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Tunable active metasurfaces have become a major research focus in recent years. Among tuning mechanisms,
all-optical coherent control stands out because it requires no material or geometric change, enabling low-energy,
interference-based modulation of amplitude, phase, and polarization in ultrathin devices. However, when applied
to phase-gradient metasurfaces, coherent control has been limited to small apertures effectively confined to a single
Fresnel zone, leading to large divergence and degraded beam quality. Here, we propose and numerically validate
a scalable method that enables large-area coherent control. The key idea is to use coherent illumination to tune
the phase gradient within each Fresnel zone, while a direct search algorithm optimizes zone-by-zone parameters
to meet system-level targets. Using this principle, we demonstrate continuous tuning of a large-area metasurface
for continuous beam steering without per-meta-atom phase actuation. The same framework applies broadly to
continuously tunable phase-gradient optics, including varifocal metalenses, parfocal zoom metalenses, tunable
axicons, and related dynamic focusing elements.
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1. INTRODUCTION

Active metasurfaces can be reconfigured through a variety of
mechanisms, including thermo-optic heating [1,2], electro-
optic effects [3,4], free-carrier injection [5,6], liquid-crystal
reorientation [7-9], phase transition in various materials
[10-13], and mechanical actuation via MEMS [14], or
elastomeric strain [15]. Among these, coherent control uses
interference between phase-locked beams to program an oth-
erwise static nanostructure, tuning effective amplitude, phase,
polarization, and absorption without altering geometry or
material properties [16-20]. It offers low energy overhead, since
no Joule heating or physical motion is required.

However, when coherent control is applied to phase-gradient
metasurfaces, prior demonstrations have been restricted to
apertures effectively within a single Fresnel zone [21-23], which
leads to strong beam divergence and degraded quality along the
gradient direction. In principle, one might attempt to extend
the design periodically to cover a larger area, treating a small
coherent-control unit as a repeating supercell. Yet this periodic
extension inevitably enforces discrete translational symmetry,
which confines the optical response to a set of quantized diffrac-
tion orders defined by the grating equation. As a result, the
metasurface loses the defining advantage of coherent control—
its ability to tune the output angle continuously by varying the
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phase relation between counter-propagating beams. Instead of
smooth beam steering, the output becomes locked to discrete
angles associated with each diffraction order, preventing con-
tinuous modulation of the far-field direction and fundamentally
limiting scalability.

To address these limitations, we introduce a scalable
coherent-control framework based on the concept of a super-
cel]—a repeating coherent-control cell that forms the building
block of the metasurface. While the metasurface still consists
of periodically arranged supercells, we employ spatial light
modulators (SLMs) to modulate both the phase and ampli-
tude of the light incident on each supercell. This configuration
enables independent tuning of the phase gradient within every
supercell, effectively breaking the global periodic symmetry that
otherwise constrains the optical response to discrete diffraction
orders. Through direct search optimization of the gradient
in each supercell [24], we achieve continuous tuning across
a large-aperture metasurface while maintaining exceptional
beamforming quality.

Using beam steering as an example, we demonstrate that this
approach yields a substantially wider angular tuning range and
higher diffraction efficiency than direct SLM-based modula-
tion of phase and amplitude across each supercell without the
coherent-control mechanism. The significance of this result is
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twofold. First, it provides a practical route to overcoming the
aperture-size limitation inherent in traditional coherent-control
metasurfaces, thereby extending coherent control from uniform
modulation to spatially varying, phase-gradient modulation—a
far more powerful mode of optical functionality. Second, it
defies the conventional wisdom that individual control of every
meta-atom is essential for continuous tuning [25]. In a large-
aperture phase-gradient metasurface, the boundaries between
adjacent Fresnel zones shift continuously as the output angle
varies. Each time a boundary crosses a meta-atom, a discrete
27 phase jump must be maintained to preserve constructive
interference in the far field. This condition dictates that every
meta-atom be capable of independent phase adjustment to fol-
low the moving zone structure. Extending the achievable phase
coverage beyond 27 (as practiced in dispersion-engineered
metasurfaces [26,27]) can partially alleviate this constraint, but
the practical range of phase delay remains limited, imposing
the same small-aperture restriction observed in achromatic
metasurface implementations [28]. By contrast, our approach
tunes the phase gradient within each supercell rather than the
absolute phase of individual meta-atoms, enabling continu-
ous large-area control through far simpler and experimentally
accessible parameters, such as those available from SLM-
based modulation. This phase-gradient modulation strategy
is broadly compatible with other active tuning mechanisms
[29,30] and can similarly overcome aperture-related constraints
to realize continuously tunable phase-gradient metasurface
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2. METHOD
A. Device Architecture

We adopted the meta-atom design reported by He er 4l to
leverage the phase gradient generated by the dispersion contrast
between the electric and magnetic dipole resonances of silicon
nanopillars [22]. Figure 1(a) illustrates a single supercell, which
serves as the fundamental repeating unit in the large-area meta-
surface. Each supercell consists of a 10 x 10 array of silicon
nanopillars fabricated on a glass substrate, each 160 nm in
height with a lattice period of 300 nm along both x and y axes.
The nanopillars are identical along the y direction, while their
diameters (D) increase from 120 to 174 nm in 6 nm increments
along x, thereby producing a controllable phase gradient in
that direction. The resulting supercell, with lateral dimensions
of 3 um x 3 um, is periodically replicated to form the full
metasurface, enabling a large optical aperture.

The overall configuration of the beam steering system is
shown in Fig. 1(b), which is adapted from the work by He ez 4.
with the only addition of SLMs. A linearly x-polarized input
beam with a free-space wavelength of Ay =555 nm, is first
directed onto a phase-only spatial light modulator (SLM 1) with
a pixel pitch of 3 um x 3 pm, corresponding one-to-one with
the metasurface supercells. The modulated beam then passes
through a beam splitter that divides the incident light into two
beams, which are subsequently directed by mirrors to propagate
in opposite directions. The upward-propagating component
(+2) is further modulated by a bipolar-amplitude spatial light
modulator (SLM 2), which has the same pixel pitch as SLM 1
and is also aligned with the supercell lattice, before recombining
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(a) Schematic illustration of the supercell of the tunable phase-gradient metasurface realized through coherent control. The meta-atoms,

composed of silicon nanopillars with uniform height, are identical along the y direction and exhibit a diameter gradient along the x direction.
(b) Conceptual schematic of the proposed beam steering system. SLM 1 denotes a phase-only spatial light modulator, and SLM 2 denotes a bipolar-
amplitude spatial light modulator. () Calculated dependence of the phase shift of the output beam, relative to the free-space incident beam, on the

meta-atom diameter and the magnetic field ratio (B, / B ).
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with the downward-propagating component (—z) at the meta-
surface. The interference of these counter-propagating beams
produces metasurface response that depends on the coherent
interference condition between the two beams, thereby enabling
beam steering into the designed output direction. In this con-
figuration, only two parameters are adjusted per supercell: the
relative phase among supercells ¢y and the magnetic field ratio
between the substrate and free-space incident beams at the x-y
plane that bisects the nanopillars at mid-height (B, /By), the
latter of which is controlled by relative intensities of the two
beams. This reduced parameter space significantly improves
the feasibility and scalability of the proposed method, as we will
show later.

We simulated the optical response of individual meta-atoms
using the Lumerical finite-difference time-domain (FDTD)
solver. Following He ez al., the refractive index of the amorphous
silicon nanopillars was taken to be 4.06 4 0.03i, and that of
the glass substrate to be 1.5. Periodic boundary conditions were
along the x and y axes. The simulated responses are presented
in Fig. 1(c), which are in close agreement with those reported by
He et al., where COMSOL Multiphysics was employed. This
confirms that a supercell incorporating a diameter gradient of
silicon nanopillars yields a continuously tunable phase gradient
via coherent control. This property is essential for achieving
continuous beam-angle steering.

B. Direct Search Optimization Algorithm

We employed the direct search algorithm [24,31] to identify
the design that maximizes the transmitted energy in the desired
beam steering direction while suppressing undesired diffraction
lobes. In particular, we optimize the light intensity calculated
from the Fresnel-Kirchhoff diffraction integral under the
Fraunhofer approximation, expressed as

Ue,,0,) « // t(x0, yo) exp(—ik(xo sin 6, + yo sin 6,))dxodyo,

1(6., 6,) =1U (., 6,)I’,

where U(6,, 0),) denotes the diffracted field in the direction
(6., 0,) and (0., 0,) represents the corresponding light
intensity. (6, 6,) are the diffraction angles along the x and y
directions, such that the unit vector toward the output beam
direction is (sin 6, sin6,, \/1 —sin? 0, — sin? 6,). Here,
k=27 /A is the free-space wavenumber, and (xo, yo) are the
spatial coordinates on the metasurface. The term #(xo, yo) is
the complex transmission coefficient that encodes both the
phase modulation and amplitude response of the pixel located
at (xg, o). In this formulation, we account for both the trans-
mission through the metasurface and the amplitude modulation
introduced by SLM 2.

The figure of merit (FOM) for the direct search optimization
is defined to suppress unwanted diffraction orders and thereby
enhance beam steering efficiency. Specifically, the FOM penal-
izes power leakage into the spurious diffraction orders along the
x direction. The FOM is expressed as

FOM = 1(6,.6,) — w x (1B 1. 6,) + 16 1. 6,)).
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(6, 0,) is the desired beam steering direction, while 0, _;
and 0, 11 correspond to the —1 and +1 diffraction orders (as
gauged based on the supercell period), respectively. The weight-
ing parameter w determines the relative strength of the applied
penalty, and in the simulations presented here we empirically
set w = 5.0. Unless otherwise specified, we restrict our analysis
to 0, =0, corresponding to beam steering exclusively along
the x direction, with the exception of Section 3.D, where two-
dimensional beam steering in both 6, and 6, is investigated. We
also assume (¢o, B;/By) is invariant along the y axis when we
simulate the 6, = 0 case.

The direct search algorithm was subsequently used to opti-
mize two design parameters in each supercell: (¢o, B:/By).
The relative phase was selected from the interval [0, 277 ] with 51
uniformly spaced discrete levels. Likewise, B; / B ¢ was sampled
from the range [—1.5, 1.0] (following He ¢t al.) with 51 levels.
As a result, a library of 51 x 51 candidate pairs (¢o, B/ B)
was constructed for each supercell. The optimization began
by randomly assigning an initial pair to each supercell. The
algorithm then iteratively updated the configuration: for each
unoptimized supercell, all 51 x 51 candidate pairs were exhaus-
tively tested, and the pair yielding the maximum FOM was
retained. This procedure was repeated for all supercells in a
random sequence during each iteration and terminated when
the relative improvement in the FOM after one iteration was less
than 0.01%.

3. RESULTS AND DISCUSSION
A. Continuous Beam Steering Performance

In this section, we analyze the performance of a square meta-
surface with an aperture size of 150 pm X 150 um, designed
according to the method described above. Specifically, we
determined the optimal values of ¢y and B; /B for all 2500
supercells of the metasurface using the direct search algorithm.
The characterization focuses on the relative diffraction effi-
ciency, here defined as the ratio of the optical power directed
into the desired primary diffraction order to the total transmit-
ted power into free space [32]. It serves as a critical system-level
parameter because it directly reflects the signal-to-noise ratio.
The optical power in the target order is obtained by integrating
the intensity distribution over a square region centered at the
maximum intensity and with an edge length equal to five times
the angular full width at half-maximum (FWHM) of the main
lobe. Figure 2(a) shows the relative diffraction efficiency for
the —1 (blue squares), primary (green circles), and +1 (red
diamonds) diffraction orders. The results indicate that the
relative diffraction efficiency of the primary order remains above
60% across a steering range from approximately 1° to 12°.
This observation confirms that large-aperture beam steering
is achieved over roughly the same angular range as reported
for micron-scale aperture metasurface by He ez al. [22]. As
illustrated in Fig. 2(a), the relative diffraction efficiency of the
primary diffraction order decreases rapidly at larger angles. This
is because the range of accessible phase gradients is limited,
and according to the generalized Snell’s law, the maximum
allowed steering angle is 6, = arcsin(Ao/27m X dg/dx), where
dy/dx denotes the maximum phase gradient attainable in each
supercell. This accounts for the decay in primary diffraction
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(a) Relative diffraction efficiencies of the —1 (blue squares), primary (green circles), and +1 (red diamonds) diffraction orders of the phase-

gradient metasurface. (b)—(e) Normalized intensity profiles as a function of 0, for steering angles of (b) 1.5°, (c) 5.7°, (d) 8.1°, and (e) 10.6°. The solid
blue curves represent our results, and the red dashed curves correspond to the results reported by He ez 4/. [22]. In both cases, the data are normalized
to the respective maximum intensity. The upper-left insets in (b)—(e) show enlarged views of the primary diffraction order for our proposed design,

while the lower-left insets show magnified views of the sidelobes.

order efficiency when 6, exceeds approximately 12°. Here, we
also note that the oscillatory behavior in the relative diffraction
efficiency of the primary diffraction order arises from deviations
in the meta-atom phase profiles [Fig. 1(c)] from an ideally linear
phase profile (see Supplement 1).

Figures 2(b)-2(e) show the intensity profiles as a function of
0, for a set of representative steering angles, along with a com-
parison to the results reported by He ez al. (see Supplement 1
for the corresponding phase profiles). Two key observations
can be drawn. First, the beam width of the primary diffraction
order is substantially smaller than that reported by He ez al.,
demonstrating that our proposed design significantly reduces
beam divergence and improves beam quality relative to the
earlier approach. For the diffraction angles of 1.5°, 5.7°, 8.1°,
and 10.6°, the angular FWHM of the primary diffraction order
is 0.194°, 0.196°, 0.196°, and 0.196°, respectively, which
matches closely with the diffraction-limited beam divergence

of 0.188°, 0.189°, 0.190°, and 0.191°, respectively. Second,
the peak intensity of the unwanted diffraction orders is much
lower than that of the desired lobe, confirming that the metasur-
face design effectively suppresses aliasing and concentrates the
majority of the transmitted power into the intended direction.
This outcome is consistent with the high relative diffraction
efficiency observed in Fig. 2(a). Our results, therefore, confirm
that the new design can offer efficient, continuous beam steering
with diffraction-limited beam quality.

B. Scaling to Large Aperture Size

In this section, we demonstrate that the high performance
achieved for the 150 um-wide metasurface, characterized by
diffraction-limited beam quality and high relative diffraction
efficiency, can be seamlessly scaled to larger apertures while
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respectively. The insets in (a) and (b) present the corresponding data for larger aperture sizes of 0.5 cm and 1 cm, respectively.

maintaining these key attributes. Figure 3 illustrates the varia-
tion of the beam steering performance with the metasurface
size (aperture size). The blue squares, green circles, and red
diamonds correspond to the data for the beam steered toward
angles of 1.5°, 5.7°, and 9.6°, respectively, while the black
curve denotes the theoretical diffraction limit. As shown in
Fig. 3(a), the angular FWHM along the 6, direction of the
primary diffraction lobe consistently approaches the diffrac-
tion limit across the examined aperture sizes, demonstrating
that the algorithm can be generalized to larger apertures while
maintaining beam divergence close to the diffraction-limited
condition. Figure 3(b) depicts the relative diffraction efficiency
of the primary diffraction order as a function of the aperture
size. Over the scanned range from 30 pm to 1 cm, the relative
diffraction efficiency remains essentially constant, thereby con-
firming the robustness and scalability of the proposed design.
(See Supplement 1 for the normalized intensity profiles of the
1 cm aperture metasurface.)

C. Comparison with SLM-Only Design

An alternative approach to beam steering is to directly employ
SLMs or other phase modulation platforms, such as silicon
photonic phased arrays [33], to shape the phase distribution
of the incident beam. In such systems, the phase profile can
be optimized (apodized) to enhance beam quality [30]. Here,
we compare our coherent-control-based design with this
conventional SLM-only strategy and demonstrate the supe-
rior performance of our approach. Figure 4 plots the relative
diffraction efficiency obtained from both methods. For a fair
comparison, we assume the same SLM pixel pitch of 3 pm in
both cases. In the SLM-only configuration, the phase and ampli-
tude of each pixel are optimized using the same direct search
algorithm applied in our design. The results reveal that our pro-
posed design maintains a higher relative diffraction efficiency
across a substantially broader angular range than the SLM-only
configuration. This improvement originates from the tunable
phase gradient within each supercell, which introduces an
additional degree of control. In the absence of the metasurface,
the maximum aliasing-free steering angle for the SLM with a
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Fig. 4. Relative diffraction efficiency of the primary diffraction
order: the proposed design versus the SLM-only baseline. The green
circles correspond to the results of the combined SLM and meta-
surface configuration, while the black circles and line indicate the
SLM-only case.

3 um pixel pitch is restricted to arcsin(Lg/2A) = 5.3°, where A
denotes the supercell period [34]. Consequently, the additional
SLMs incorporated in the proposed configuration [Fig. 1(b)]
do not replace the tunable metasurface with coherent control.
Instead, the SLM and metasurface operate in a synergistic man-
ner to enable large-aperture, high-quality beam steering across
an extended angular range of approximately 11°.

D. 2D Beam Steering

While the metasurface illustrated in Fig. 1(a) is designed with
a phase gradient only along the x direction, the direct search
algorithm can be readily generalized to steer the beam across
the full (6., 6,) plane. This is achieved by allowing the tunable
parameters of each supercell, namely the phase offset (¢g) and
the magnetic field ratio (B; / B f), to vary along both the x and y
directions across the metasurface. Using the same FOM defined
in Section 2.B, we calculated the relative diffraction efficiency in
the case of 2D beam steering using direct search optimization,
shown by the color scale plotin Fig. 5, as a function of 6, and 6,,.

As observed in Fig. 5, the beam can be steered in both the
0, and 6, directions with high relative diffraction efficiency


https://doi.org/10.6084/m9.figshare.31061422

Research Article

100 —~
g
>
8 80 &
0
L
=
% 0 60 ©
3 S
4 40 8
=
©
2 20 2
©
©
0 - : o ©
0 5 10 15
¢, (deg)
Fig. 5. Colormap showing the relative diffraction efficiency of

the primary diffraction order as a function of 6, and 6,, displayed
with shading interpolation. The corresponding color scale is shown
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when the steering angles are small. However, the angular range
of efficient steering in the 6, direction is more limited than
that in the 6, direction by the aliasing-free condition, for the
same reason as in the SLM-only configuration. This result is
expected, since the metasurface does not provide a tunable linear
phase gradient along the y direction. Despite this limitation,
the proposed design remains promising for applications such as
light detection and ranging (LiDAR), where a wider field of view
is typically required only along one axis [35].

4. CONCLUSION

In this work, we have introduced a scalable approach that
lifts the aperture-size constraint in coherent control of phase-
gradient metasurfaces. The concept was validated through
numerical modeling of continuous beam steering in large-area
metasurfaces, demonstrating  diffraction-limited  beam-
forming over an ~11° field of view without aliasing. For a
150 um x 150 um metasurface comprising 2.5 x 10’ meta-
atoms, the scheme requires only SLMs with 2500 independently
controlled pixels, representing a substantial simplification com-
pared with per-meta-atom tuning. Moreover, the proposed
framework is inherently extensible to even larger-aperture meta-
surface platforms and other classes of tunable phase-gradient
devices, underscoring its potential for a broad range of future
photonicapplications.
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