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ABSTRACT: Many contemporary imaging systems seek tunable focusing compo-
nents with minimal form factors and versatile functionalities; however, existing
solutions are typically limited in size, efficiency, and tuning speed. Here, low-loss all-
dielectric metasurfaces integrated with liquid crystals (LCs) are used to demonstrate
highly compact multifunctional zoom components. The phase profiles imparted by the
metalens are modulated in real time by means of field-dependent LCs, enabling
electrically driven continuous focal length variation and active bifocal imaging with low
applied voltages (<10 V). These applications are achieved through the systematic
design and validation of resonant metasurface elements that ensure the desired
metalens response in each LC state. We engineer and fabricate a high-contrast voltage-
actuated continuous-zoom LC-metalens with up to 18% total shift in focal length.
Additionally, we fabricate simplified large-diameter LC-metalenses, composed of only a
few resonator types, that facilitate electrically tunable multidepth imaging. These
results demonstrate the promise of electrically controlled LC-embedded zoom-
metasurfaces to serve as lightweight and ultrathin multifunctional focusing components, with prospective uses in next-generation
imaging devices.

KEYWORDS: varifocal lenses, metasurfaces, liquid crystals, imaging, nanofabrication

B INTRODUCTION tion, high tuning speed, small footprint, and longer lifespan of
the resulting optical devices. Such reconfigurable metalenses
have been achieved by combinin5g birefringent metasurfaces
with polarization rotation,"”™"> as well as integrating
metasurfaces with active materials such as graphene,'® phase
change materials,'” " and liquid crystals (LCs).”'~*> Among
all tuning mechanisms, electrical actuation represents one of
the most practical methods for integration with compact
imagers and wearable displays. LC-embedded metasurfaces
represent an especially attractive approach since LC molecules
possess an optical anisotropy of the refractive index An = n, —
n, that is large, sensitive to low-amplitude external electric
fields,” and well-studied in the context of LC displays. LC-
metasurfaces have enabled a diversity of active metadevices,
including electrically tunable resonators,”’~** chromatic
aberration correctors,” active color filters,”> dynamic beam
steerers,”™*> reconfigurable anomalous refraction compo-
nents,” and, recently, bifocal lenses, that can switch between
two discrete focal lengths.”**> Despite progress in developing
LC-driven metalenses and their considerable potential, several
challenges remain. Many imaging applications require

Zoom lenses with reconfigurable focal lengths are universal
components of optical imaging and sensing technologies.
Modern imaging systems with highly compact forms, such as
mobile cameras, adaptive vision devices, and wearable mixed-
reality displays, motivate the development of new miniature
multifunctional zoom lens architectures. Traditionally, adjust-
ing the focal length of a lens has relied on the mechanical
translation of freeform refractive optical components or the use
of liquid lenses"”—approaches with high spatial occupancy
and limited production scalability. Recently, optical meta-
surfaces composed of subwavelength-scale nanostructures
(meta-atoms) have provided an ultrathin and lightweight
platform for modulating the spatial and spectral properties of
electromagnetic fields, promising the extreme miniaturization
and extended functionality of photonic devices.”* Semi-
conductor-based metasurfaces utilizing low-profile (submi-
cron-thick) constituent meta-atoms can deliver diffraction-
limited focusing because of their low nonradiative losses and
precisely engineered phase response of their building blocks.™®
However, most focusing metasurfaces (metalenses) have fixed
focal lengths, limiting their potential applications.

Several approaches to modulating metalens properties have
been experimentally demonstrated. One approach uses
mechanical forces to deform metasurfaces embedded in
stretchable substrates or to displace or rotate the metasurfaces
themselves.” "> Alternatively, nonmechanical tuning mecha-
nisms are potentially advantageous for low power consump-
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continuously variable focus (varifocal) zoom;’” however,
experimental implementations of LC-metalenses with this
capability have yet to be realized. Moreover, the design
complexity of tunable metalenses usually scales with lens
diameter, restricting the ease of multizone realizations; this
issue is sometimes circumvented by designs using the
Pancharatnam—Berry phase effect, at the expense of
restrictions on the polarization of incident light.

Here, we apply amorphous silicon (aSi)-metasurfaces
infiltrated with LCs to address the aforementioned challenges.
A general LC-metalens design as well as validation procedure is
established to inform the selection of meta-atom candidates
that yield the desired metalens response at each LC state,
characterized by the director angle € of the LC molecules. Our
procedure involves the generation of an extensive meta-atom
library, followed by the down-selection of candidate meta-
atoms satisfying judiciously chosen constraints on their optical
responses (i.e., the phase and amplitude of the transmitted
light) for several LC director angles. The feasibility of the
approach is verified through the numerical design and
experimental demonstration of an LC-metalens exhibiting
continuous modulation of its focal length f(V;) by up to 18%
in response to a peak-to-peak AC bias voltage of 0 < V, < 9.8 V
(£4.9 V). Next, we present the design of wide-aperture
switchable bifocal LC-metalenses with vastly simplified
computational and fabrication complexity. This new design
paradigm is used to fabricate two ~3 mm-diameter imaging
metalenses, each comprising only five designer meta-atoms,
that exhibit high-contrast electrically actuated switching
between two specified focal planes. The ultrathin profile,
voltage actuation, and versatile functionalities of LC-metal-
enses render them well-suited for applications requiring
compact zoom optics.

B RESULTS

Operation Principles of LC-Metalenses. The LC-
metalens concept is illustrated in Figure 1. The device consists

ITO/SIO,
1||aSi Py

Figure 1. LC-embedded electrically actuated zoom metalenses. (a)
Varifocal LC-metalens: the focal plane position behind the metalens is
continuously varied between f,¢ and f,, as the ac voltage amplitude V;
varies between V; = Vg and Vy = V. (b) Unit cell diagram: a
periodic array of rectangular amorphous silicon meta-atoms
embedded in an LC cell and sandwiched between ITO-coated silicon
dioxide plates.

of a resonant metasurface embedded in a nematic LC and
situated between two transparent conductive indium tin oxide
(ITO) plates. The metasurface is engineered to impart a
(hyperbolic) spatial phase profile onto the transmitted light
that is sensitive to the orientation (director) angle 6 of the
surrounding LC molecules, such that in the absence of an
external electric field, the LC alignment is in-plane and the

metasuface focuses light at an initial focal length f. When an
AC voltage V (t) = 0.5V, sin(2zft) is applied across the LC cell
(where f = 1 kHz, per industry standard, and V, denotes the
signal’s peak-to-peak voltage), LC molecules rotate out-of-
plane and the focal length is tuned toward f,,. Depending on
the design goal, the focal length may be continuously tuned
between £, and f,, as a function of V,, (varifocal zoom lens) as
shown in Figure la or discretely switched between f.¢ and f,,
for two Vj values (simplified bifocal imaging lens).
Metalens Design. The LC-metalens design procedure
starts by defining two target phase maps corresponding to the
6 =0° (“off’) and @ = 90° (“on”) electrically controlled states
of the LC. The off/on phase targets ®g,,(r, 1) = @ (r, f =
fofton 4) follow a spatial phase profile of a converging lens:

(r, f0),2) = 2 = + ) "

where A is the operation wavelength and r is the radial
coordinate. For monochromatic metalenses discussed in this
section, the dependence of @ ¢, on A will be made implicit for
brevity. A Fresnel zone-type metalens design (detailed in 24) is
utilized to approximate ®(r, f = f(0)). In this scheme, the
continuous phase profiles are discretized into a series of n
concentric phase “zones”, each providing phase delays in the 0
< ¢ < 2z range. Each zone is further discretized into m equally
spaced phase levels such that the phase delay of the jth phase

level of (any) kth zone is given by d)k’(Oo) = 2;”(] — 1) for the

“off-state”. To approximate the spatial phase profile @ in the
“off-state”, N,y meta-atoms with distinct geometries are
selected to impart phases @'(6 = 0°) = $.(0°) to the
transmitted light at the target wavelength for @ = 0°, where
0 < i < N is the index of a meta-atom selected from a library
of N> Nz meta-atom candidates (see below). Because of
the finite size N of the library, the above expression can only
be approximately satisfied: ¢'(0°) ~ ¢}(0°). Each of the N g
meta-atoms selected from the candidate library is placed at its
corresponding radial position rf. The expression for

‘ : 5
. J(0°
rl = \/(W +foff) —f:ff is obtained from eq 1

for the off-state of the LC: @ ¢(r}) = ¢}.(0°). The selection of
N ¢ meta-atoms constitutes the first down-selection step, as
shown in Figure 2. Naturally, many meta-atom designs
approximately satisfy the “off-state” condition. The challenge
is to down-select this number to a much smaller set of meta-
atom candidates that produce high-quality focusing in the “on-
state”, as well as the intermediate states.

To enable a monochromatic bifocal LC-metalens capable of
voltage-actuated binary switching between two discrete focal
planes at z = f g and z = f,,, the meta-atom geometries must be
optimized to simultaneously impart phase delays of ¢'(6 =
90°) = ¢j(90°) = @, (r],) corresponding to € = 90° director
angle of the LC. In general, @, (r,) depends on the zone
number k. Therefore, we expect that the total number N = m -
n < Nyg of down-selected meta-atom geometries is needed to
construct a tunable-focus metalens.

The selection of N unique meta-atom geometries satisfying
the above constraints constitutes the second down-selection
step depicted in Figure 2. As detailed in the following sections,
imposing additional filters or performance figures of merits
(FoMs) on the meta-atom library prior to the “off’ and “on-
state” down-selection steps can enable continuously variable
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Figure 2. Basic workflow depicting the four-step optimization process for tunable-focus LC-metalenses. Step 1: Meta-atom library generation,
following the procedure outlined in the main text. Step 2: Library candidates are omitted by predetermined filters, such as transmission or geometry
requirements. Step 3: First down-selection step of meta-atoms, based on ¢ ¢ values, that enables focusing at 6 = 0°. Step 4: Second down-selection
step of meta-atoms, based on ¢, values, enables a tunable-focus metalens. The shaded region serves to guide the eye. Its width (shown: 0.7 rad) is

related to a user-defined error tolerance.

focal length as a function of V, or large numerical apertures.
Below we detail how the library of meta-atom geometries is
generated using electromagnetic simulations.

Meta-Atom Template and Library Generation. Amor-
phous silicon (aSi) was chosen as the constituent material of
the metalens based on its low absorptive losses in the near-IR
spectral window (see Figure S1 for aSi ellipsometry data) and
established nanofabrication process. The metasurface unit
cell—its meta-atom—consists of a rectangular aSi pillar
situated on an ITO-coated fused silica substrate (Figure 1b).
Periodic arrays of such semiconductor meta-atoms support
localized electromagnetic Mie-type resonant optical modes,
which are sensitive to the permittivity of the media adjacent to
the array. Additionally, the rectangular meta-atom shape offers
a relative ease of fabrication and up to three geometrical
degrees of freedom for phase control. We note that the
localized nature of metasurface resonances justifies using the
assumption of an infinitely extended periodic array of meta-
atoms, even though in reality, each meta-atom has a finite
number of identical neighbors. The metasurface is infiltrated
with a § ym-thick LC (E7 mixture by Merk®®) and covered by
a top ITO-coated silica plate. The 5 ym-thickness ensures that
the LC cell extends well past the range influenced by the near-
field effects of the metasurface. Planar prealignment of the LC
molecules, which is approximately sustained across the full LC
cell,’" is achieved by mechanical brushing of a polymer atop
the ITO coating of the top substrate. The ITO coatings
function as top and bottom electrodes used to apply bias
voltages across the LC cell. The LC can be modeled as a
homogeneous anisotropic dielectric medium with n, = 1.51, n,
= 1.72, and voltage-dependent director angle @ = 0(V,) of the
anisotropy axis as defined in Figure la. For the case of zero
applied voltage, the initial alignment of LC molecules induced
by the brushed top plate is in-plane with metasurface (V;, = 0)
= 0° along the y-axis Applying a nonzero voltage V;, > 0 across
the LC cell can rotate the molecular axis angle 8(V;) by up to
90° in the y — z plane, spectrally shifting the meta-atom
resonances.

A pool of meta-atom candidates (0 < i < N;) was generated
in the SD parameter space [w, |, P, h, 6] (see Figure 1b for
geometry definitions) using-finite element-method COMSOL
simulations under the assumption of normally incident light
polarized along the y-axis (see Supporting Information Section

S3). To simplify the simulation, a periodic square array was
assumed, and the lattice constant P = 475 nm was chosen to
avoid excitation of unwanted diffraction orders: P < 4/n,. A set
of equidistant LC director angles ¢, were chosen in the 0° < 6
< 90° range in increments of 66 = 22.5° i.e., 6, = (q — 1)60
and 1 < g <SS

Active wavefront-shaping in the form of tunable lensing is
contingent on the nontrivial realization of both a spatially
varying parabolic phase-delay profile and LC-induced phase
response that are locally customized at the meta-atom level,
with complexity that scales with the number of targeted optical
states. It is therefore essential that variations of the widths w
and lengths [ of the meta-atom pillars allow variable imparted
phases spanning the full 0—27 range at two or more discrete
LC orientations while maintaining acceptable transmission
efficiencies above €. We determined that a uniform height of h
= 300 nm for all individual meta-atoms effectively balances this
design requirement and fabrication viability. An efficiency filter
is imposed on the meta-atom library (during step 2 in Figure
2) to ensure all meta-atom candidates provide | t’i(ﬁq)l2 > €,

where £(6,) = 1+¢ 1 ¢ #©) denotes the complex-valued
transmission amplitude of the ith meta-atom at the gth LC
director angle.

Down-Selection of Meta-Atoms and Experimental
Demonstration of a Varifocal LC-metalens. Two essential
properties of varifocal zoom systems include the continuity and
smoothness of tuning including, but not limited to, unidirec-
tional modulation and the absence of abrupt jumps of the focal
length f(0). One way of ensuring smooth tuning is to require
that meta-atoms comprising a varifocal metalens follow
conditions of monotonic and uniformly increasing phase
increment A ¢ = ¢'(6,) — ¢'(6,_,) as a function of 0.”* This
is equivalent to smooth voltage-controlled tuning, as we
assume 0(V,) to be a monotonic function as a function of the
voltage amplitude V,. Thus, we select the meta-atoms
satisfying the following conditions:

@'(65) < ¢'(6,) < ¢'(0;) < ¢'(6,) < ¢'(6,) )
and
CqEIAgoqil - IAgoqi_ll <¢ 3)
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Figure 3. Design and experimental realization of an LC-metalens with continuously tunable focal length. (a) SEMs of the fabricated varifocal
metalens. The different colors of the metalens correspond to its ten unique meta-atom geometries. For geometric parameters, see Table S1. (b)
Simulated LC-angle-dependent phase distribution imparted by the selected meta-atoms as a function of the radial coordinate. Solid lines: the
targeted phase functions of converging lenses with f,¢ = 20 mm and f,, = 18 mm. (c) Simulated and (d) measured on-axis intensities of the
metalens along the optical axis z. (e) Normalized y-averaged (see the dashed rectangle in the inset) intensity I(x, y ~ 0) in the “on” focal plane for
the peak-to-peak voltage V;, = V. Inset: Intensity profile of the focal spot in the xy-plane. Dashed rectangle: y-averaging area used for calculating
I(x, y = 0). Off (on) states: Vg =2V (V,, =9 V). (f) Measured focal length f and fwhm of the focal spot as a function of V. Dashed blue lines
serve to guide the eye. Error bars represent a + 0.15 mm uncertainty arising from the estimated experimental in-focus (z = 0 mm) z-coordinate.

Operation wavelength: 4 = 808 nm.

where { < 2.5 rad and q € [2, 5]. Imposing these two varifocal
conditions V i down-filters the meta-atom library to include
only those suitable for high-performance varifocal tuning
between the “off” and “on”-states of the electrically tunable LC.
Details of the varifocal metalens design proposed here and its
advancements from our earlier numerical demonstration®* are
described in Supporting Information Section S9.

For the experimental proof-of-concept demonstration of a
near-infrared varifocal metalens operating at A = 808 nm, the
optimization routine is applied to construct a metalens with n
= 3 zones and m = 3 phase levels that gradually changes its
focal plane location from z = f,z = 20 mm to z = f,, = 17 mm.
The varifocal optimization involves a trade-off between
effective library filtering and the preservation of low phase
errors. We have determined that the varifocal constraint (eq 3)
with { < 2.5 rad is sufficient for ensuring a reasonable
candidate library density while maintaining effective varifocal
behavior. Additional geometrical filters were imposed on the
library to maximize the fabrication viability of the metalens.
Specifically, unit cell filling factors, defined as F = wxwyP_Z,
were limited to the range F = 0.25—0.5 for all down-selected
candidates. The geometry filters, varifocal filters (eqs 2 and 3),
and the “off/on”-state phase targets were simultaneously met
by N = 10 unique geometries of the down-selected meta-
atoms.

Based on this design, a D = 0.59 mm-diameter metalens was
fabricated using standard electron beam lithography (EBL)
and reactive ion etching procedures; for details, see Supporting
Information Section S2. Scanning electron microscopy (SEM)
images of the fabricated metalens are displayed in Figure 3a,
color-coded according to the individual meta-atom geometries
and showing high-fidelity patterning consistent with the design
parameters.

The simulated phases of the selected meta-atoms as a
function of their radial position # and imparted phase ¢' are
plotted in Figure 3b for the five values 6, of the LC director
angle. The results display close agreement with the targeted
“off-state” and “on-state” continuous phase profiles as well as
uniform and continuous phase modulation of each meta-atom
for the intermediate LC orientations. The intensity of light
along the optical axis z of the metalens, calculated using full-
aperture COMSOL simulations and the Fraunhofer integral
method (see Supporting Information Section S4 for details),
reveals distinct intensity maxima for each value of 6, as shown
in Figure 3c.

The varifocal performance of the fabricated metalens was
characterized using a y-polarized laser diode as a mono-
chromatic light source at A = 808 nm and a complementary
metal-oxide semiconductor camera to image the infrared light
transmitted through the metalens (details in Supporting
Information Figure S2). The distance z between the imaged
xy-planes and the metalens was varied by translating the latter
along the optical axis. The AC bias voltage across the LC cell
was supplied by a function generator (details in Supporting
Information Section S6). The resulting measured on-axis
intensity of the metalens is presented in Figure 3d, showing
continuous and high-contrast tuning of the focal plane between
z = 20 mm and z = 17 mm as the peak-to-peak AC voltage
applied across the LC cell is gradually increased from Vj = V¢
to Vy = V,,, in excellent agreement with the simulated results.
Measured voltage-dependent cross-sectional intensity profiles
of the varifocal LC-metalens in the xz-plane are presented in
Figure SS. A representative 2D focal plane intensity profile I(x,
¥, z = f,,) measured for V, = V, is shown in Figure 3e in the
“on-state” (see the inset), as well as its lineout I, (x) =(I(x, y
= 0, z = f,,)) along the x-axis (dotted curve). The
experimentally measured I,,(x) is well-fitted to a Gaussian
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line shape (solid line), indicating that the focused beam is
indeed Gaussian in the “on-state”. For several other values of
applied voltages, similar Gaussian line shape fits of the
measured intensity lineouts in their corresponding focal planes
z = f(V,) were used to extract the full width at half-maxima
(fwhm) w(V;). The extracted focal length f(V;) (blue dashed
line) and fwhm w(V,) (green dotted line) of the metalens are
plotted in Figure 3f as a function of the applied voltage. Our
experiments indicate the threshold voltage of the LC cell is
near Vi, = 2V, with the LC molecule and subsequent varifocal
performance achieved for applied voltages above this thresh-
old, i.e., Vg = Vy, <V, < V. A smooth monotonic decrease
of f accompanied by a near-diffraction-limited fwhm is
observed over the full range of voltages. We have found that
the Strehl ratios vary between S i ~ 0.47 and S, = 0.61 for all
values of V; (see Figure S3), close to the theoretical limit of
~0.68 for a three-phase-level lens.*”*

On the other hand, the focusing efficiencies were found to
vary between 7,4 = 8.2% and 7,, = 11.8%, indicating that
additional design improvements may be needed to increase the
amount of transmitted light. For the presented proof-of-
principle LC-metalens, several intentional design choices
aimed at easing meta-atom fabrication complexity (e.g,, small
filling-factors F and minimum periodicity P) and restricting the
meta-atom shapes to simple low-profile rectangular pillars
limited the efficiency of our demonstration device. Moreover,
although the metalens uses only m = 3 discrete phase levels per
Fresnel zone (to ensure modest fabrication complexity), the
focusing efficiency could be further raised by utilizing an eight-
level scheme.”™

A second varifocal metalens was fabricated with an identical
pattern and process conditions as the one presented in Figure
3. Its characterization (Figure S4a) shows a comparable tuning
range and Strehl ratios to those shown in Figure 3. We have
also verified that the measured focal length is not monotoni-
cally responding to applied voltage and does not have the same
overall tuning range when incident light is orthogonally
polarized or has the incorrect operation wavelength 4 = 690
nm (Figure S4b,c), as indeed expected from a metalens based
on anisotropic resonant meta-atoms.

Simplified Design of Wide-Aperture Bifocal Metal-
enses. Wide-diameter lenses are of substantial interest to
various imaging technologies,”' as the immediate consequence
of the Abbe resolution limit A ~ 1/2 NA, where A and NA are
the spatial resolution and numerical aperture (NA ~ D/2f) of a
lens, respectively. However, the selection of meta-atom
candidates fulfilling the phase criteria for large-diameter
varifocal metalenses poses a significant optimization challenge:
each additional Fresnel zone subdivided into m phase levels
generally requires m distinct phase targets (0 = 90°) and,
therefore, the same number of unique meta-atom candidates.
Mathematically, the total number of zones n approximately

. T oD _
scales quadratically with diameter: n ~ s For example, a D =

2 mm-wide four-level lens with f g= 13 mm, f,, = 11 mm, 4, =
808 nm, and P, = P, = 470 nm would require n ~ 45 Fresnel
zones and therefore more than m - n = 190 different meta-atom
geometries. In practice, the feasibility of selecting and
fabricating hundreds of unique meta-atom geometries is
limited by the finite size N of the meta-atom library and
EBL optimization complexity, respectively. To address this
challenge, we introduce a general relationship between f ¢ and
fon of a Fresnel-type bifocal lens such that each new zone added

to the metalens utilizes exactly the same set of phase targets
and associated meta-atom unit cells as one of the previous
zones. Such bifocal LC-metalenses are suitable for a subset of
imaging applications that require discrete imaging opera-
tions. ™™

Under the simplifying assumptions of the paraxial limit and
fon/for = a/m, where a is an integer and m is the number of
phase levels per Fresnel zone in the “off’-state, the following
relation holds for the minimal number M of meta-atom
geometries needed to construct a bifocal lens with any
diameter (i.e., regardless of the number of Fresnel zones):

GCF(a, m) s 4)

where GCF(p, q) is the greatest common factor of two
integers, p and ¢, and p; is a superperiod as explained below.
The derivation is provided in Supporting Information Section
S10. Naturally, m and a have to be judiciously chosen to satisfy
the simplifying focal length ratio condition. Consider a simple
example: f,. = f,¢/R, where R is an integer number. Then, by
choosing m to be a multiple of R and a = m/R, we obtain M =
m from eq 4, ie., the superperiod p; = 1 and all meta-atom
geometries from the first Fresnel zone can be recycled for every
subsequent zone. Another example illustrating the case of p, #
1 is f,, = 2f,¢/3. By choosing m = 6 and a = 4, we obtain M =
12 or p, = 2. Therefore, the meta-atom geometries used in n =
1 and n = 2 Fresnel zones can be reused in all of the
subsequent zones starting from n = 3. Maximum diameter
limits as well as a method to enable f& > f,, with M = m are
discussed in Supporting Information Section S10.

Below, we validate the concept of a simplified bifocal
metalens by designing two high-performance LC-metalenses
that change their focal distances from f, to f,, = f,5/2 (Type-],
hereafter) or to f,, = —f,¢ (Type-II). Only M = m = S meta-
atoms are needed because of the integer relationship between
the focal distances f,, and f.4 As in the example of the varifocal
lens, these focal plane shifts are accomplished by changing the
orientation of the LC molecules from 8 = 0° to 8 = 90°.
Although metalens designs leveraging the PB phase effect can
also significantly simplify the number of unique meta-atoms
required per bifocal metalens by utilizing in-plane meta-atom
rotation as an additional degree of freedom, the derivation of
eq 4 is free of any stipulations on the incident polarization of
light or the introduction of additional polarizing elements,
which are typical prerequisites of the PB phase method.'”*’
Notably, polarization insensitivity could broaden the applic-
ability of LC-metalenses by enabling compatibility with various
light sources and by eliminating the need for device alignment
with the incident beam’s polarization axis. Although our
designs utilize polarization-sensitive resonances, we envision
achieving polarization-insensitive bifocal LC-metalenses
through modifications to the meta-atom shapes and LC
prealignment. For instance, rotationally symmetric meta-atoms,
such as annular cylinders, combined with an isotropic LC “off-
state”, could lead to polarization-insensitive bifocal metalenses.

Experimental Realization of Simplified Wide-Aper-
ture Bifocal LC-Metalenses. Two devices were fabricated
for experimental verification: a Type-I bifocal lens with m = §,
D = 2.8 mm, f& = 22 mm, and f,, = 11 mm, and a Type-II
bifocal lens with m = 3, D = 2.9 mm, f.¢ = +9 mm, and f,, = =9
mm. The resulting Type-I and Type-II lenses are composed of
n = 55 and n = 140 zones, respectively. Color-coded SEM
images of the M = S meta-atom geometries for the Type-I
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Figure 4. Demonstration of LC-driven wide-aperture bifocal metalenses. (a) SEM images of the fabricated metalens, shaded according to its m = S
phase levels. (b) Simulated intensity along the optical axis (z) of the designed metalens for “off” (blue solid line) and “on” (orange dashed line) LC
states, calculated using the Fourier-propagation method detailed in Supporting Information Section S4. (c) Measured on-axis intensity of the
fabricated metalens for “off” (blue solid squares) and “on” (orange squares) LC states. (d) Focal spot intensities at z = f,z and z = f,, plotted as a
function of peak-to-peak voltage V;. (e,f) Averaged cross-sectional intensity of the focal spot images at V,, = 1.7 V (“off-state”) and V;, = 3.2 V (“on-
state”) for (e) z = f,¢ and (f) z = f,,. Insets show the respective beam profiles of the focal spots in the “off’/“on”-states, with dashed rectangles

indicating the y-averaging areas. Parameters: f,, = f,s/2 = 11 mm.

metalens are shown in Figure 4a. Note that a transmission
constraint of | £,(f,g,,)I* > 0.35 was imposed on the meta-atom
library.

The calculated intensity transmitted through the fabricated
metalens (Figure 4b) shows pronounced high-contrast maxima
at the designed focal planes corresponding to the off/on-states.
The experimental results for Type-I LC-metalens are in good
agreement with our theoretical calculations, as shown in Figure
4c. Figure 4d plots the peak intensities of the two focal spots as
a function of V|, showing a gradual monotonic redistribution
of energy between the two focal spots as Vj is increased in the
range Ve <V, <V, where Vg = 1.7 Vand V, = 3.2 V. The
optical intensity profiles across the focal planes are plotted in
Figure 4e,f, and the correlated 2D focal spot images are shown
in the insets. As the applied voltages are toggled between the
Vo = Vg and V = V, values, the focal spot dims in the z = f ¢
focal plane, as seen in Figure 4e. The opposite effect is
observed at z = f,,, as shown in Figure 4f. The discrepancies
between experimental and theoretical switching contrast are
attributed to the phase disorder introduced by fabrication
imperfections. Such imperfections may include nonideal meta-
atom geometries, refractive indices, and LC alignment. By
switching from the off to the on voltage, the peak focal spot
intensity at z = fs decreases by 75% and the focal spot
intensity at z = f,, increases by 47%. The high switching
contrast in the focal planes and the negligible intensity
elsewhere indicate good prospects for imaging at multiple focal
planes without significant cross-talk between the two. The
Strehl ratios of the focal spots in the off- and on-states of the
LC are 0.77 and 0.54, respectively, indicating the near-
diffraction-limited performance of the device in the “off-state”,
and the corresponding focusing efficiencies are 0.41 and 0.34.

Analogous toggling of the Type-II metalens between
convergent (f. = +9 mm) and divergent (f,, = —9 mm)
states is observed, and the results are presented in Figure S8.
Although a maximum NA of 0.17 was targeted for both
experimental demonstrations, in principle, a wide range of

diameters and corresponding NAs is accessible by the
proposed metalens design based on N = S unique geometries.

Imaging with Wide-Aperture Bifocal LC-Metalenses.
The dynamic imaging capabilities of the fabricated bifocal
lenses were demonstrated by using a 1951 United States Air
Force (USAF) resolution target. For brevity, Figure S

€ Z=iy Von d 2= Ve

0
LP ' .
e iris Target iris : <L
Laser
808nm
o>f i i

Figure S. Electrically actuated imaging using a wide-aperture bifocal
LC-metalens. Images of a negative USAF resolution target formed in
the imaging planes of the metalens in the (a, ¢) f = f,sand (b, d) f =
fon states, recorded for the “off” and “on” voltages. (e) Schematic of
the optical setup to image the negative resolution target with a Type-I
bifocal metalens. Parameters: V= 1.7V, V, = 32V, fog = 22 mm,
fon :foff/z = 11 mm.

summarizes the imaging data of the fabricated Type-I bifocal
metalens, whereas the Type-II bifocal metalens imaging results
are shown in Supporting Information Section S7. The optical
configuration shown in Figure Se was used to image USAF
target Group 3 Elements 4—6 (minimum feature size: 35 ym)
in the two LC-switchable imaging planes of the metalens. The
object distance, 0 = 44 mm, was chosen to produce sharp
images of the target in both LC states (see Supporting
Information Section S6 for details). The relation between the
object and image distances is given by
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1/0 + 1/i0ff,0n = l/foff,on (5)

where 0 and i, are the object and image distances relative to
the metalens, respectively (defined in Figure Se). A bright,
clearly resolved image appears in the z = i g plane for Vj, = V¢
(Figure Sa), while the z = i, image plane is dark for the same
voltage (Figure Sb). By increasing the voltage from V, = V g to
Vo = Vi active switching between the two imaging planes is
demonstrated: the well-resolved image in the z = iy plane
becomes dim and indistinct (Figure Sc), while the image in the
z = i, plane becomes brighter and in-focus (Figure Sd). As
expected, the “off-” and “on-state” focal lengths, calculated
using eq S and the experimental o, i values, were consistent
with the metalens design (details in Supporting Information
Section S6). The maximum spatial frequency of the imaged
Group 3 elements is much less than the cutoff frequency of the
metalens; subsequently, to test the limits of the metalens
resolving power, the highest-resolvable frequency group of the
USAF target by the metalens was investigated and determined
to be Group 6, element 1 (image shown in Figure S7) with 7.8
um line widths, in agreement with the characterized fwhm of
the focal spots (Figure 4f), and 1.2 times larger than the
theoretical Rayleigh resolution limit of the metalens: ~6.4 um
in the “on-state” for the designed NA = 0.13.

B OUTLOOK AND CONCLUSIONS

While the focusing efficiency of the LC-metalenses presented
in this work ranges from 0.08 to 0.41, the efficiency and tuning
contrast of the devices can be raised with increased structural
complexity of meta-atoms and the number of discrete phase
levels per Fresnel zone. Efficient metalens design may also
benefit from recent developments in deep-learning-based
design algorithms.%45 Moreover, although our nematic-LC-
based numerical models already closely predict the exper-
imental results, we note that metalens performance depends
sensitively on the LC molecules’ proper alignment and
anchoring. Therefore, enhanced experimental mitigation and
comﬁgti%tional modeling of LC alignment inhomogene-
ities™ " could significantly assist future LC-metalenses.
Finally, our design method is readily generalized to other
spectral ranges by an appropriate choice of meta-atom
materials with low absorptive loss, opening possibilities for
LC-driven red-green-blue zoom components: a topic of future
work.

To conclude, we have demonstrated multifunctional flat
lenses with electrically actuated zoom based on LC-
encapsulated resonant semiconductor metasurfaces. The
design approach utilizes the strong electro-optical response
of LCs to electrically tune the meta-atom resonances, yielding
considerable real-time modulations to the spatial phase profile
of transmitted light. The phase accumulation and modulation
are uncoupled from the LC cell thickness, therefore enabling
zoom lenses to rival the performance of traditional LC-only
tunable lenses while being only a fraction of the thickness.”"
Our numerical simulations verify several LC-metalens designs
with distinct functions, including electrically driven varifocal
zoom and simplified wide-aperture imaging. We experimentally
demonstrate a voltage-driven LC-metalens with a continuously
tunable focal length from 20 to 17 mm, as well as simplified
millimeter-scale LC-metalenses that facilitate electrically
switchable imaging between two focal planes simultaneously
with a drastic reduction in computation cost and fabrication
complexity. Our results represent a key demonstration of

ultrathin voltage-tunable multifunctional zoom lenses of
interest to various imaging technologies such as light detection
and ranging and wearable displays.
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