Continuous beam steering by coherent light-by-light control of dielectric metasurface phase gradient
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Abstract: Continuous and reversible tuning of the properties of optical metasurfaces, as a functionality that would enable a range of device applications, has been a focus of the metasurface research field in recent years. Tuning mechanisms proposed and demonstrated so far have generally relied upon changing the morphology of a metasurface or the intrinsic properties of its constituent materials. Here we introduce, via numerical simulation, an alternative approach to achieve continuous tuning of gradient metasurface response, and illustrate its potential application to the challenge of continuous beam steering, as required for example in LIDAR and machine vision systems. It is based upon the coherent illumination of a silicon nano-pillar metasurface with two counter-propagating beams. Control of the input beams’ relative phase and intensity enables tuning of the individual nano-pillars’ electromagnetic response and thereby the phase gradient of the array, which in turn steers the direction of the output beam continuously over an angular range of approximately 9 degrees.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Gradient index metasurfaces, ultrathin layers of artificial micro- and nano-structures, have opened up many novel approaches to manipulate light-matter interactions and to control the propagation and wavefront of light [1-3]. There has always been considerable interest in achieving active tuning of the properties of optical metamaterials and metasurfaces [4,5]. For many applications, e.g. light detection and ranging (LIDAR) and augmented reality, it is preferable that the tuning be truly continuous rather than incremental (i.e. proceeding through a limited number of discrete output state steps). One of the most widely explored approaches to achieving dynamic, volatile or non-volatile tuning is to utilize materials with intrinsic optical properties that are variable in response, for example, to heat, electrical bias or light intensity. Prior works in this category have used 2D materials (e.g. graphene and MoS2) [6-8], media undergoing phase transition between two or more states (e.g. chalcogenides such as germanium antimony telluride, vanadium dioxide, and gallium) [9-12], doped semiconductors (e.g. indium tin oxide, silicon and gallium arsenide) [13-16], liquid crystals [17] and ionic conductors [18]. Another approach relies on structural deformation or reconfiguration of metasurfaces – the reversible adjustment of metamolecule shape and/or mutual positioning – through the use of flexible substrates or host matrices [19-22]. Both of these approaches depend on physical changes to the metasurface, either to the constituent materials or to the morphology of the array. Here, we present an approach that facilitates continuous tuning solely by changing the phase and intensity of illumination, without any change to either intrinsic material properties or the geometric configuration of the metasurface.
The functionality of a gradient metasurface is described by the generalized Snell’s law [23]. It relates angles of incidence and reflection/refraction (θi and θr respectively) for light of vacuum wavelength λ0 in media of refractive indices ni,r to the phase gradient dΦ/dx in the metasurface plane via:
 .				(1)
On this basis, beam steering, defined as changing the output direction (θr) of an input beam at fixed wavelength (λ0) and incident angle (θi), has previously been achieved by changing the electromagnetic environment (ni, r) and the phase gradient (dΦ/dx). Recent examples have explored utilizing field-effect modulation of free-carrier density [14], the optical contrast between the nematic and isotropic states of liquid crystal [24], and that between the amorphous and crystalline phases of chalcogenide glasses [25]. Here, we introduce the idea that dΦ/dx for a nanostructure of fixed geometry and material parameters can vary continuously, simply as a function of the incident electromagnetic field in the metasurface plane.
Our approach exploits the fact that the optical properties of subwavelength-thickness materials can manifest differently in travelling-wave and standing-wave electromagnetic fields. In general, they respond only to the local field [26]. In a standing field formed by two coherent, collinearly polarized counter-propagating incident beams, a sufficiently thin material (e.g. a metasurface) can be selectively addressed at the nodes/antinodes of electric (E) or magnetic (B) field formed by destructive/constructive interference (E nodes being necessarily coincident with B antinodes, and vice versa). ‘Coherent control’ in thin films and metamaterials has emerged in recent years as a powerful paradigm for manipulating all kinds of light-matter interactions with high contrast, high speed and low energy [26], and it presents a correspondingly broad range of technological opportunities from all-optical signal modulation [27] and image processing [28] to excitation-selective spectroscopy [29], including in the quantum regime [30].
The majority of applications considered thus far have relied upon the high (binary switching) contrast that is achievable between the limiting node and antinode configurations of coherent illumination [26,31,32]. In this work, we show how the full continuity of control over the electric and magnetic components of the excitation field in a metasurface plane, which is accessible in the coherent illumination regime, can be engaged for the purpose of all-optical, continuous θr sweeping.
Design of the beam-steering metasurface
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Fig. 1. Schematic illustration of a coherently controlled beam-steering metasurface. (a) The metasurface – an array of silicon nano-pillars on a semi-infinite glass substrate, with a phase gradient along the x direction – is illuminated by two coherent, x-polarized light beams at normal incidence. The primary output beam into free space (as opposed to the substrate) emerges at an oblique, tunable angle θ in the xz plane. For visualization, the semi-infinite substrate is shown as a slab with no output into it. (b) Each unit cell of the metasurface contains a row of ten silicon nano-pillars having equal height and center-to-center spacing, and a gradient of diameters.
[bookmark: _Hlk48823808]Figure 1 shows a gradient metasurface design for coherently-controlled beam steering, which is comprised of an array of silicon nano-pillars on a semi-infinite glass substrate. Each unit cell contains a row of ten nano-pillars with a 300 nm center-to-center spacing along the x direction (Fig. 1b). These unit cells form an infinite periodic array along the y direction at a periodicity P = 300 nm. Within each unit cell, the pillar height is fixed at h = 160 nm and diameters D increase in 6 nm steps from 120 nm to 174 nm in the +x direction, to provide the illumination-dependent phase gradient dΦ/dx, as will be discussed below. Note that the metasurface is of finite extent and not periodic in the x direction (i.e. the ten-pillar, 3 μm long unit cell does not repeat in this direction), because this would confine output light to a fixed set of discrete diffraction orders, eliminate the functionality of continuous beam steering.
The array is illuminated at normal incidence by a pair of counter-propagating beams (i.e. in the ±z directions) with collinear polarization in the x direction and a free-space wavelength λ0 = 555 nm. In what follows, numerical simulations, which are conducted using a 3D finite-element Maxwell solver (COMSOL Multiphysics), take the complex refractive index of silicon from Ref. 33. The value is 4.06+0.03i at λ0. Following our recent work [34], the glass substrate is taken to be infinitely thick with a real refractive index of 1.5. For the two-beam illumination, the fields of the two incident waves are defined at the xy plane bisecting the pillars. In all cases, we account for the asymmetry of the metasurface environment (i.e. the presence of an optically thick glass substrate on one side and free space on the other, as would likely be the case in practical applications) as detailed in Ref. 34. As will be discussed in details below, coherent illumination (i.e. modulating the relative phase and strength of the two incident beams) can modify the phase gradient dΦ/dx of the metasurface, resulting in continuous steering of the output beam by approximately 9°.
Optical response of arrays of identical nano-pillars
Development of the gradient metasurface design, as always, relies upon understanding of the scattering properties of the individual elements. To this end, we sequentially simulated the optical response of bi-periodic infinite square arrays of identical nano-pillars of fixed periodicity (P = 300 nm), fixed height (h = 160 nm) and varying diameter D. Figure 2 illustrates the case for D = 120 nm, the smallest nano-pillar in the metasurface. Figure 2b shows absorption spectra under coherent, standing-wave illumination with the E- or B-antinode at the plane bisecting the pillars at mid-height, together with the spectrum under single-beam (i.e. travelling-wave) illumination from the free-space side. The single-beam spectrum shows two absorption peaks at 510 and 580 nm. They are induced by Mie-type resonance modes of the nano-pillars [17], with the former approximating an electric dipole resonance and the latter a magnetic dipole resonance (see Fig. S1 in the Supplementary for near-field analysis). This attribution is confirmed by the fact that under coherent illumination at the E-antinode, where electric field strength is doubled and magnetic field is zero at the middle plane of the nano-pillar, the 510 nm (electric) resonance is enhanced and the 580 nm (magnetic) resonance is suppressed, and vice versa at the B-antinode. In both cases, the suppressed peak does not disappear completely, as the nano-pillar slightly deviates from an ideal, zero-thickness resonator due to its finite height.
[image: Fig2]
Fig. 2. Optical properties of a bi-periodic, square array of identical pillars. (a) Dimensional schematic of a unit cell. (b) Absorption spectra under double-beam (standing wave with the E- and B-antinodes at the array) and single-beam (travelling wave incident from the free-space side) illumination. The absorption is computed relative to the total input power in each case. (c) Efficiency (relative to total input power) and phase (relative to the free-space input beam) of output scattering into free space (in the +z direction) as a function of illumination condition, denoted by the magnetic field ratio of substrate and free-space incident beams (Bs and Bf, respectively). The value Bs/Bf is taken at the plane bisecting the pillars at mid-height. The wavelength is 555 nm, the design wavelength of the gradient metasurface.
For the purpose of continuously tunable beam steering, we are interested in the variation of scattering properties between the limiting cases of E- and B- antinodes, as shown in Fig. 2c. In consideration of the directional asymmetry arising from the presence of an optically thick substrate on one side of the nano-pillar array, the tuning range is represented by the magnetic field ratio of the substrate and free-space incident beams (Bs and Bf, respectively) at the array plane (electric field ratio could equally be used). The sign of Bs/Bf corresponds to the relative phase between the two incident beams, while its amplitude corresponds to their relative strength. On this scale (Fig. 2c), E- and B- antinodes at the array plane occur at Bs/Bf ratios of -1.5 and 1.0, respectively, and the illumination condition of a single beam from free space is found at Bs/Bf = 0 (i.e. zero substrate beam field). Here and in what follows, while there are output plane waves propagating in both the +z and –z directions, we specifically consider the output beam into free space (+z), as it is more likely to be harnessed in device applications.
The dependence of scattering phase on illumination condition Bs/Bf is a key parameter in the gradient metasurface design. It is defined here relative to the free-space incident beam (e.g. it would be π for a single beam reflected from an air-glass interface). Meanwhile, output efficiency (Fig. 2c) is defined as the ratio of power in the free space output beam to the total power of both input beams. For simple and effective coherent control, one is seeking a scattering phase that varies monotonically, preferably linearly, with illumination condition Bs/Bf, accompanied by little, preferably zero, variation in output efficiency. For the present example of a nano-pillar with D = 120 nm, we obtain a phase tuning range of 243° - 343° with a close-to-linear dependence upon Bs/Bf, together with an approximately sigmoidal variation of efficiency between 24% and 65% (see Fig. S2 for a comparison among the different energy output channels).
[image: Fig3]
Fig. 3. Single-beam transmission of infinite square arrays of silicon nano-pillars on a semi-infinite glass substrate, with periodicity P = 300 nm, pillar height h = 160 nm, and diameter D ranging from 120 to 174 nm (as labelled). The arrays are illuminated at normal incidence. Spectra are vertically offset with a step of transmission = 1 for clarity. The vertical dashed line denotes λ0 = 555 nm, the design wavelength of the gradient metasurface. Electric and magnetic resonances are indicated by E and M labels against spectra for the smallest and largest pillars, and they shift monotonically with D.
The same analysis is performed on a range of nano-pillar diameters up to D = 174 nm. Over this range, the pillars’ optical response is characterized generically by the same combination of an electric and a magnetic resonance as shown for the D = 120 nm case in Fig. 2, with the resonance wavelengths increasing with pillar diameter D. This is illustrated in Fig. 3 on the basis of single-beam transmission spectra which, in accordance with the requirements of linear reciprocity, are identical for the two opposing directions of normal propagation relevant to the present study. Importantly from the perspective of gradient metasurface design, while the magnetic resonance wavelength is longer than the metasurface design wavelength (λ0 = 555 nm) for all nano-pillar diameters, the electric resonance wavelength is <λ0 for smaller pillar diameters and >λ0 for larger diameters (crossing over between D = 150 and 156 nm).
[image: Fig4]
Fig. 4. Output phase at λ0 for different nano-pillar diameters and illumination conditions. (a) Dependence on pillar diameter D of output beam phase for infinite square arrays of silicon nano-pillars. The arrays have the same periodicity P = 300 nm and pillar height h = 160 nm, and they are under a range of coherent illumination conditions Bs/Bf from the E- to the B-antinode (as labelled). (b, c) Corresponding output electric field distributions in the xz plane from 1 to 3 µm above the plane bisecting the nano-pillars, under (b) the E-antinode and (c) the B-antinode coherent illumination. The pillar diameter D ranges from 120 to 174 nm. All the maps show a plane wave that propagates in the +z direction, with its field independent of the x position. Field strength is normalized to that of the free-space input beam, which is a constant for all the cases.
From this analysis of bi-periodic arrays, Fig.4a shows dependence of output beam phase at λ0 = 555 nm on both nano-pillar diameter D and illumination condition Bs/Bf. The field ratio Bs/Bf ranges from the E- to the B-antinode, and the points between 243° and 343° along the phase curve of Fig. 2c correspond to the left hand end points of the family of curves here in Fig. 4a. Aside from some deviations for the largest and smallest pillars in the limiting E and B-antinodal regimes, the dependences of phase upon pillar diameter are close to linear across most of the nano-pillar diameter range, with gradients decreasing monotonically from E- to B-antinode illumination. Interestingly, the lines converge to a single point between D = 150 and 156 nm where phase ~π. This is a consequence of the fact that single-beam transmission of λ0 is zero at this point (Fig. 3). Coherent excitation relies upon the interference of two counter-propagating incident light waves, but zero transmission eliminates this interference, rendering the metasurface insensitive to the relative phase and intensity of a second beam. The ~π phase shift observed at this point demonstrates that, the response of these nano-pillars is a very good approximation to that of a subwavelength array of resonant electric dipoles.
Figures 4b and 4c further show the scattered electric field for each nano-pillar diameter in the limiting-cases of the E- and B-antinodes. At the E-antinode (Bs/Bf = -1.5, Fig. 4b), phase retardation depends strongly upon nano-pillar diameter, increasing monotonically with D. In contrast, at the B-antinode (Bs/Bf = 1.0, Fig. 4c), there is very little phase difference across the entire range of diameters. This behavior can be understood from Fig. 3. Under the E-antinode illumination, the behavior of the arrays is governed entirely by the electric resonance, because the magnetic resonance is suppressed. As shown in Fig. 3, as D increases from 120 nm to 174 nm, the wavelength of the electric resonance moves across the λ0 = 555 nm line. For a dipole resonator, this regime of resonance shift maximizes output phase dispersion with pillar diameter. By comparison, under the B-antinode illumination, the behavior of the arrays is governed by the magnetic resonance (the electric resonance being suppressed) and the operating wavelength λ0 is always shorter than the resonance wavelength. As such, output phase is relatively insensitive to D.
Beam steering characteristics
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Fig. 5. Coherently controlled beam steering metasurface. (a) Simplified schematic cross-section of the nano-pillar gradient metasurface (see details in Fig.1) in the xz steering plane. (b) Output electric field distributions in the xz plane from 1 to 5 µm above the middle plane of the metasurface for selected coherent illumination conditions (as labelled). Each sub-panel is 3 µm wide, i.e. the width of the 10-pillar gradient unit cell shown in Fig. 1b. Field strength is normalized to that of the free-space input beam, which is a constant for all the cases. (c) Corresponding angular distributions of output intensity, each normalized to their respective maxima.
From Fig. 4, it is apparent that a metasurface in which unit cells contain a size gradient of silicon nano-pillars, as illustrated in Fig. 1b, can provide a continuously tunable phase gradient under coherent illumination. This behavior is illustrated in Fig. 5b, which shows the output field above the gradient metasurface for the E-antinode (Bs/Bf = -1.5), the B-antinode (Bs/Bf = 1.0), and a selection of intermediate Bs/Bf values. The metasurface provides continuous tuning of output beam angle in the xz plane, i.e. parallel to the structurally engineered phase gradient along the x direction. (There is no variation of nano-pillar diameter and therefore no phase gradient along y, consequently no angular deflection in the yz plane.) The wavefront is seen to remain nearly flat in all cases (a perfectly flat wavefront is actually forbidden by the limited x-direction size of the metasurface) and specular reflection/transmission of the two incident beams (strictly in the +z direction) is essentially eliminated. The angular intensity distributions (Fig. 5c) show that output light is concentrated almost entirely in a single lobe. Output beam angle θ, defined as that of maximum output intensity, changes continuously from 10.6° at the E-antinode to 1.5° at the B-antinode, giving a steering range of 9.1°.


Fig. 6. Steering angle and efficiency. Output beam angle θ and beam steering efficiency (relative to total input power) of the phase gradient metasurface as functions of input field ratio Bs/Bf. The symbols represent values obtained from numerical simulations of the whole gradient metasurface, while the solid black line is an analytical estimate based on Eq. (1) and the simulated phases of the largest and smallest nano-pillars.
[bookmark: _Hlk48836247][bookmark: _GoBack]Output beam angle is plotted as a function of Bs/Bf at the metasurface plane (Fig. 6). Values derived as above from finite element numerical simulation are well-matched to an analytical estimate based on the generalized Snell’s law (Eq. 1). The latter assumes that the nano-pillars provide a linear phase gradient dΦ/dx [given simply by the phase difference between the smallest (D = 120 nm) and largest (D = 174 nm) pillars at all the Bs/Bf field ratios, and their center-to-center spatial separation of 9 × 300 nm = 2.7 μm], and that they have equal scattering efficiencies. It also excludes any influence of near-field coupling among nano-pillars. As such, its close match to the numerical data shows that such coupling is relatively weak in the present case (thereby validating the assumption that gradient metasurface performance can very reasonably be evaluated from knowledge of the individual resonator characteristics [35]). As a consequence, the beam steering functionality is only weakly dependent on the incident polarization (angular tuning range for y-polarized light is from 1.7 to 10.5°). Figure 6 also shows beam steering efficiency, defined as power scattered into the primary output beam lobe relative to total input power, varies between 26% and 46% in the whole range of Bs/Bf (as distinct to the +/-z scattering efficiency considered in Fig. 2). 
Conclusion
The coherent control concept is scalable across wavebands from optical to THz with appropriate selection of material platform and resonator geometry (e.g. see Fig. S3 for a design working at the telecomm wavelength of 1550 nm). For the implementation of the proposed beam steering concept, any of the oxides, nitrides and semiconductors typically employed in all-dielectric metasurfaces would be suitable (e.g. GaN, TiO2, ZnO, Te and SiN [36-39]): the medium need not to be dissipative (as silicon is at visible wavelengths) - indeed lower intrinsic losses would improve output efficiency; and the resonators do not have to be cylindrical - the basic requirement is that they support electric and magnetic resonances at closely spaced wavelengths. As long as the two resonances exhibit significant dispersion contrast at the operating wavelength (e.g. either the electric or the magnetic resonance is highly dispersive), the phase gradient of the metasurface, and therefore output beam angle, can be coherently tuned. 
To conclude, we have introduced the concept of a coherently controllable dielectric metasurface phase gradient, and further demonstrated its application to continuous beam steering at visible wavelengths, by using an array of silicon nano-pillars with a fixed gradient of diameters. Under illumination by a pair of coherent, collinearly polarized, counter-propagating input beams, the output beam from the metasurface can be swept smoothly over a range of 9.1° as a function of the relative phase and intensity of the two inputs. The beam steering originates from the fact that, the coherent interference of the two input beams controls the electric and magnetic dipolar responses of each nano-pillar. As such, the nano-pillars collectively present a phase gradient that continuously maps the relative phase and intensity of the incident beams onto output beam angle. 
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