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Perfect anomalous refraction metasurfaces
empowered half-space optical beam
scanning

TaoHe 1,2,3,4,5,6, Dongdong Li1,2,3,4,5,6, Chengfeng Li1,2,3,4,5, Haigang Liang1,2,3,4,5,
Chao Feng1,2,3,4,5, Jingyuan Zhu1,2,3,4,5, Lingyun Xie1,2,3,4,5, Siyu Dong1,2,3,4,5,
Yuzhi Shi 1,2,3,4,5, Xiong Dun1,2,3,4,5, Zeyong Wei1,2,3,4,5,
Zhanshan Wang1,2,3,4,5 & Xinbin Cheng 1,2,3,4,5

Metasurface-based optical beam scanning devices are gaining attention in
optics and photonics for their potential to revolutionize light detection and
ranging systems. However, achieving anomalous refraction with perfect effi-
ciency (>99%) remains challenging, limiting the efficiency and field of view
(FOV) of metasurface-based optical beam scanning devices. Here, we intro-
duce a paradigm for achieving perfect anomalous refraction by augmenting
longitudinal degrees of freedom arousing a multiple scattering process to
optimize symmetry breaking. An all-dielectric quasi-three-dimensional sub-
wavelength structure (Q3D-SWS), composed of a purposely designed multi-
layer film and a dielectric metasurface separated by a spacer, is proposed to
eliminate reflection loss and spurious diffraction, achieving >99% anomalous
refraction efficiency. By independently rotating two cascaded Q3D-SWSs, we
experimentally showcase half-space optical beam scanning, achieving a FOVof
144° × 144°, with a maximum efficiency exceeding 86%. Our results open new
avenues for high-efficiency metasurfaces and advances applications in light
detection and ranging systems.

The emergence of metasurfaces, a class of planar metamaterials that
transcends natural materials, has given rise to a myriad of innovative
approaches to manipulate light1,2. Thus far, metasurfaces have been
employed to demonstrate a variety of compact optical components
with significant capabilities, including anomalous deflections of
light3,4, metalens imaging5,6, holographic imaging7,8, and other
applications9,10. In recent years, the advancement of metasurfaces has
sparked numerous applications and attracted widespread
attention11–14. Metasurface-based optical beam scanning stands out as
one of the most extensively studied devices15–20 owing to its crucial
roles in monitoring atmospheric conditions, environmental

observations, autonomous vehicles, artificially intelligent robots, and
unmanned aerial vehicle reconnaissance21–24.

A metasurface-based optical beam scanning device typically
deflects a beam in different directions at different times to enable
ranging25. Various tunablematerials25–31, including indium tin oxide25,32,
liquid crystals16,31, multiple quantum wells19,30, and monolayer molyb-
denum diselenide33, have been extensively integrated into anomalous
deflection metasurfaces. One-dimensional continuous laser scanning
is performed with a maximum laser deflection angle of approximately
4° by electrically regulating indium tin oxide25, yet the efficiency is less
than 1%. The integration of liquid crystals with metasurfaces was
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proposed to enable one-dimensional dynamic deflection31, yielding a
maximum refraction angle of 11° and an efficiency of 35%. These
materials facilitate space‒timemodulation of the amplitude and phase
profiles in both reflection and transmission modes at the sub-
wavelength scale27,34, allowing for precise laser beam control. This
architecture provides considerable degrees of freedom, leading to
significant advancements in dynamic light beam manipulation. How-
ever, the challenge of simultaneously achieving high efficiency and a
large field of view (FOV) in beam scanning persists, limiting its appli-
cation in fields such as spanning from landscape mapping23, autono-
mous driving24, and beyond21. Remarkably, while transmission mode
presents advantages in system simplification and integration, most
tunable metasurface-based optical beam scanning devices currently
operate in reflection and one-dimensional modes17,20, largely owing to
the greater challenges associated with achieving high-efficiency
metasurfaces in transmission mode.

The performance of the anomalous deflection metasurface
directly influences the efficiency andFOVofmetasurface-basedoptical
beam scanning devices. Recent workhas emphasized that the nonlocal
response must be considered to achieve high-efficiency anomalous
deflection35,36. Various auxiliary fields were utilized to perfectly sup-
press spurious diffraction in reflection mode37,38. However, achieving
perfect anomalous deflection in transmission mode is more challen-
ging than in reflection mode, as it requires the elimination of five
spurious diffraction ports for perfect anomalous refraction, whereas
only two for perfect anomalous reflection. Several metasurface
architectures39–46, including freeform geometries39 that maximize the
in-plane degree of freedom, have been proposed to increase the
anomalous refraction efficiency by controlling mode interference but
still encounter difficulties related to reflection loss. To date, achieving
perfect anomalous refraction remains an ongoing challenge, high-
lighting the urgent need for new physical paradigms. This dilemma
constrains both the efficiency and FOV of metasurface-based optical
beam scanning devices.

Here, we present a paradigm for achieving perfect anomalous
refraction by augmenting longitudinal degrees of freedom, arousing a
multiple scattering process to optimize symmetry breaking. We
demonstrate perfect anomalous refraction for the first time, with a
polarization-insensitive absolute efficiency exceeding 99%, through
the construction of an all-dielectric quasi-three-dimensional sub-
wavelength structure (Q3D-SWS), which is composed of a purposely
designed multilayer film and a dielectric metasurface separated by a
dielectric spacer. To achieve perfect anomalous refraction, a multi-
layer film with special amplitude and phase responses, which exhibits
high transmittance to zeroth-order propagating waves and high
reflectance to first-order propagating waves, was designed to com-
pletely suppress reflection loss and spurious diffraction. To demon-
strate high-efficiency optical beam scanning with a large FOV, we
adopt a widely used mechanical beam steering method, as illustrated
in Fig. 1a, which experimentally shows half-space optical beam scan-
ning with a FOV of 144° × 144° and a maximum efficiency exceeding
86%. Our results are expected to have practical applications in light
detection and ranging systems and equipment.

Results
Model and theory of a quasi-three-dimensional subwavelength
structure realizing perfect anomalous refraction
To realize a high-efficiency metasurface-based beam scanning device,
the primary goal is to achieve high-efficiency anomalous refraction.
The question at hand is: What type of metasurface can achieve high-
efficiency anomalous refraction at optical frequencies? Anomalous
refraction fundamentally involves asymmetric diffraction, highlighting
that breaking symmetry is crucial to achieving high-efficiency anom-
alous refraction. Metasurfaces featuring freeform geometries
designed through topological optimization provide the greatest

degree of freedom to break in-plane asymmetry. However, single-layer
metasurfaces with solely lateral degrees of freedom struggle to
achieve perfect anomalous refraction in the optical frequency domain,
primarily due to the inevitable reflection loss and/or spurious
diffraction39–47.

In response to these challenges, we propose the concept of
augmenting the longitudinal degrees of freedom to optimize sym-
metry breaking. We construct a Q3D-SWS consisting of an equivalent
upper interface and an equivalent bottom interface separated by a
dielectric spacer, as shown in Fig. 1b. When incident light I0 is inci-
dent upon the Q3D-SWS, some of the incident light is reflected
directly back into incident medium 1, which is recorded as R0. The
remaining transmitted light, denoted as t21I0, passes through the
bottom interface into the spacer (medium 2). The light in the spacer
undergoes phase accumulation p and then interacts with the upper
interface. The phase accumulation of light is given by eikh, where k
represents the wave vector in the spacer and h denotes the thickness
of the spacer. Similarly, a portion of the light is reflected into the
spacer layer, whereas the rest is transmitted into exit medium 3. The
reflected light is recorded as rupt21I0, and the transmitted light
T1 = t32pt21I0. The reflected light then traverses the spacer layer and
interacts with the bottom interface again. Some of the light passes
through the bottom interface into medium 1 and is recorded as R1. R1

is given by t12prupt21I0. The remaining reflected light rbprupt21I0 will
traverse the spacer layer repeatedly and undergo repeated interac-
tions with the two interfaces. These interactions at the upper inter-
face cause mode leakage, resulting in the formation of transmitted
light Tn, where Tn = t32(prbpru)n−1pt21I0, whereas those at the bottom
interface lead to the formation of Rn, where Rn = t12(pruprb)n−1prupt21I0
(n > 0). Ultimately, the overall reflection and transmission coeffi-
cients of the Q3D-SWS can be expressed as

R =
Xi =n

i =0

Ri =R0 + t12 I� pruprb
� ��1prupt21: ð1Þ

T =
Xi =n

i =0

Ti = t32 I� prbpru
� ��1pt21: ð2Þ

Notably, all transmission and reflection coefficients in this paper
are presented in matrix form, representing various orders of electro-
magnetic waves, due to the existence of a periodic metasurface, and
the symbol I represents a unit matrix. For example, in a three-port
system under normal incident (I0 = [0; 1; 0]) in this work, the anom-
alous reflection and refraction efficiencies are calculated as [R−1,eff;R0,eff;
R+1, eff] = |RI0| 2 and [T−1, eff; T0, eff; T+1, eff ] = |TI0| 2. The superscript denotes
the diffraction order. Based on the above formula, the anomalous
deflection process of the Q3D-SWS can be understood as a form of
multiple scattering. To realize perfect anomalous refraction, we have
to make [R−1, eff; R0, eff; R+1, eff]=|RI0|2 = [0; 0; 0] and [T−1, eff; T0, eff; T+1, eff ] = |
TI0| 2 = [0; 0; 1]. The anomalous reflection and refraction efficiencies
can be controlled by both the bottom interface (t21, t12, rb, R0) and the
upper interface (t32, ru). Obviously, the scattering coefficients of the
bottom interface, especially the reflection coefficient rb, have a more
significant effect on the anomalous reflection and refraction effi-
ciencies of the met-system. However, the reflection coefficient rb is a
3 × 3 complex matrix that is difficult to manipulate. Therefore, we
propose the use of multilayer films for constructing the bottom
interface and a metasurface for constructing the upper interface, as
shown in Fig. 1c. The multilayer films have a simplified reflection
coefficient where rb = ½r1eiφ

1
, 0, 0;0, r0eiφ

0
, 0;0, 0, r1eiφ

1 �, which is
conducive to purposeful regulation. (r0, φ0) and (r1, φ1) represent the
reflection amplitude and phase of the zeroth- and first-order propa-
gatingwaves in the spacer layer, respectively. By designing amultilayer
filmwith a fine-tuned combination of (r0,φ0) and (r1,φ1), it is feasible to
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completely suppress reflection loss and spurious diffraction, thereby
achieving perfect anomalous refraction. This feasibility will be
demonstrated later.

Design and characterization of the quasi-three-dimensional sub-
wavelength structure. The design process for a Q3D-SWS achiev-
ing perfect anomalous refraction involves two steps: first, a
gradient metasurface is designed to achieve high relative effi-
ciency; second, a multilayer film with specific reflection coeffi-
cients for zeroth- and first-order propagating waves in the spacer
is designed to minimize reflection loss and deflect all incident
light in the predetermined direction. An illustration of the gra-
dient metasurface is shown in Fig. 2a. The metasurface consists of
pillar arrays on a silicon oxide substrate. The periods of the unit
cell and metasurface are 460 nm and 2300 nm, respectively. The
length and width of the 5 pillars are (111 nm, 197 nm), (241 nm,
216 nm), (310 nm, 270 nm), (314 nm, 317 nm), and (345 nm,
380 nm), and the height is 940 nm. Notably, the geometric para-
meters of the gradient metasurface were obtained by optimizing
the result derived from the gradient phase principle. Figure 2a
illustrates the anomalous refraction in the 1300−1600 nm range,
in terms of both relative and absolute efficiency, for TE polar-
ization. The results and design processes for TM polarization are
presented in Supplementary Information 1, as they are similar to

those for TE polarization. The relative efficiency for TE polariza-
tion reaches a remarkable 95% at 1550 nm, whereas the absolute
efficiency is comparatively lower at 76%. The low absolute effi-
ciency can be attributed to both reflection loss and spurious
diffraction. For TE polarization, the reflection loss and spurious
diffraction values are approximately 20% and 4%, respectively
(see more details in Supplementary Information 2 and 3). Despite
the possibility of mitigating the aforementioned energy loss
through the use of advanced optimization algorithms, it is still far
from achieving perfect anomalous refraction.

As described in the previous section, reflection loss and spurious
diffraction can be completely suppressed by designing a special mul-
tilayer film. The relations between the reflection amplitudes r0 and r1

and the transmittance are shown in Fig. 2b. The high transmittances of
the Q3D-SWS are located at the top left corner, corresponding to a
small value of r0 and a large value of r1. In other words, the conditions
for suppressing reflection loss are high transmittance to zeroth-order
propagating waves and high reflectance to first-order propagating
waves. The results are interesting because the condition that inhibits
reflection loss, as is commonly believed, is high transmission (which is
a small value of both r0 and r1). Finally, we chose 0.06 and 1 as the
values of r0 and r1, respectively. Under this condition, we calculate the
absolute efficiency while varying the reflection phases φ0 and φ1, as
illustrated in Fig. 2c. Notably, the absolute efficiency is primarily

Fig. 1 | High-efficiency half-space beam scanning device based on an all-
dielectric quasi-three-dimensional subwavelength structure. a Conceptual
schematic of the beamscanningdevice. The device can achieve high-efficiency two-
dimensional scanning by independently rotating two cascaded perfect anomalous
refraction metasurfaces. With proper selection of the deflection angles of the
metasurfaces, the scanning range can cover the entire space forward. b Schematic
diagram of the multiple scattering process. The coefficients tji represent the
transmission coefficients of the bottom and upper interfaces when a plane wave is
incident from medium i and exits into medium j. ru and rb represent the reflection

coefficients of the upper and bottom interfaces, respectively. These coefficients are
complex numbers that include both amplitude and phase responses. c Perfect
anomalous refraction based on the quasi-three-dimensional subwavelength struc-
ture.Within the quasi-three-dimensional subwavelength structure, amultilayer film
is utilized to completely suppress reflection loss and spurious diffraction. In the
spacer layer, the zeroth- and first-order propagating waves are stimulated by the
metasurface and regulated by the amplitude and phase responses (r0, r1, φ0, φ1) of
the multilayer film.
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controlled by φ1, as it directly influences the interference of the first-
order reflection. There is a wide range of parameters through which
anomalous refraction can be achieved with an absolute efficiency
exceeding 99%. With a φ1 of approximately −1.8, perfect anomalous
refraction canbe achieved. Then, ameticulously engineeredmultilayer
film was designed to achieve special reflection amplitudes and phases.
A schematic diagram and thickness of the multilayer film are shown in
Fig. 2d. This multilayer film consists of 31 layers formed by alternating
stacking of Si and SiO2 materials (see more details in Supplementary
Information 4). Figure 2e presents the reflection amplitude and phase
of the films, with the incidentmedium set as the SiO2 spacer. The exact
values of (0.06, 1) and (−1.10, −1.85) for (r0, r1) and (φ0

,φ
1), respectively,

fulfill the criteria for achieving perfect anomalous refraction.
The multilayer film, spacer, and metasurface are combined to

form the Q3D-SWS, as shown in Fig. 2f. Figure 2f also shows the
relative and absolute anomalous refraction efficiencies of the
Q3D-SWS. Both the relative and absolute efficiencies can reach

99%, thereby achieving perfect anomalous refraction. To further
validate the performance of the Q3D-SWS, we present the electric
field distribution for TE polarization in Fig. 2g and the magnetic
field distribution for TM polarization in Supplementary Informa-
tion 1, both at the designed wavelength of 1550 nm. The incident
light was entirely deflected into the predetermined direction,
exhibiting negligible reflection loss and spurious diffraction for
both TE and TM polarization. It is worth mentioning that perfect
anomalous refraction occurs exclusively at 1550 nm; however, this
marks the beginning of the potential for broadband perfect
anomalous refraction.

Thepreparationof theQ3D-SWS sample involved amultilayer film
deposition process and metasurface fabrication technology. Magne-
tron sputteringdeposition, electronbeam lithography, and inductively
coupled reactive ion etching were used for deposition, patterning, and
etching, respectively (see more details in “Methods” section and Sup-
plementary Information 4–6). Figure 3a, b show top- and side-view
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Fig. 2 | Design of perfect anomalous refraction via the quasi-three-dimensional
subwavelength structure. a Schematic diagram and spectra of the single-layer
metasurface. b Relation of the amplitude responses r0 and r1 with respect to the
transmittance. c Relation of the phase responses φ0 and φ1 with respect to the
absolute efficiency. The contour lines indicate the areas with an efficiency of 99%.
The spacer is set to a thickness of 377 nm, but its effect is negligible as the propa-
gating phases can be compensated by the reflection phases. d Schematic diagram

and thickness of the multilayer film. e The reflection amplitude and phase of the
multilayer film. The propagation angles of the zeroth- and first-order propagating
waves are 0° and 26.5°, respectively. f Schematic diagram and spectra of the quasi-
three-dimensional subwavelength structure. g The electric field distribution of the
quasi-three-dimensional subwavelength structure for TE polarization at a wave-
length of 1550nm. The spectra and electric field distributions both confirm the
realization of perfect anomalous refraction for TE polarization at 1550nm.
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scanning electron microscopy (SEM) images of the sample. We con-
ducted spectral tests in R1, an angle-resolved spectrum system
(Ideaoptics, China), in a dark room.Angle resolution in the R1 system is
achieved through the mechanical rotation of the receiver. During the
tests, the diffracted light was consistently incident perpendicularly to
the receiving light path andwas subsequently received by the receiver.
Therefore, the mechanical rotation of the receiver is not the primary
cause of spectral testing errors, and its effect can be neglected. In the
test, the intensity of the incident light at different wavelengths was
detected through the substrate without any multilayer film or meta-
surface. The intensities of +1st-, −1st-, and 0th-order light were subse-
quently detected simultaneously for all the wavelengths, as shown in
Fig. 3c, enabling the determination of the anomalous refraction effi-
ciency. Figure 3d displays the obtained absolute anomalous refraction
efficiency in the broadband region, as observed in the spectral test.
The fabricated sample demonstrated an anomalous refraction effi-
ciency of approximately 47% at 1550 nm. The highest anomalous
refraction efficiency was 93% at 1350 nm. Notably, the Q3D-SWS does
not exhibit similar behavior at 1300−1400nm as it does at 1550 nm. In
our experiment, we employed a halogen lamp to generate broadband
light and assess the broadband responses of the Q3D-SWS sample,
thereby ruling out any wavelength deviation as a cause for the
experimental results. The deviation between the design and experi-
ment can be attributed mainly to fabrication errors arising from the
lithography and etching processes. To investigate potential spectral
shifts due to fabrication errors, we calculated the broadband efficiency
based on parameters obtained from SEM characterization, repre-
sented by the black line in Fig. S10 in Supplementary Information 7.
The good agreement between the SEM-based simulations and
experimental results suggests that the discrepancies between the
design and experiment primarily arise from fabrication errors during
the lithography and etching processes. Besides, we have also calcu-
lated the anomalous refraction efficiency of the Q3D-SWS at different
incident angles for TE polarization, as shown in Fig. S11 in Supple-
mentary Information 8. Our analysis indicates that the anomalous
refraction efficiency decreases significantly as the incident angle
deviates from normal incidence. This characteristicmay also affect the
efficiency of our experimental tests. Therefore, the discrepancies
observed between the SEM-based simulations and the experimental
data are largely attributed to fabrication errors of the multilayer films
and test errors in the spectral measurements. The efficiency can be
further increased through the optimization of the spectral test and
preparation process.

Demonstration of beam scanning based on cascaded quasi-
three-dimensional subwavelength structures
Considering the substantial impact of the anomalous deflection
metasurface on the performance of metasurface-based optical beam
scanning devices, we expect that the proposed Q3D-SWS will enable
the development of miniaturized optical beam scanning devices with
high efficiency, a large FOV, and high scanning speed. As the proposed
Q3D-SWS performs best under normal incidence, an uncoaxial beam
scanning system was employed to demonstrate high-efficiency half-
space optical beam scanning. A schematic diagram of the uncoaxial
beam scanning system is depicted in Fig. 4a. Notably, the two deflec-
tors do not need to be positioned at a significant distance; a separation
of just a few wavelengths is sufficient. This has minimal impact on the
complexity and volume of the system. The experimental details of the
scanning system are provided in Supplementary Information 9. In the
beam scanning experiments, the two Q3D-SWSs in the system are
identical. The rotation of the first Q3D-SWS enables an azimuthal
rotation of the laser beam at a constant angle, which equals the
deflection angle of the Q3D-SWS. Likewise, the rotation of the second
Q3D-SWS allows the laser beam to reach different points by over-
lapping the scanning cone onto the scanning cone of the first Q3D-
SWS. The deflection angle (θ) of the Q3D-SWS determines the outer-
most range of the scanning trajectory. The maximum scanning angle
of the uncoaxial beam scanning system is equal to twice the deflection
angle of the Q3D-SWS.

While the rotational motor and/or the Q3D-SWS are rotated, the
incident light alternates between the TE and TM polarizations. To
improve the efficiency of the beam scanning system, selecting a sam-
ple and wavelength with the highest non-polarization efficiency is
crucial. The scanning video for 1550nm, featuring a deflection angle of
42.4° (equivalent to a 170° × 170° FOV), is presented in Supplementary
Video 1. Spurious diffraction results in a three-spot scanning pattern.
To minimize the impact of spurious diffraction, we selected a wave-
length of 1350nm for beamscanning (refer to Supplementary Video 2).
At this wavelength, the deflection angle is approximately 36°, and the
maximum elevation angle reaches 72° (equivalent to a 144° × 144°
FOV), providing a sufficiently large range to approach half-space
conditions. The maximum optical efficiency of the beam scanning
system can reach approximately 86.5%.

Figure 4b–d display the experimental results of the scanning
patterns generated by cascaded Q3D-SWSs at different rotational
speeds. More experimental results are provided in Supplementary
Information 10. As shown in Fig. S13a, b, individual rotation of the first

Fig. 3 | Preparation and characterization of the quasi-three-dimensional sub-
wavelength structure. a Scanning electron microscopy top-view image of the
quasi-three-dimensional subwavelength structure sample. b Scanning electron
microscopy side-view image of the quasi-three-dimensional subwavelength struc-
ture sample. c Far-field scattered light from all angles of the sample. The scattered

field predominantly exhibits +1st-order diffraction, indicating high-efficiency
anomalous refraction. d Broadband anomalous refraction efficiency of the quasi-
three-dimensional subwavelength structure sample. The colored band represents
the test error bar. The experimental standard deviations of the anomalous refrac-
tion efficiencies are 6.7% at 1350nm and 7.6% at 1550 nm.
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or second Q3D-SWS results in circular or elliptical scanning patterns.
As illustrated in Fig. 4b–d and Fig. S13c–e, the initial positioning of the
two Q3D-SWSs influences the starting point of the scanning patterns.
The deviation angle of the two Q3D-SWSs induces the rotation of the
scanningpatterns. Additionally, as the rotational speed ratio decreases
(ω1:ω2), the scanning pattern becomes denser, and the number of
petals increases. Dense scanning trajectories result in higher scanning
resolution. Nevertheless, these denser trajectories also prolong the
scanning period. In practical applications, making a judicious choice
based on the desired scanning resolution requirements and scanning
speed is crucial.

Discussion
The paramount challenge in achieving optical beam scanning with
both high efficiency and a large FOV lies in attaining anomalous
refraction metasurfaces with perfect efficiency. However, single-layer
metasurfaces, even those employing freeform geometries with

maximum lateral freedom, struggle to achieve perfect anomalous
refraction in the optical frequency domain, primarily because of
inevitable reflection loss and/or spurious diffraction. To address this,
we propose leveraging a Q3D-SWS to enhance longitudinal degrees of
freedom, arousing amultiple scattering process to optimize symmetry
breaking. We have successfully demonstrated perfect anomalous
refraction using a Q3D-SWS and showcased high-efficiency half-space
beam scanning through cascaded Q3D-SWSs. The actual scanning
trajectory is entirely determined by the Q3D-SWSs and rotation para-
meters, remaining independent of the detection process. During the
scanning experiments, the curtain is positioned very close to the
scanning system to minimize the scanning area and ensure complete
captureof the trajectory. However, the soft textureof thewhite curtain
may introduce a slight deformation in the trajectory, as recorded by
the infrared camera. We made efforts to keep the curtains as flat as
possible during the experiment to minimize distortion, and this effect
could be further mitigated by using a curtain with a harder texture.
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Fig. 4 | Optical beam scanning with cascaded quasi-three-dimensional sub-
wavelength structures. a Schematic diagramof the optical beam scanning system.
θ is the deflectionangle of thequasi-three-dimensional subwavelength structure.ω1

andω2 are the rotational speeds of rotationalmotors I and II, respectively. The blue

scatters represent the scanning points when ω1:ω2 = 1:30. b–d Experimental results
of scanning patterns generated by cascaded quasi-three-dimensional sub-
wavelength structures at different rotational speeds (ω1:ω2). The colored bar
represents the temporal evolution of the scan.
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Moreover, the use ofminiature light sources and advancedmechanical
systems allows for the development of a miniaturized, high-
performance beam scanning system with the potential to revolutio-
nize light detection and ranging systems and equipment.

In conclusion, to the best of our knowledge, we have achieved
perfect anomalous refraction for the first time (see more details in
Table S5), with a polarization-insensitive absolute efficiency exceeding
99%, through the construction of an all-dielectric Q3D-SWS. By utiliz-
ing amultilayer film with specific phase responses, which exhibits high
transmittance to zeroth-order propagating waves and high reflectance
to first-order propagating waves, we successfully suppressed reflec-
tion loss and spurious diffraction. Furthermore, we experimentally
showcased an uncoaxial beam scanning system employing cascaded
Q3D-SWSs, achieving 86% maximum efficiency in beam scanning with
a FOV of 144° × 144°. Our proposed paradigm for perfect anomalous
refraction is compatible with active26 and temporal tuning34, which can
further enhance the performance of tunable metasurface-based opti-
cal beam scanning, particularly in terms of efficiency and FOV. Our
work opens new opportunities for the development of high-efficiency
metasurfaces, which are crucial for their commercialization and
practical applications. Furthermore, our workmay inspire the creation
of high-performance meta-devices or meta-systems across various
application scenarios.

Methods
Sample fabrication
Magnetron sputtering deposition, electron beam lithography, and
inductively coupled reactive ion etching were used for deposition,
patterning, and etching, respectively. The Si/SiO2multilayer films, SiO2

spacer, and Si film were deposited using the NSC-15 magnetron sput-
tering deposition system from Optorun. The detailed deposition
parameters can be obtained from our previous work38. The refractive
indices of Si and SiO2 are shown in Fig. S7 in the Supplementary
Information. Following deposition, the substrate was spin-coated with
a positive electron beam resist (Zep 520) at 4000 r.p.m. for 60 s and
then baked on a hotplate at 180 °C for 5minutes. The final thickness
was approximately 240nm. The samplewas subsequently subjected to
electron beam lithography using a 100-kV acceleration voltage (Raith
5200 system). The exposed resist was successively developed in amyl
acetate for 60 s and isopropyl alcohol for 30 s. Reactive ion etching on
theOxford PlasmaPro100Cobrawas conducted using a gasmixture of
SF6 and CHF3 (at flow rates of 15 and 50 sccm, respectively) under a
pressure of 15mTorr. The ICP power was set at 800W, and the sub-
strate bias was −380V. The resist mask was then removed using oxy-
gen plasma.

Optical beam scanning demonstration
A supercontinuum source SC-5 from YSL Photonics generated broad-
band incident light, which was then collimated by the fiber collimator
and filtered to producemonochromatic light. Two identical Q3D-SWSs
were mounted in stepper motors from Beijing Optical Century
Instrument Co., Ltd., which were controlled by stepper motor con-
trollers. Rotational motor II was mounted on a self-designed
mechanical system, with a bracket positioned between the two rota-
tional motors to ensure the vertical incidence of the light beam emit-
ted from the first Q3D-SWS onto the second Q3D-SWS. The large FOV
of the beam scanning systempresented certain challenges in regard to
detecting the scanning patterns. Typically, the FOV of an infrared
camera is not sufficiently wide (55° × 43° in our experiment). To
overcome this limitation, a large white curtain (2m× 2m) was placed
approximately 10 cm away from the second Q3D-SWS, and an infrared
camera positioned 1.2m from the curtain captured the scanning pat-
tern. This arrangement allowed us to capture the comprehensive
scanning results within a single FOV. Relative efficiency refers to the
ratio of the anomalous refraction energy to the total transmitted light

energy, while absolute efficiency denotes the ratio of the anomalous
refraction energy to the incident light energy in both simulations and
experiments. The expression for relative efficiency is given by:
Ef f rel = E

+ 1=ðE�1 + E0 + E + 1Þ. Similarly, the expression for absolute
efficiency is: Ef f abs = E

+ 1=I0, where Ei denotes the energy of the ith-
order diffracted light and I0 represents the energy of the incident light.

Data availability
The data that support the findings of this study are provided in the
Supplementary Information.
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