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Abstract: Multifunctional metasurfaces, which are planar devices featuring diverse 

functionalities, have attracted tremendous attention as they enable highly dense integration 

and miniaturization of photonic devices. Previous approaches based on spatial/spectral 

multiplexing of meta-atoms on single metasurfaces are supposed to be inevitably limited in 

their functional diversity. An additional degree of freedom for design, achieved by cascading 

multiple metasurfaces into a single metasystem, promotes new combinations of functions that 

cannot be achieved with single-layered metasurfaces. In this study, an all-dielectric 

metasurface doublet (MD) was developed and implemented by vertically concatenating two 

arrays of rectangular nanoresonators on either side of a quartz substrate, in which distinct 

phase profiles were encoded for transverse magnetic and transverse electric polarized light. 

Multifunctional beam manipulation with concurrent increased beam deflection, beam 

reduction, and polarizing beam splitting was achieved at telecommunication wavelengths 

near 1550 nm. The MD was accurately created via lithographical nanofabrication, thus 

eliminating the extremely demanding post-fabrication alignment. The proposed 

multifunctional metasurface is highly anticipated to expedite the development of advanced 
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technologies for large-scale photonic integration, optical metrology, light detection and 

ranging, spectroscopy, and optical processing.  

 

Optical components, including Risley prisms, lenses, spherical mirrors, and polarizing 

beam splitters, have been extensively used to construct light detection and ranging (LiDAR) 

systems,
[1-3]

 afocal telescopes,
[4]

 laser communication systems,
[5]

 and quantum computing 

systems.
[6,7]

 To reduce the lens weight and volume, a diffraction-based Fresnel optics 

configuration was realized by tailoring either the phase or amplitude of the propagating 

light.
[8]

 However, its application has been hindered by the limited controllability of light and 

complex multilevel lithographic fabrication processes.
[9,10]

 Nanostructured metasurfaces 

incorporating subwavelength nanoresonators, developed as vital substitutes for conventional 

Fresnel optics schemes, enable more facile wavefront shaping than the conventional 

refractive/diffractive elements,
[11-15] 

promoting the development of portable and wearable 

devices.
[16-18]

 For instance, high-numerical-aperture flat metasurface lenses (metalenses) 

enabling diffraction-limited focusing at different wavelengths have been proposed.
[16]

 It was 

experimentally proven that a metalens with a diameter of 240 μm providing magnifications as 

high as 170 could offer image quality on par with that achievable using state-of-the-art 

commercial bulky objectives. However, comatic or chromatic aberration hampers the 

integration of metalenses from providing off-axis or full-color imaging. Recently, a comatic 
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aberration compensated metalens, which consists of dielectric nanoring structures of different 

heights fabricated by 3D printing, has been demonstrated for wide-angle imaging.
[19]

 An 

ultrathin metalens based on the scheme of hybridizing nanoring structures into a single layer 

could lead to a wide field of view as well as low-cost mass production. Besides, cascaded 

metasurfaces are known to be useful for mitigating chromatic aberration.
[20,21]

 It is hence 

asserted the scheme of cascading can be leveraged to control the phase, amplitude, and 

polarization of electromagnetic waves simultaneously. The multi-layer stacking scheme 

enables the mitigation of issues such as insufficient beam manipulation, image quality 

degradation, and undesirable diffraction orders, by spatially multiplexing resonators on the 

same metasurface. In particular, optical metasystems consisting of two or more metasurfaces 

have mainly been exploited to produce compact devices acting as retroreflectors,
[22]

 

spectrometers,
[23]

 hyperspectral imagers,
[24]

 and optical planar cameras.
[25]

 While the 

aforementioned metasurfaces were developed to serve single functions, multifunctional 

metasurfaces that can perform multiple tasks have attracted considerable interest owing to 

their potential use as multifocal or achromatic lenses,
[26-28]

 metadevices serving distinct 

wave-manipulation functionalities,
[29-35]

 imaging systems,
[36-38]

 nonlinear coding 

metasurfaces,
[39-41]

 and vector vortex beam (VVB) generators.
[42,43]

 For instance, 

metasurfaces in the visible or millimeter-wave regime have been applied to implement VVB 

generators leading to vortex beams with different topological charges, with the assistance of 
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unit cells consisting of multiple nanoblocks/layers with different geometrical parameters.
[42,43]

 

Meanwhile, single-layered metasurfaces are inherently limited in terms of functional 

diversity. 

In this paper, we propose and describe the experimental realization of an all-dielectric 

metasurface doublet (MD) that enables multifunctional beam manipulation in the 

near-infrared (NIR) regime, including increased beam deflection, beam reduction, and 

polarizing beam splitting. For the nanoresonators, the optical transfer characteristics can be 

polarization-tailored in terms of the phase and amplitude to engineer the phase profiles for the 

MD, which are distinct for transverse electric (TE) and transverse magnetic (TM) 

polarization. The concatenation of metasurfaces could enable a suite of new functionalities 

that may not be achievable using single metasurfaces. A series of simulations was rigorously 

executed to design and characterize the proposed MD. Two disparate elemental metasurfaces 

were precisely created and aligned on either side of a thin glass substrate, with reference to 

the corresponding alignment markers inscribed on each side. From the perspective of 

alignment during fabrication, such an MD device is preferable to a device consisting of two 

separate metasurfaces.
[25]

 For the created MD, incident light can be separated into two 

orthogonally polarized beams, where the TE-polarized beam travels straight, following the 

incident angle, whereas the TM-polarized beam is efficiently routed by an angle equivalent to 

three times the incident angle. The beam width of the deflected TM-polarized light shrinks by 
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half. In addition, a broad working wavelength range of 1500–1600 nm was observed. In view 

of the performance achieved at telecommunication wavelengths, it is incontrovertible that the 

proposed metasurface device could play a pivotal role in establishing free-space optical 

communications, optical interconnections, and spatially resolved optical sensors.
[44]

 

Figure 1a shows a schematic of the proposed multifunctional MD operating in the NIR 

regime, where the TE- and TM-polarized light beams are oriented along the x- and y-axes, 

respectively. An incident TM-polarized beam deflects to assume an increased propagation 

angle, while the width of the outgoing beam decreases. The deflection angle θout is given by 

θout = M × θin, where M is the magnification factor and θin is the incident angle. 

Simultaneously, the TE-polarized beam travels straight through the MD, facilitating the 

splitting of an orthogonally polarized beam. In other words, the proposed device can 

concurrently serve three functions at telecommunication wavelengths in a flat planar 

platform, with increased beam deflection and efficient beam reduction in tandem with 

polarizing beam splitting. A pair of subwavelength gratings, including a one-dimensional 

(1D) array of rectangular dielectric resonators (RDRs) in hydrogenated amorphous silicon 

(a-Si:H), was created on a 902-μm-thick quartz substrate. The two grating structures were 

intended to act as cascaded metasurfaces (MS1 and MS2). RDRs are known not to be 

vulnerable to ohmic loss in connection with metallic structures, making the dielectric based 

metasurface more efficient than plasmonic-based metasurfaces.
[45,46]

 As depicted in Figure 
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1a, the proposed device has a footprint of L1 = 400 μm by L2 = 250 μm, where each RDR 

element has dimensions of w (width), L2 (length), and h (height). Considering that the device 

is intended to work near λ= 1550 nm, 16 RDRs each with h = 930 nm (~0.6 λ) and L2 = 250 

μm were arranged with a period of p = 800 nm along the y-axis, while w ranged from 150 nm 

to 366 nm. For an RDR with w = 366 nm, the simulated magnetic field intensity in response 

to a normally incident TM-polarized beam in the inset of Figure 1a indicates that light is 

mainly confined inside the high-refractive-index RDR.
[47]

 The device was prepared using 

conventional electron beam (e-beam) lithography and plasma etching. Figure 1b shows a set 

of scanning electron microscope (SEM) images of the fabricated device on a 902-μm-thick 

quartz substrate, with MS1 and MS2 patterns on the front and back sides thereof (see the 

Experimental Section and Section S1 in the Supporting Information for details).  

Multiple functions achievable using the proposed MD can be realized by selectively 

triggering the phase profiles contingent on incident light polarization. To implement the MD, 

as depicted in Figure 2a, a conventional doublet lens incorporating two optical surfaces (OS1 

and OS2) was firstly envisioned and devised to increase the beam deflection and beam 

reduction in the case of TM-polarized light. The doublet lens was elaborately built with the 

assistance of 3D optical engineering and design software, LightTools (Synopsys, USA). The 

first surface, OS1, was particularly designed to minimize the spot size so that incident beams 

with slightly different angles could be spatially segregated prior to reaching the second 
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surface, OS2, which controls the beam deflection angle. A doublet lens is utilized to 

manipulate the incident light, as in an optics configuration allowing for an angular 

magnification of M, where a convex lens with a focal length f is tethered to a concave lens 

with a focal length of f/M.
[48,49]

 The equation for defining an aspheric contour in the yz-plane 

is 

2

2 2
1 1 (1 )

C y
z

k C y




   , where C and k represent the curvature and conic constant, 

respectively.
[50]

 In accordance with the objective of deflecting the incident light such that the 

propagation angle of the outgoing beam is increased by a factor of three compared to the 

incident angle, the contours for the designed OS1 and OS2 were determined to be 
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  ( ) , respectively. According to the 

design in Figure 2a, the doublet lens can be equivalently made by placing two flat sub-lenses 

on either side of a substrate. The phase profiles corresponding to OS1 and OS2 that are 

dictated by the above equations, denoted as φ1(TM) and φ2(TM), respectively, were derived 

by referring to the discretized sag S and are indicated by solid black lines in Figures 2b and 

2c
[18,51]

 (detailed discussions regarding the phase profile calculation and doublet lens design 

can be found in Section S2 of the Supporting Information). Figure 2d shows the simulated 

phase change for the transmitted electric field for normally incident TM-polarized light, in 

parallel with the transmission of each unit cell made of RDRs. Owing to a high-index contrast 

between a-Si:H and the air, the RDRs can impart an entire 2π phase shift under sufficiently 
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high transmission.
[52,53]

 For the selected RDRs, Figure S3 implies that the imparted phase 

shift remains relatively constant, while the transmission decreases slightly with increasing θin. 

Thus, the constructed MD is guaranteed to work under obliquely incident light to a certain 

extent
[54]

 (please see Section S3 in the Supporting Information for a detailed discussion). 

Based on the method of devising a metalens,
[11,12,16,17]

 OS1 and OS2 were successfully 

replaced with MS1 and MS2, in which selected RDRs were arranged to emulate the phase 

profiles represented by φ1(TM) and φ2(TM), respectively. The targeted MD was consequently 

established by precisely aligning and mounting MS1 and MS2 on both sides of a substrate. 

The expansion of beam deflection mediated by the MD, which is approximately equal to that 

of the original doublet lens, can be controlled by tailoring the lens curvature. Figure 2e 

illustrates the operation mechanism of the proposed MD in terms of the ray-optical behavior 

in the TM-polarized case. An incident beam propagates obliquely in the yz-plane along the 

black arrows, then is sequentially bent inward by MS1 to arrive at MS2 after crossing the thin 

substrate. Due to the cooperation between the two metasurfaces, a TM-polarized beam is 

expected to deviate to assume an increased propagation angle, θout ≈ M×θin, while delivering 

a diminished beam width (please see Section S2 in the Supporting Information for a detailed 

discussion). In the TE-polarized case, the two metasurfaces are deemed to cause no phase 

gradient; therefore, the incoming wavefront undergoes no manipulation, as shown in Figure 

2f. Consequently, the proposed MD can efficiently split an orthogonally polarized incident 
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beam into two individual beams depending on the polarization (please see Section S4 in the 

Supporting Information for details).  

To validate the device performance, rigorous simulations were executed using 

commercial finite-difference time-domain software, FDTD Solutions (Lumerical, Canada). 

Figure 3a presents the relationship between θout and θin, alongside the calculated intensity 

transmission (T), reflection (R), and absorption (A). The beam deflection of TM-polarized 

light was explored by varying θin from 0° to 12°. The angular range of the deflected beam 

was predicted to increase up to 39.2°. Correspondingly, the span of the beam deflection could 

be as much as 78.4° in our symmetric MD. The designed device can yield beam deflection 

magnification corresponding to M ≈ 3 with transmission of up to 82.9% (please see Section 

S5 in the Supporting Information for details). For the fabricated MD, the maximum angle of 

acceptance was observed to be 12°, beyond which the beam exiting MS1 was not fully 

accommodated by MS2. The angular range could be increased by enlarging the dimensions of 

the device, especially L1, considering that the increased beam deflection occurs in the 

direction along L1. The degraded transmission efficiency under oblique incidence is 

considered to be due to the increased absorption in the RDRs. The calculated electric field Ey 

distributions in the yz-plane for MS1 and MS2 upon illumination by a TM-polarized plane 

wave are given in Figure 3b. The incident beam is evidently bent inward by MS1 and routed 

outward by MS2 so that the deflection angle of the outgoing beam eventually becomes 
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equivalent to three times the incident angle. The a-Si:H RDRs affiliated with the MD may be 

treated as a truncated waveguide, working as a low-quality-factor Fabry-Pérot resonance, 

which is related to Fresnel reflections at either end of the waveguide.
[27]

 Notably, the 

proposed MD can cause beam deflection corresponding to three times the incident angle, 

which can be flexibly controlled by manipulating φ1(TM) and φ2(TM). For TM-polarized 

light, we also explored a highly directional far-field profile, as shown in Figure 3c, in which 

the upper and lower two images portray the situations in the absence and presence of the MD, 

respectively. Considering the light trajectory with the MD in action, the 1/e
2
 beam width has 

noticeably shrunk. Regarding the beam reducer based on the proposed MD, the working 

distance is defined as the distance from MS1 to the position at which the size of the outgoing 

beam contracts by half compared with that of the incident beam. A cross-sectional profile of 

the emerging beam at z = 12 mm is plotted in Figure 3d. The beam widths for the on- and 

off-axis cases are the same at ~190 μm, implying that the width of the afocal TM-polarized 

beam decreases from 400 μm to 190 μm at the working distance. The proposed device can 

help decrease the beam size for both on- and off-axis incidence. Moreover, the 1D beam 

shaping initiated by the proposed MD helps circularize elliptically shaped beams as in the 

case of a cylindrical lens. Accordingly, this device is anticipated to be usable in applications 

in optical metrology, laser scanning, spectroscopy, laser diodes, acousto-optics, and optical 

processors.
[55,56]
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We experimentally investigated the optical response of the prepared MD. To assess the 

beam deflection enhancement provided by the MD, a tunable laser (Santec, ECL-200) served 

as a light source and a beam profiler was used as a detector (CINOGY, CinCam 

CMOS-1202), as shown in Figure 4a. Input light at λ = 1550 nm, whose polarization was 

adjusted using a polarization controller (KS Photonics, STPC), was collimated through a fiber 

collimator (PMPFX6, Thorlabs). The distance between the MD and sensing area inside the 

beam profiler is indicated by d. In the presence of the MD, the steering angle, θst, of the 

transmitted beam was recorded, when θin was scanned from 0° to 12° by rotating the MD. 

The deflection angle of the light is given by θout = θst + θin, as described in the Method 

section. The transfer characteristics of the proposed MD for the increased deflection angle are 

depicted in Figure 4b. The slopes of the fitting lines corresponding to the measurement and 

simulation results are 3.55 and 3.25, respectively. Both the mean values and error bars related 

to the standard deviation were obtained from multiple measurements. Owing to its limited 

sensing area, the beam profiler was simultaneously displaced to capture the beam while 

altering θin. Several beam profiles were separately captured at d = 35.6 mm and are presented 

in Figure 4c.  

Polarizing beam splitters based on metasurfaces are known to serve as integral platforms 

in the implementation of various polarization optics.
[57-61]

 The proposed MD is anticipated to 

act as a planar polarizing beam splitter, mimicking a Rochon prism, which helps decompose 
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and route an arbitrarily polarized beam into two orthogonally polarized beams. The 

TE-polarized component remains on the same optical axis as the input, while the 

TM-polarized component deviates from it by an angle depending on θin. The beam that 

travels straight through is mainly useful for fulfilling the alignment of subsequent optical 

components in an optical system. Provided that a plane wave impinges upon the MD at an 

angle of 2
o
, carrying both TE and TM polarizations, the calculated far-field intensities, 

proportional to |Ey|
2
, were individually normalized and are plotted in Figures 5a and 5b, 

respectively. The TE-polarized beam continues to propagate in the same direction as θin, 

whereas the TM-polarized beam deflects toward another direction, corresponding to three 

times θin. The insets in the figures display the observed far-field profiles for the TE and TM 

cases. The resulting intensity as a function of θout is shown alongside the beam profile. For 

the transmitted TE and deflected TM beams, there is a decent correlation between the overall 

measured and simulated outcomes. However, the small angular discrepancy in conjunction 

with the imperfect beam splitting can be understood, considering that the light beam 

emanating from the fiber collimator (PMPFX6, Thorlabs) was about 500 μm in diameter, 

which was larger than the footprint of the fabricated MD sample (L1 = 400 μm by L2 = 250 

μm). Thus, part of the incident beam outside of the MD was transmitted via the MD without 

undergoing the manipulation mediated by the metasurfaces, unintentionally leaking into and 

interfering with the output beam. In addition, the imperfect beam splitting could be ascribable 
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to fabrication errors, such as surface/edge roughness of the RDRs, discrepancies between the 

realized and designed structural parameters, and misalignment between the RDRs adopted for 

MS1 and MS2 on separate layers.
[61-63]

 More importantly, the split angle between the two 

beams could readily be altered by properly choosing the incident angle (θst = (M − 1)×θin ≈ 

2θin). It is expected that a polarizing beam splitter utilizing the proposed miniatured MD 

could be applied in a versatile manner to implement integrated polarization optics, 

information security, and imaging. 

As the proposed all-dielectric MD is anticipated to act as an integral component in the 

NIR regime, three wavelengths (1500, 1550, and 1600 nm) were utilized in the numerical 

simulations to validate the MD performance. The far-field light intensities proportional to 

|Ey|
2
 are shown in Figure 6a, where incoming light is assumed to be TM-polarized for θin = 

2°. Accordingly, the beam deflection facilitated by the MD for each wavelength was 

experimentally confirmed. The beams captured by a beam profiler are displayed in Figure 6c 

and were appropriately fitted with a Gaussian distribution, as plotted in Figure 6b. The 

deflection angle and full width at half-maximum (FWHM) in response to the three 

wavelengths are summarized in Table 1. The deflected beam for the MD exhibits a slight 

angular shift while retaining nearly the same FWHM, leading to a wide working wavelength 

range. The spectral bandwidth of the dielectric metasurface could be broadened by using 

more layers.
[64]

 A 100 nm spectral bandwidth in the NIR regime enables the proposed MD to 
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be applied in free-space optical communications
[65]

 and military and civilian networks.
[66]

 

Moreover, the proposed device could potentially be integrated with a solid-state optical 

phased array chip to help establish a nonmechanical LiDAR module featuring enhanced 

angular beam steering.
[67,68]

 

The demonstrated MD is believed to be suitable for application to ultra-compact optical 

systems. Its footprint can be increased from the sub-millimeter scale to several centimeters if 

needed.
[69-71]

 The tolerance for the thickness of the substrate supporting the two metasurfaces 

was controlled within 5 μm. Regarding its compatibility with conventional microfabrication 

techniques, the MD can readily be integrated into microelectromechanical systems to build 

metasurface-based micro-optoelectromechanical systems
[72,73] 

for tunable beam steering, 

providing advantages such as fast tuning speed, small mechanical noise, and easy assembly. 

Compared to a gradient metasurface enabling beam deflection
[74,75]

, the demonstrated MD 

features advanced performance in terms of the increased deflection angle, reduced beam size, 

and controlled divergence angle (please see Section S6 in the Supporting Information for 

details). The beam deflection achieved using the MD can be further improved by 

manipulating the phase profiles derived from the doublet lens. For example, an MD rendering 

beam deflection according to M = 10 can be attained by properly arranging the RDRs 

corresponding to MS1 and MS2 (please see Section S7 in the Supporting Information for 

details). However, there is a trade-off between the beam collimation and beam deflection. 
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The divergence angle should be increased in accordance with the amplification of deflection 

angle, which could be resolved by vertically stacking additional lenses.
[48,76,77]

 Moreover, by 

replacing the uniformly long RDRs with polarization-dependent 2D nanoposts, which are 

popularly used for metasurface devices, an unprecedented MD could be developed to 

enhance the device efficiency and accommodate other prominent functions such as lens 

focusing, vortex beam generation, and holograms.
[27-30,32,33]

 

In this work, an all-dielectric MD enabling multifunctional beam manipulation in the 

NIR band was presented to emulate the functions of optical components such as Risley 

prisms, cylindrical lenses, and polarizing beam splitters (please see Section S8 in the 

Supporting Information). The MD took advantage of 16 a-Si:H RDRs, allowing for 

polarization-controlled phases, to produce two metasurfaces on either side of a substrate. The 

MD was encoded with a phase profile that leads to a doublet lens for TM-polarized light and 

a plain substrate entailing no phase gradient for the TE-polarized case. Numerical simulations 

were executed to design and analyze the device. Each pair of vertically cascaded 

metasurfaces was patterned on a quartz substrate by referring to the alignment markers on 

either side using a transmission optical microscope. For the fabricated MD, amplified beam 

deflection in conjunction with polarizing beam splitting was verified within the spectral band 

from 1500 nm to 1600 nm. It is evident that the proposed scheme can be actively leveraged to 
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incorporate a set of bulk optics components into a single, ultra-thin device, paving the way 

for highly integrated compact photonics applications. 

 

Experimental Section  

Nanofabrication: MS1 and MS2, which constituted the MD, were formed on either side 

of a 902-μm-thick quartz substrate. The substrate was first cleaned with acetone/isopropyl 

alcohol/deionized water to promote adhesion between the glass substrate and a-Si:H layers. A 

930-nm-thick layer of a-Si:H film was deposited on each side of the substrate using 

plasma-enhanced chemical vapor deposition (Plasmalab 100 from Oxford) under the optimal 

conditions derived in a previous study.
[78]

 Then, MS1 was patterned on one side, followed by 

patterning of MS2 on the other side, as illustrated in Figure S1. An electron beam resist 

(ZEP520A from Zeon Chemicals) was spin-coated onto the substrate, and a thin layer of 

e-spacer 300Z (Showa Denko) was introduced to prevent charging during the subsequent 

e-beam lithography. The metasurface patterns and alignment marks were written on the resist 

via e-beam lithography (Raith150 EBL), accompanied by subsequent development 

(ZED-N50). A 60-nm-thick layer of aluminum was deposited by e-beam evaporation 

(Temescal BJD-2000) on the surface and patterned by lifting off the resist in a solvent 

(ZDMAC from Zeon Co.). The patterned aluminum was then used as the hard mask in dry 
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etching to transfer the designed pattern onto the underlying a-Si:H layer through 

fluorine-based inductively coupled plasma-reactive ion etching (Oxford Plasmalab System 

100). The etching conditions were optimized to ensure a highly vertical profile for the a-Si:H 

RDRs. Finally, wet etching was performed to remove the residual aluminum etch mask. To 

place MS1 and MS2 precisely across the 902-μm-thick substrate, the relative displacement 

between the two alignment markers inscribed on either side was determined using a 

transmission optical microscope to indicate the positions of MS1 and MS2. Further details 

regarding the fabrication process are provided in Section S1 in the Supporting Information. 

Measurement procedure: The setup and procedure used to characterize the completed 

MD devices are depicted in Figure 4a. The steering angle, θst, pertaining to the MD was 

measured when θin was scanned from 0° to 12° by manual rotation. When the MD was 

rotated counterclockwise, the beam was deemed to deflect toward the negative y-direction. 

The deflection angle was obtained as θout = θst + θin, where θst was observed by moving the 

beam profiler along the z-direction. Positions P0, P1, and P2 were recorded to determine θst as 

well as the distance, d, between the MD and the sensing area of the beam profiler. The 

wavelength of the output light from a tunable laser was checked beforehand with an optical 

spectrum analyzer (Anritsu, MS9710B). We used a polarization-maintaining fiber to prevent 

any polarization instabilities during the measurements. 
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Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1 Monolithic MD. a) Schematic of the proposed multifunctional MD enabling beam 

deflection, beam reduction, and polarizing beam splitting. Inset: Configuration of a 

metasurface unit cell including an a-Si:H RDR formed on a quartz substrate. The optical 

fields are primarily confined to the RDR. b) Top-view SEM images of the fabricated MS1 

and MS2 at different scales. 
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Figure 2 Design principle of the proposed all-dielectric MD. a) The development of the MD 

entailed the conversion of the constituents of the doublet lens, including OS1 and OS2, into 

their metasurface counterparts, which were put together. Desired and achieved phase profiles 

for b) MS1 and c) MS2 for TM-polarized light are provided as functions of the position of the 

MD. d) Phase shift and transmittance for the selected 16 RDRs at λ = 1550 nm for 

TM-polarized light. The TM and TE polarizations are along the e) width and f) length of the 

RDRs, respectively. Here, the operation mechanism underlying the MD is illustrated 

according to the ray-optic behavior, with light impinging upon MS1. 



 

 

 

This article is protected by copyright. All rights reserved. 

31 

 

 

Figure 3 Numerical simulations for increased beam deflection and beam reduction. a) 

Calculated deflection angle in conjunction with the optical transmission, reflection, and 

absorption with the incident angle. b) Electric field distributions related to the Ey component 

under normal TM incidence for MS1 and MS2. c) Light intensity profiles of |Ey|
2
 in the 

yz-plane depending on the presence of the MD: (top left) for an on-axis incident beam in the 

absence of the MD; (top right) for an off-axis incident beam in the absence of the MD; 

(bottom left) for an on-axis incident beam in the presence of the MD; (bottom right) for an 

off-axis incident beam in the presence of the MD. d) Light intensity profiles along the dashed 

line in c) at z = 12 mm, with the MD in action. 
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Figure 4 Experimental characterization for verifying increased beam deflection. a) 

Experimental setup for obtaining light intensity profiles in the yz-plane when the prepared 

MD was manually rotated. b) Demonstrated deflection angle of the proposed MD as a 

function of the incident angle. Both the mean value and standard deviation related to the error 

bars were obtained from multiple measurements. c) Captured beam profiles in the xy-plane in 

terms of θst at d = 35.6 mm. 
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Figure 5 Demonstration of polarizing beam splitting. Calculated far-field intensity 

distributions for a) TE- and b) TM-polarized incident light with θin = 2°. Insets: Captured 

beam profiles for the two orthogonal polarizations at d = 28.0 mm. 
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Figure 6 Beam deflection facilitated by the MD at telecommunication wavelengths. a) 

Calculated and b) measured far-field intensity distributions for the proposed MD with θin = 2° 

as observed at different wavelengths. The solid lines are the Gaussian fitted results. c) 

Captured beam profiles for the three wavelengths at d = 18.8 mm. 
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Table 1. Calculated and measured θout and FWHM according to wavelength. 

Wavelength Calculation Measurement 

θout FWHM θout FWHM 

λ1 = 1500 nm 5.89° 0.70° 6.19° 0.83° 

λ2 = 1550 nm 6.04° 0.57° 6.54° 0.90° 

λ3 = 1600 nm 6.19° 0.66° 6.96° 0.77° 
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Metasurfaces enabling concurrent beam manipulation through compact design have 

attracted considerable attention in scientific research due to their great potentials in integrated 

photonic systems. In this report, we present and describe the experimental demonstration of 

an all-dielectric-based metasurface doublet providing multifunctional beam manipulation in 

the near-infrared regime, including increased beam deflection, beam reduction, and 

polarizing beam splitting. 
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