however, limited by the poor fabrication feasibility and electro-
magnetic coupling between adjacent elements.[31,33] Waveguide-
type and resonant nanostructures such as high-refractive-index 
nanopillars with strong transversal confinement may enable a 
good balance between the sampling and coupling effects, but 
they come at the cost of narrower spectral bandwidth.[31,34]

To overcome the limitation of discrete metasurfaces, some 
novel geometries such as metallic catenary structures and 
dielectric nanoarc structures[25,35–37] have been proposed to 
generate continuous phase profiles in a wide spectral band. 
However, their phase and amplitude responses are far from 
perfect, resulting in reduced efficiency and obvious spurious 
diffraction orders. Recently, it has been demonstrated that 
topology optimization can improve the performance of contin-
uous structures.[38–40] Nevertheless, limited by the requirement 
of extensive numerical simulations, most of the topology-
optimized devices are confined to either periodic structures 
or small-area devices. It is still extremely time-consuming for 
the design of large-area metasurfaces with 2D phase profiles. 
Consequently, there are no known metasurfaces that simulta-
neously offer broadband, high-efficiency, and wide-angle wave-
front control.[31]

Here, based on the concept of catenary optics, we report a 
general and non-time-consuming design strategy of isophase 
streamline optimization for all-dielectric optical metasurfaces 
with broadband, high-efficiency, and ultrawide-angle wavefront 
control ability. Owing to the ingenious optimization on contin-
uous streamlined shapes, spurious diffraction orders are nulli-
fied in the near and long-wave infrared region for almost any 
angle of incidence. Ultrawide-angle (178°) diffraction-limited 
imaging was realized using only a single metasurface, showing 
unprecedented imaging performance regarding the efficiency 
and angular range. Meanwhile, extreme-angle (>170°) laser 
beam scanning was also demonstrated by shifting a spot source 
on the focal plane of the wide-angle streamlined metalens, pro-
viding a promising candidate for lightweight and wide-angle 
lidar systems. Since silicon flat optical systems are compat-
ible with both infrared imaging and CMOS technologies, our 
results may open a door for the widespread applications of flat 
infrared optical systems in many areas.

2. Concept of Streamlined Metasurfaces

The heart of silicon wide-angle flat metalens is the local con-
trol of phase delay in a wide range of wavelengths and angles 
of incidence. In general, the phase delay introduced by optical 

subwavelength structures can be mainly categorized into the 
propagation phase and geometric phase (also referred to as the 
Pancharatnam–Berry phase).[27] The propagation phase is usu-
ally related to the refractive index, wavelength, and incident 
angle, so it is hard to simultaneously realize broadband, high-
efficiency, wide-angle, and temperature-independent wavefront 
control.[31] In contrast, the geometric phase carried by the spin-
reversed circularly polarized (CP) component depends only on 
the spin of incident CP light and the orientation of anisotropic 
structures, thus it is intrinsically dispersion-free and refrac-
tion-index-independent.[25] Although the diffraction efficiency 
of geometric phase is related to the polarization conversion and 
dependent on the wavelength, a proper dispersion engineering 
of the material and structural dispersion can eliminate this in a 
broad wavelength range.[3,28]

According to the Jones matrix formalism, streamlined ani-
sotropic structures comprising space-variant half-wave plates 
can yield an angle-dependent geometric phase distribution, 
−2σξ(x, y), where σ  =  ±1  denotes left- and right-handed CP 
light, while ξ(x, y) indicates the inclination angle between the 
x-axis and the main axis.[25] Here, streamlines refer to a family 
of curves that are instantaneously tangent to one vector field. 
Owing to the continuous streamlines, the diffraction efficiency 
can be maximized to obtain a near-perfect wavefront. Figure 1 
shows an example of the streamlined profile of a metalens that 
focuses left-handed CP incidence into a tight spot. The time-
reversed electric field (blue arrows) on the xy-plane (z = 0) can 
be obtained by analyzing the radiation from a right-handed  
CP point source that is placed at a distance z0 along the z-axis 
and can be approximately written as Ex  = exp[iφ(x, y)] and  
Ey  = iexp[iφ(x, y)], where φ(x, y) =  −k(x2  + y2  + z0

2)½ and  
k = 2π/λ. Such a field could be generated by illuminating a left-
handed CP light onto a half-wave plate with spatially variant 
anisotropic axes. The conversion process can be written as[25]
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where ξ(x, y) = −φ(x, y)/2 is the space-variant inclination angle. 
Mathematically, the continuous main axes could be seen as the 
streamlines of a new vector field defined by Ux = exp[iφ(x, y)/2] 
and Uy = iexp[iφ(x, y)/2], which is illustrated as orange arrows 
in the top right of Figure  1. Then, the local slope of such an 
auxiliary vectorial field is determined by a differential equation
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Subsequently, the coordinate of the streamline can be 
obtained by numerical integration as
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where dr indicates the integral step length and should be 
small enough. By appropriately choosing the starting/end 
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points, the whole plane can be filled with streamlines with 
desired density.

After obtaining the streamlines, one needs to convert them 
into solid shapes. To overcome the ohmic loss of metallic struc-
tures, dielectric materials are preferred.[25,35,36] Among many 
different dielectric materials, silicon may be an ideal choice 
because of its high refractive index and CMOS-compatible fab-
rication. The high refractive index of silicon is helpful for the 
realization of truly local phase modulation and the improve-
ment of the diffraction efficiency at large angles,[41,42] because 
high-index dielectric structures can behave as a waveguide that 
confines the light throughout the structure. Besides, the dis-
persion of silicon-based form-birefringence enables broadband 
and high-efficiency polarization conversion.[43]

By combining the geometric-phase-determined streamlines 
and silicon dielectric structures, it is possible to construct novel 
metasurfaces with broadband and high efficiencies over a wide 
angular range. However, since local periods of these stream-
lines are not equal, there would be a parasitic propagation phase 
gradient that is not required. Considering a single anisotropic 
optical element with an orientation angle of ξ and phase shifts 
of β  ± π/2 for two orthogonal polarizations, the spin-reversed 
component carries not only the spin-dependent geometric phase 
−2σξ but also the spin-independent propagation phase β.[44] Since 
such a parasitic phase gradient would enhance spurious diffrac-
tion orders, we developed an isophase streamline optimization 
strategy to realize pure geometric phase modulation.

3. Isophase Streamline Optimization Strategy

Without loss of the generality, we use a grating-like beam 
deflector to illustrate the principle of isophase streamline  

optimization. The periodic structures enable us to quantify 
the efficiency and bandwidth more accurately with the Floquet 
theorem. As depicted in Figure  2a, an optimized streamlined 
metasurface (OSM) is designed to bend light at a wavelength 
of 10.6  µm to −45° along the x-direction. The required phase 
distribution should be 2πx/Λ, where Λ  = 10.6/sin(45°) is 
the horizontal period of the OSM. The streamline trajectory 
can be easily calculated to be a “catenary of equal strength”: 
y  = Λ/π·ln|sec(πx/Λ)|.[25] Catenary optics has been a new and 
exciting direction of research in subwavelength optics and 
electromagnetics, whose history, theories, and applications are 
introduced in a recent review.[45]

To illustrate the influence of the parasitic phase in this 
space-varying structure, it is helpful to consider the influence 
of the local period on the propagation phase shift. As shown 
in the inset of Figure 2a, the local period p and local width w1 
are defined along the normal line of the streamlines. The key 
to realizing the isophase streamline optimization is to spatially 
vary w1 by resorting to a database of the local period, width, 
and propagation phase. Here the isophase refers to an equal-
propagation-phase line in the parameter space of ordinary 1D 
gratings (see Section S1 in the Supporting Information for 
details). Figure  2b shows the local width of the streamlined 
structure along the x-direction corresponding to a constant 
propagation phase distribution. As shown by the orange dots in 
Figure 2c, the simulated phase distribution of the OSM at the 
design wavelength agrees well with the ideal one (green line). 
By contrast, there is an additional parasitic phase (magenta 
curve) accompanied by the geometric phase for a normal 
streamlined metasurface (NSM).[25]

Figure  2d displays scanning electron microscopy (SEM) 
images of a fabricated OSM. From the simulated electric 
field distribution of real (Ex) displayed in Figure  2e under 

Figure 1.  Concept illustration of the streamlined metalens. The time-reversed electric fields (blue arrows) are obtained by the radiation of a CP point 
source and could be generated by a half-wave plate with spatially variant anisotropic axes. The red streamline is obtained by the trajectory of the vecto-
rial field (orange arrows) formed by spatially variant anisotropic axes mentioned above.
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normal incidence, it can be seen that almost all the energy of 
transmitted light is directed into the first order, which is fur-
ther validated by the simulated far-field intensity profiles and 
measured diffraction patterns (Figure  2f). The measured-first-
order diffraction efficiencies are 96.6% and 92.6% for two inci-
dent angles of 0° and 60°, respectively, being very close to the 
simulated results (98.4% and 95.7%). The diffraction/absolute 
efficiency is defined as the ratio of the power of one diffrac-
tion order to the total transmitted/incident power. To demon-
strate the universality of the presented design strategy, we have 
designed several OSMs with different bending angles. As shown 
in Figure S3 (Supporting Information), the diffraction efficiency 
is still higher than 90% for a large bending angle (−85°), which 
is almost impossible in traditional designs. More interestingly, 
the performance of those OSMs maintains well even at glancing 
incidence. These novel effects can be attributed to the employ-
ment of geometric phase principle, the implementation of iso-
phase streamline optimization on streamlined structures, and 
the waveguiding effect of high-index dielectric structures.[41,42]

To highlight the superior performance of the OSM, we fur-
ther compare it with the NSM, a quantized metasurface (QM), 
and a discrete metasurface (DM), as illustrated in Figure 3a, in 
terms of spectral and angular bandwidths (see Figures S4–S6 in 
the Supporting Information for their detailed results and geo-
metrical shapes). To sufficiently sample the phase, both QM 
and DM adopt a 4-level phase quantization. We have optimized 

basic unit elements of the QM and DM to realize high polariza-
tion conversion efficiency at the design wavelength, under the 
condition that their minimum geometrical features are similar 
to that of the OSM. Note that the structural height of the QM is 
higher than that of the three others to realize high polarization 
conversion efficiency.

Figure 3b shows simulated-first-order diffraction efficiency 
spectra at normal incidence. The broadband property of the 
OSM was characterized by a tunable CO2 laser at four dif-
ferent wavelengths ranging from 9.3 to 10.6  µm, which 
almost covers the entire wavelength band of our laser. Experi-
mental results for different incident angles, displayed in 
Figure  3b and Figure S3 (Supporting Information), show a 
good agreement with simulations. To quantify spectral and 
angular bandwidths, average diffraction/absolute efficiencies 
(solid/dash curves, DEs/AEs) within 8–14  µm are depicted 
in Figure  3c as a function of the incident angle along the 
x-direction. Figure 3b,c indicates that the OSM outperforms 
the three others for both spectral and angular bandwidths. 
Furthermore, the superior performance of the OSM has also 
been demonstrated at oblique incidence along the y-direction 
(Figure S7, Supporting Information). The broadband and 
high diffraction efficiency of the OSM can be attributed to 
the specific dispersion characteristic of form-birefringence 
in silicon, which makes the local part of streamlined struc-
tures behave as a near-perfect achromatic half-wave plate in a 

Figure 2.  Characterization of OSMs. a) Schematic illustration of an OSM. The dashed curves are an array of streamlines with an interval of d/2 along 
the y-direction (d = 3.3 µm). The streamlines are truncated (l = 0.75Λ) to guarantee the feasibility of fabrication. Vertical structures with a width of w2 
are added in truncated regions to increase the phase continuity and amplitude uniformity. b) Local width profile of the streamlined structure in the 
OSM with Λ = 10.6/sin(45°) µm and w2 = 1.18 µm. c) Simulated total phase profiles of the OSM (orange dots) and NSM (blue curve) as well as the 
parasitic phase gradient of the NSM (magenta curve) along the x-direction under normal incidence. The parasitic phase of the NSM is derived from its 
total phase minus the geometric phase (green line). d) SEM images of the OSM. The inset shows its sectional drawing. Scale bar: 2 µm. e) Simulated 
real (Ex) distribution of the OSM. The darkened strip denotes the structural region. f) Far-field intensity profiles at normal and oblique incidence. The 
insets represent corresponding measured diffraction patterns.
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wide spectral range.[43] However, this effect does not occur in 
discontinuous dielectric metasurfaces (QM and DM), which 
results in relatively narrow operating bandwidths.

4. Ultrawide-Angle Infrared Metalenses

As shown in Figure 4a, the metalens with a quadratic phase 
distribution can focus light rays emanating from different 
orientation angles on the same focal plane, f = (λ0/λ)f0, with 
a focus offset of −(λ0/λ)f0 sinθi from the origin, where λ rep-
resents the incident wavelength and f0 is the focal length at 
the design wavelength of λ0 (see Section S4 in the Supporting 
Information for details). In this regard, the rotational sym-
metry of incidence can be perfectly converted to the transla-
tional symmetry of outgoing waves, leading to the broadband 
ultrawide-angle lensing performance.[46,47] Such a rapid phase 
gradient results in the fact that only part of light fields can 
contribute to the focal spot and others become evanescent 
after passing through the metalens, which can rarely be real-
ized by discrete structures.

Since the proposed method for OSMs enables arbitrary con-
tinuous phase profile generation and ultrahigh diffraction effi-
ciency, it provides a powerful framework for such wide-angle 
metalenses. As proof-of-concept demonstrations, we have 
designed, fabricated, and characterized two wide-angle stream-
lined metalenses (1D and 2D) with the same focal length of 

5.12  mm and radius of 6  mm (see Sections S4 and S5 in the 
Supporting Information for details). These metalenses can 
focus left-handed CP light from the substrate into a tight spot. 
Here, we employed direct laser writing and inductive-coupled 
plasmonic etching to fabricate metalenses (see the Experi-
mental Section in the Supporting Information for details). 
Besides, femtosecond-laser direct writing is a very suitable tool 
to make large-area and more complicated optical devices with 
the feature size at 1 µm.[48]

As shown in Figure S8 (Supporting Information), the meas-
ured focus offsets of both the two wide-angle metalenses 
agree well with the theoretical predictions from −88° to 88° at  
different wavelengths. Their corresponding coefficients of 
determination (R2) are larger than 0.999. Significantly, the focal 
length remains the same with varied incident angles for a fixed 
wavelength, which facilitates spatial frequency measurement 
in the application of Fourier optics (Figure S9, Supporting 
Information).

According to the principle of reciprocity, the wide-angle 
metalens can be applied for laser beam steering directly, pro-
viding a promising candidate for lightweight and wide-angle 
lidar systems. Figure  4b shows the schematic illustration of 
the optical setup for laser beam scanning. A Fourier lens was 
utilized to focus the CP light at 10.6  µm wavelength on the 
focal plane of the 2D wide-angle metalens. The radiation direc-
tion can be readily tuned by horizontally moving the point 
source perpendicular to the optical axis with a distance of s1,  

Figure 3.  Comparison of four different subwavelength structures. a) Schematic illustrations of four different structures. The structural height of the 
DM is 7 µm, and others are 4.7 µm. b) Simulated-first-order diffraction efficiency spectra of four structures at normal incidence. The dots indicate 
measured-first-order diffraction efficiencies of the OSM. c) Simulated average diffraction/absolute efficiency (DE/AE) within 8–14 µm for different 
angles of incidence with respect to the x-direction. OSM: optimized streamlined metasurface; NSM: normal streamlined metasurface; QM: quantized 
metasurface; DM: discrete metasurface; DE: diffraction efficiency; AE: absolute efficiency.

Adv. Mater. 2021, 33, 2008157



© 2021 Wiley-VCH GmbH2008157  (6 of 9)

www.advmat.dewww.advancedsciencenews.com

corresponding to a radiation angle of γ = −sin−1(s1/f0). Figure 4c 
sketches measured diffraction patterns that are captured by an 
infrared detector placed on the plane I in Figure  4b, showing 
the evolution of the radiation direction for different s1. One can 
see that there is almost no noise or stray light. Due to the lim-
ited detection size of the infrared detector, we could not simul-
taneously capture the 0th-order and radiation beams when 
|s1| > 4.5 mm (corresponding to |γ| > 61.5°). To detect the radia-
tion angle, the 1D wide-angle metalens was employed and the 
infrared detector was placed on the focal plane of the 1D wide-
angle metalens (plane II in Figure  4b). Please see Figure S11 
(Supporting Information) for measured intensity distributions 
on plane II. The focus offset s2 on its focal plane (as shown in 
Figure S11 in the Supporting Information) can be employed to 
measure the radiation angle by −sin−1(s2/f0). Figure  4D shows 
measured radiation angles as a function of the shift of the point 
source, showing a good agreement with theoretical predictions  
(R2 > 0.999), and an ultrawide radiation range from −85° to 85° 
has been experimentally demonstrated. The measured radiation 
efficiencies are shown in Figure S12 (Supporting Information).

We have designed a highly integrated long-wave infrared 
metacamera based on a wide-angle streamlined metalens  
(f0  = 6.5  mm and R  = 12.7  mm), an infrared detector, and an 

infrared band-pass filter (Figure S13, Supporting Information). 
To reduce energy losses by Fresnel reflection, antireflection 
structures were fabricated on the other side of the metalens 
substrate and the transmission was improved by ≈25% 
(Figure S14, Supporting Information). Considering these supe-
rior properties of high efficiency, spin sensitivity, angular insen-
sitivity, and compact size, large-FOV chiral thermal imaging 
can be achieved (Figure 5a). As shown in Figure 5b, the met-
acamera can be directly used for human thermal imaging, 
even if a narrow-band filter is embedded, which proves the 
high-efficiency and wide-angle capability. Although the signal-
to-noise ratio is worsened by its strong thermal noise (the 
infrared detector is uncooled), the body contour and gesture 
can be clearly captured, and the imaging resolution of the meta-
camera can reach the cut-off spatial frequency of our infrared 
detector (29.41 lp mm−1; Figure S15, Supporting Information). 
Subsequently, the chiral detection ability of the metacamera, 
which may find versatile applications ranging from environ-
mental sensing to biological studies,[20] was demonstrated by 
employing a circular asymmetric transmission device in our 
previous work[6] as a chiral target. Figure  5c,d shows its two 
images when the radiation source from a heating ceramic lamp 
is illuminating from two sides after passing through a linear 

Figure 4.  Wide-angle laser beam steering. a) Concept illustration of the symmetry conversion from rotational symmetry of incidence to translational 
symmetry of outgoing wave by the streamlined wide-angle metalens. b) Schematic illustration of the optical setup for both beam steering and radia-
tion angle detection. Insets: SEM images of the 2D wide-angle metalens. c) Measured diffraction patterns for different shifts of the point source by 
placing the infrared detector on the plane I which is about 4.6 mm from the 2D wide-angle metalens. d) Measured radiation angles as a function of 
the point source shift.
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polarizer, showing an obvious difference in brightness owing 
to the strong chiral response of the metacamera. Finally, a large 
FOV has been experimentally demonstrated by horizontally 
moving a 3 × 3 array of lamps (Figure S16, Supporting Informa-
tion) perpendicular to the optical axis. As shown in Figure 5e, 
the designed wide-angle metalens can image the lamps clearly 
in a large FOV. By contrast, restricted by the strong coma 
aberration of the normal metalens with a phase profile of  
φ(r) = −k0(r2 + f02)½, merely the lamp on the optical axis can be 
clearly imaged.

To further demonstrate the generality of isophase 
streamline optimization, a near-infrared metacamera was 
designed aiming at the wavelength of 940  nm (Figure  6a), 
in which a streamlined metalens was fabricated through 
a silicon-on-sapphire wafer (see the Experimental Section 
in the Supporting Information for details). As can be seen 
from its modulation transfer function (Figure  6b), diffrac-
tion-limited imaging can be realized within 178° FOV by 
adding an aperture stop at the front of the metalens.[49] The 
phase distribution of the metalens was optimized based 
on the ray tracing method in Zemax. Owing to the single-
chip planar design, it is extremely hard to make all light 
rays intersect in the Airy disk. For example, a small part of 
light rays at the 30° half-FOV are outside the Airy disk, 
which makes its spot profile look somewhat bigger than 

that at the 60° half-FOV. Nevertheless, their modulation 
transfer function (MTF) is still very close to the diffraction  
limit, as MTF was utilized as the figure of merit. Furthermore, 
when optimizing the phase profile of metalenses, one can 
enhance the weight of one FOV to further improve its MTF and 
decrease its spot profile. Owing to its high efficiency and strong 
angular robustness (Figure  6c), ultralarge-FOV imaging can 
be realized under the illumination of a normal near-infrared 
LED source (Figure 6d), with a band-pass filter (940 ± 5 nm) 
incorporated in front of the sensor. Besides nocturnal active 
imaging, this metacamera can also be directly applied for day-
time passive imaging (Figure S17, Supporting Information).  
These results mean that such a metacamera is already prac-
tical for night vision, spectral imaging, 3D imaging, etc.

5. Conclusion

We have proposed a streamlined metasurface platform to gen-
erate arbitrary near-perfect phase distributions. Owing to opti-
mized continuous structures, spurious diffraction orders are 
efficiently suppressed in a wide spectral and angular range, 
resulting in the maximum diffraction efficiency approaching 
100%. Moreover, it has been demonstrated that the presented 
metasurfaces obviously outperform their discrete counterparts  

Figure 5.  Large-FOV chiral thermal imaging. a) Photograph of the highly integrated long-wave infrared metacamera. b) A human thermal image formed 
by the metacamera at a distance of ≈60 cm. c,d) Two images of a circular asymmetric transmission device formed by the metacamera for forward and 
backward propagation. e,f) Images of a 3 × 3 array of lamps at different half-FOVs formed by wide-angle and normal metalenses. These two metalenses 
have the same focal length and radius, and the objective distance is ≈200 cm.
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in both spectral and angular bandwidths. To the best of our 
knowledge, this is the first report on the simultaneous reali-
zation of broadband, high-efficiency, and ultrawide-angle 
wavefront control for single-chip planar optical elements. We 
demonstrated its application prospects in infrared polariza-
tion imaging and laser beam scanning, possessing the largest 
known diffraction-limited FOV (178°) for single-chip planar 
devices. The presented infrared streamlined metalenses, with 
compact size, polarization sensitivity, ultralarge FOV, and min-
imal thermal sensitivity, are of great significance in the vision 
systems of thermal/night-vision imagers, unmanned vehicles, 
onboard planes or satellites, and so forth.

With further global optimization based on the geometric 
database, a higher efficiency over 99% within a wide wave-
length range is foreseeable. Such efficiency is comparable to 
that of low-index liquid crystal devices which operate within a 
narrower angular range.[50] Owing to its ultrahigh diffraction 
efficiency, the proposed streamlined metasurfaces will pro-
vide a powerful tool for designing multilayer cascaded optical 
systems, enabling more powerful functionalities not available 
with a single metasurface. For example, the effective aperture 

of wide-angle metalenses could be increased through multi-
layer streamlined structures,[51] which can improve the angular 
resolution of the metalens and enhance the detection ability of 
weak-intensity targets. Therefore, this work can provide a gen-
eral platform for constructing many high-performance func-
tional devices and systems.

6. Experimental Section
The Experimental Section is presented in Section S5 of the Supporting 
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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