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ABSTRACT: Compact varifocal lenses are essential to various
imaging and vision technologies. However, existing varifocal elements
typically rely on mechanically actuated systems with limited tuning
speeds and scalability. Here, an ultrathin electrically controlled
varifocal lens based on a liquid crystal (LC) encapsulated dielectric
metasurface is demonstrated. Enabled by the field-dependent LC
anisotropy, applying a voltage bias across the LC cell modifies the
local phase response of the silicon meta-atoms, in turn modifying the
metalens focal length. In a numerical implementation, a voltage-
actuated metalens with continuous zoom and up to 20% total focal
shift is demonstrated. The LC-based metalens concept is experimentally verified through the design and fabrication of a bifocal
metalens that facilitates high-contrast switching between two discrete focal lengths upon application of a 9.8 Vpp voltage bias. Owing
to their ultrathin thickness and adaptable design, LC-driven dielectric metasurfaces open new opportunities for compact varifocal
lensing in a diversity of modern imaging applications.

KEYWORDS: Metalens, liquid crystals, tunable optics, design and optimization

■ INTRODUCTION

Many optical systems rely on varifocal optical elements, which
enable focusing at different planes of an imaged scene.
Traditionally, optical zoom systems have consisted of moving
lenses, an approach that requires large-footprint, mechanically
complex solutions, and it remains an open challenge to realize
miniature nonmechanically actuated varifocal optical elements.
In the past decade, metasurfaces1−3 emerged as a versatile and
compact platform for light wavefront engineering and imaging.
Metasurfaces enabled the next generation of flat optics:2,4,5

polarizers,6−8 efficient diffraction gratings,9,10 holograms,11−13

and lenses.14−16 Metalenses17 can deliver the functionalities of
conventional convex or concave lenses within extremely thin
form-factors by virtue of the engineered phase response of
nanoscale plasmonic18 or dielectric19,20 resonators. However,
the focal distance of a metalens is usually predetermined by
nanofabrication, and special measures must be taken to enable
varifocal functionalities. Varifocal metalenses have been shown
by stretching the substrate,21 changing the polarization of the
incoming beam,22 inhomogeneous heating,23 and incorporat-
ing voltage-controlled elements.24 Electrically actuated metal-
enses represent one of the most attractive varifocal devices
with vast potentials for integration with existing head-up
displays and lightweight cameras. Liquid crystals (LCs),
ordered assemblies of highly anisotropic molecules, are
ubiquitous in modern technology as highly efficient electrically
actuated switching agents. Applying AC voltage across a liquid

crystal cell (LCC) can change the alignment of LC molecules,
enabling high-contrast refractive index tuning. Sensitivity of
metasurface resonances to the refractive index of the
surrounding medium has been used to show LC-enabled
electrically and thermally switched resonances,25−37 absorp-
tion,38,39 beam deflection,40−42 and aberrations,43 as well as
programmable spatial light modulation.44,45 Such LC-meta-
surfaces enable optical tuning with LC cell thicknesses that are
a fraction of those used by traditional LC-only modulators.46,47

While electrically actuated ultrathin optics would advance the
development of compact imaging systems, LC-based varifocal
metalenses have remained elusive so far.
In this Letter, we demonstrate an ultrathin LC-based

metalens whose focal length can be adjusted by voltage. We
provide a generalized design approach for the constituent
elements of the metalens, silicon-based meta-atoms, which
have optimized phase responses for several intermediate
orientations θ of the LC molecules. By generating a vast
meta-atom library, imposing a set of appropriate constraints,
and choosing optimized meta-atom candidates, we construct a
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metalens that shows continuous focal distance shifting from foff
= 15 mm to fon = 12 mm as a function of θ at a wavelength of λ
= 690 nm. We extend the LC-driven metalens concept to
conceive two wide-aperture bifocal lens with focal shifts as
large as from foff to fon = foff/2 and fon = −foff, respectively. We
validate this concept by designing and fabricating a spherical
bifocal metalens that emulates a transition between two
distinct concave lenses. Energy redistribution between the foff
and fon = 2foff focal spots manifests itself as intensity switching
by up to 58% driven by low LCC voltages of <10 Vpp. Ultrathin
LC-driven metalenses show flexible voltage-adjustable focal
length control, appealing for use in compact and lightweight
imaging devices.

■ RESULTS AND DISCUSSION

Varifocal Metalens Concept. The concept of the
electrically actuated metalens is depicted in Figure 1a. It
belongs to the family of Fresnel lenses, a concept that has been
known and widely used since the early 19th century. Because
of their inherently thin nature, Fresnel lenses have been
installed (and are still found) atop lighthouses, where low-
weight lenses are particularly attractive. A conventional lens
focuses light at a focal distance of f using a continuously
varying phase delay profile ϕ(r, f) given by48

ϕ π
λ

= − +r f f r f( , )
2

( )2 2
(1)

where r is the radial distance from the lens center. Because a
continuously varying phase delay requires that the lens
thickness difference between its center and periphery exceeds
the wavelength of light λ, Fresnel lenses overcome this
limitation by dividing the lens into m > 1 Fresnel zones, each
of which produces phase delay variations in the 0 < ϕm < 2π

ranges. The phase is “reset” at the beginning of each Fresnel
zone.
A Fresnel-zone-plate metalens advances this idea further by

discretizing each zone into n subzones with each subzone
producing constant phase delays 0 < ϕm,n < 2π/n. Each
subzone is comprised of an array of amorphous silicon (aSi)
nanopillars, referred to as meta-atoms in the rest of this paper,
encapsulated in a nematic LC. The design goal is to engineer
the meta-atoms so as to impart a spatially varying phase delay
profile ϕm,n onto the transmitted light, and to control ϕm,n ≡
ϕm,n(θ) using the rotation angle θ of the surrounding LC
molecules. By varying the amplitude V0 of an AC voltage V =
V0 cos 2πνt applied to the LCC, the LC orientation angle θ ≡
θ(V0) can be varied to ensure that the discretized phase delay
ϕm,n(θ) approximates ϕ(r, f(V0)) given by eq 1, where f(V0) is
the voltage-dependent focal length. By varying bias voltage
between its “off” (V0 = 0) and “on” (V0 = Vmax) values, the
focal distance fon < f(V0) < foff varies correspondingly.
A schematic of the aSi meta-atom, each comprised of two

rectangular aSi pillars on an ITO-coated fused silica substrate,
is shown in Figure 1b. Such meta-atom structures support
localized electric and magnetic Mie-type resonant modes
which may be excited by one of the principal linear
polarizations of incident light and spectrally tuned by
modifying the permittivity of the surrounding media. Dielectric
metasurfaces with moderately high quality factors of the order
10 < Q < 100 have been used for various applications,
including polarization conversion and nonlinear optics.8,49−51

The double-pillar meta-atom geometry shown in Figure 1b
enables flexible control over the transmittance and the phase
by varying the lengths l1,2 and the widths w1,2 of the pillars, as
well as the gap g between them and the array periods Px and Py.
The rest of the paper considers meta-atom responses for
incident fields polarized along the y-axis.

Figure 1. An ultrathin varifocal metalens encapsulated in electrically biased LCC. (a) The device and its operating principles: the focal length
continuously varies from foff (no bias) to fon (V0) (AC bias: V = V0 cos 2πνt). (b) Unit cell schematic: an array of amorphous silicon (aSi)-based
meta-atoms encapsulated in an LCC is sandwiched between two biasing indium-tin-oxide (ITO) electrodes. (c) Green dots: meta-atom candidates
selected from the five-dimensional parameter space (l1,2, w1,2, g) satisfying the phase-uniformity and transmittance criteria of Φ < 1.5 (see eq 2) and
T > 0.10. Purple squares: target values of ϕon and ϕoff (four in each Fresnel zone). (d) The resulting phase distribution of the four-zone varifocal
metalens in the “off” (blue squares) and “on” (red circles) states. Solid lines: the ideal phase functions of converging lenses with foff = 15 mm and fon
= 12 mm. Other parameters include metasurface height of h = 300 nm and lattice periodicities of Px = Py = 405 nm.
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The metasurface is covered by a 5 μm thick LC and ITO-
coated fused silica top plate. The ITO layer renders the top
and bottom glass plates conductive for use as electrodes that
apply an AC bias across the LCC. The LC surrounding the
metasurface can then be modeled as an anisotropic dielectric
medium with n0 = 1.51, ne = 1.72, and V0-dependent optical
axis orientation angle θ (see Figure 2a for the definition of θ).
In absence of an external voltage (V0 = 0), the brushed top
electrode induces a preferred in-plane anchoring direction of
the LC along y across the whole LCC;35 equivalently, here θ =
0°. Applying a bias voltage with amplitude V0 > 0 can increase
θ up to a maximum value of 90°, therefore modifying the phase
response of the meta-atom.
Adjusting the focusing profile of a metalens requires the

phase modulation function to be tailored locally for each meta-
atom. In order to fulfill this requirement, it is critical for the aSi
meta-atom design space to permit both initial imparted phases
ϕoff and phase gradient Δϕ ≡ ϕon − ϕoff variations of the meta-
atoms spanning the 0 < Δϕ < 2π range, while also maintaining
acceptable transmittance T. We find this prerequisite is
achieved for meta-atom thicknesses in the range 0.4λ < h <
1.5λ, where λ is the targeted operation wavelength. Because
fabricating meta-atom arrays of variable thickness using
standard top-down methods is challenging, we select the
same thickness h ≈ 0.4λ for all meta-atoms.
Design Principle. To approximate ϕ(r, f(θ)), we design a

zone-plate metalens discretized into a series of concentric
rings: Fresnel zones. Each ring (zone) corresponds to a 2π
phase increment of the lens and is discretized by at least n = 3
meta-atom phase steps (subzones). To design an m-zone
metalens with f = foff in the “off” state, n aSi meta-atoms per
zone with varying geometric parameters are selected to impart
phase shifts from 0 < ϕm,n(θ = 0°) < 2π in increments of 2π/n
and are arranged to approximate the spatial phase profile
according to ϕm,n(θ = 0°) ≈ ϕ(r, foff). To enable electrical
control over the focal length, the same procedure is followed in
choosing the N = n*m total meta-atoms to simultaneously

approximate the desired phase profile according to ϕm,n(θ =
90°) ≈ ϕ(r, fon) for a, LC molecule orientation of θ = 90°,
corresponding to V0 = Vmax.
This selection enables a discrete bifocal lens switch, where

tuning the LC molecule orientation from 0° to 90° switches
the focal distance of the metalens from foff to fon. While discrete
switching operation may be attractive in a variety of
applications,52,53 a truly varifocal metalens design is contingent
on the meta-atoms satisfying two additional criteria at the
intermediate LC molecule rotation angles 0° < θ < 90°.
Using numerical simulations, we found that imposing these

two criteria over five discrete values of θ = 0°, 22°, 45°, 67°,
and 90° provides a good balance between the density of the
candidate library and the quality of the varifocal operation.
First, the phase for each meta-atom is sought as a monotonic
(decreasing, in our case foff > fon) function of θ. Therefore, the
phases of the meta-atoms ϕ(θ) at the five values of θ have been
set to satisfy the following constraints: ϕ(90°) < ϕ(67°) <
ϕ(45°) < ϕ(22°) < ϕ(0°). Second, we found that the
uniformity of the spacing between the phases ϕ(θ) on the
segment of θ ∈ [0°,90°] is of paramount importance in
obtaining a truly varifocal lens (see Supporting Information
Section 2). In other words, the preferable design requires that
ϕ(θ) changes near-linearly with the LC orientation angle θ.
For quantitative characterization, we introduce the uniformity
parameter Φ defined as

∑Φ =
|ΔΦ | − |ΔΦ|

=

+

3i

i i

1

3
1

(2)

where ΔΦ1 = ϕ(90°) − ϕ(67°), ΔΦ2 = ϕ(67°) − ϕ(45°),
ΔΦ3 = ϕ(45°) − ϕ(22°), and ΔΦ4 = ϕ(22°) − ϕ(0°). We
found that applying the constraint of Φ < 1 rad is important to
achieve the truly varifocal function of the metalens. These two
conditions ensure the selection of meta-atoms that provide a
continuous and uniformly tuned phase profile of the metalens
with V0.

Figure 2. Liquid-crystal-driven metalens with a continuously tunable focal spot. (a) Schematic of the device. A silicon-based metalens is
encapsulated in an LCC with a thickness of 5 μm between two transparent conducting oxide electrodes. An AC voltage is applied to the electrodes,
driving the orientation of the LC molecules at angle θ with respect to the rubbing direction (y). (b) Applying voltage to the electrodes controls θ,
continuously shifting the position of the focal spot. θ1,2,3 denote three representative LC angles with θ1 < θ2 < θ3, corresponding to three distinct
focal spots. (c) Focal length of the lens as a function of θ. Solid line serves to guide the eye. (d) The phases of the scattered secondary waves by
meta-atoms at positions x controlled by the LC in a cylindrical lens implementation. (e) On-axis intensity along the optical axis z for five values of
θ.
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To illustrate the LC-encapsulated meta-atom optimization
and selection process for a varifocal metalens, Figure 1c plots a
map of simulated candidates which satisfy all of the imposed
restrictions as a function of the two key phase quantities of a
tunable lens, ϕoff and ΔΦ ≡ ϕon − ϕoff. Individual green points
correspond to aSi unit cells with unique geometric parameters
from a five-dimensional parameter space (l1,2,w1,2,g). The phase
map covers almost the full 0−2π range along both axes,
thereby permitting a wide range of fon and foff combinations.
For example, squares on the map represent the targeted phase
points for a lens with foff = 15 mm, fon = 12 mm, n = 4
subzones, and m = 4 Fresnel zones. The overlap between
squares and green points in Figure 1c signifies the existence of
at least one specific meta-atom candidate satisfying the
metalens design. The selected candidates are plotted in Figure
1d as a function of x, arranged according to eq 1 and showing
close agreement with the “off” and “on” targeted phase profiles.
Computational Design of a Varifocal Metalens. An

LC-driven metalens with continuously tunable focal length is
depicted in Figure 2a,b. Because of the voltage-induced
realignment of the LC molecules to angles θ with respect to
the “off” (y, see Figure 2a) direction, applying an AC voltage
bias across the LCC continuously controls the focal spot
position.
A three-zone (m = 3) metalens template with λ = 690 nm, Φ

= 1 rad, width of 500 μm, and focal distance targets foff = 12
mm and fon = 15 mm is designed to numerically demonstrate
the focusing performance and varifocal tuning capability of an
LC-driven metalens. We realize full-aperture simulations of the
varifocal metalens by implementing the design as a cylindrical
lens. The resulting simulated focal length of the metalens is
plotted in Figure 2c as a function of 0° < θ < 90°. A smooth
and near-constant rate of change of f with the LC angle is
observed: f−1(Δf/Δθ) ≈ 0.22%·deg−1. The phase profile
imparted onto transmitted light by the cylindrical metalens
as a function of x is presented in Figure 2d for five values of θ.
These results demonstrate a uniform and continuous phase
modulation of 12 total subzones by modulating the LC
orientation angle. The x-dependent phase imprinted by the
metalens onto normally incident light starts near the targeted

ϕoff(r, foff = 15 mm) phase profile at θ = 0° (“off” orientation),
and ends near the targeted ϕon(r, fon = 12 mm) phase profile at
θ = 90° (“on” orientation). Remarkably, each of the five values
of θ produces high-contrast focal spots along the optical axis of
the lens (z) as depicted in Figure 2e. The focusing efficiency
and Strehl ratio of the focal spots are calculated using well-
established protocols54,55 (see Supporting Information, Section
1).
The focusing efficiency of the metalens is found to be 12.1%

for the “off” LC orientation and 13.6% for “on” LC orientation.
The Strehl ratios of the device range between 0.72 to 0.83 for
all LC angles, indicating near-diffraction-limited focusing
performance.
Although foff = 15 mm and fon = 12 mm were the targets for

our numerical demonstration, we note that the adaptability of
our optimization approach enables the design of varifocal
metalenses with nearly arbitrary focal length tuning ratios T,

defined as =
−

T
f f

f
off on

off

56,57 (see Supporting Information

Section 2).
Simplified Computational Design of Large Aperture

Bifocal Metalenses. Several modern imaging technologies
require tunable focus lenses with large apertures.58 Scaling the
metalens size can pose optimization challenges, since typically
each 2π zone added to the lens requires n (one per subzone)
unique meta-atom designs.
Here, we propose several types of LC-metalenses with

judiciously selected focusing conditions for two discrete focal
spots to bypass the aforementioned scaling limitations. Figure
3a,b presents two proposed types of bifocal LC-metalenses that
can be scaled to large aperture sizes. For Type I, the focus
changes from foff to fon = foff/2, and for Type II the focus
changes from foff to fon = −foff upon changing the orientation of
the LC molecules from θ = 0° to θ = 90°. The reduced
functionality of the bifocal metalens enables a simplified
metalens design with just three (n = 3) types of engineered
meta-atoms. Nevertheless, this small number of designer meta-
atoms is sufficient for creating high-performance LC-tunable
bifocal metalenses with appreciable NA (>0.3).

Figure 3. Simulation of a bifocal LC-controlled cylindrical metalens. (a) A sketch of Type I bifocal metalens: upon changing the orientation of the
LC molecules from θ = 0° to θ = 90°, the focal length of the metalens changes from foff to fon = foff/2. (b) A sketch of Type II bifocal metalens: upon
changing the orientation of the LC molecules from θ = 0° to θ = 90°, the focal length of the metalens changes from foff to fon = −foff. (c) Intensity
along z showing focus at distances from foff = 8 mm (θ = 0°) to fon = 4 mm (θ = 90°) for a Type I bifocal metalens. (d) Intensity along z showing
focusing at distances from foff = 8 mm (θ = 0°) to fon = −8 mm (θ = 90°) for a Type II bifocal metalens.
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Numerical demonstrations of wide-aperture LC-driven
bifocal metalenses are accomplished for lens widths of 1
mm, λ0 = 808 nm, n = 5, and foff = 8 mm by applying the
standard design routine and disregarding the additional
varifocal constraints. The simulated intensity of light along
the optical axis of the Type I and Type II cylindrical
metalenses are plotted in Figure 3c,d, demonstrating high-
contrast switching from fon = 8 mm to foff = 4 mm and fon = 8
mm to foff = −8 mm, respectively, when the LC alignment is
changed from θ = 0° to θ = 90°. The corresponding calculated
focusing efficiencies of the Type I and Type II metalenses
range between 22 and 27%. The Strehl ratios are above 0.8 for
all “off” and “on” states, indicating diffraction-limited focusing
capabilities of both devices.
Experimental Demonstration of an LC-Controlled

Spherical Bifocal Metalens. The proof-of-concept exper-
imental demonstration focuses on a Type I bifocal LC
metalens design template consisting of single-pillar aSi meta-
atoms, that is, w1 = w, l2 = l, g = w2 = l2 = 0, and Px = Py ≡ P.
To ease fabrication complexity, it was necessary for the
constituent meta-atoms of the metalens to have filling factors,
defined as F = wlP−2 in the range F = 0.15−0.45. Heuristically,
the lateral geometry and bifocal phase constraints were
concurrently achieved for a Type I template with n = 4
subzones, t = 300 nm, λ = 800 nm, and fon = 2foff = 9 mm.
To experimentally verify the LC-driven metalens concept, a

760-μm-wide spherical metalens was fabricated on an ITO-
coated SiO2 substrate and encapsulated in a 5 μm-thick LC
(see Supporting Information Sections 3 and 4). Figure 4a
presents a scanning electron micrograph (SEM) of the first
spherical metalens subzone and an optical microscope image of
the metalens colored according to the four meta-atom
geometries. The imaging setup depicted in Figure 4b and
described in Supporting Information Section 6 was used to
characterize the focusing and tuning performance of the

samples. The results of this measurement are presented in
Figure 4c, showing intensity maxima that occur at focal
distances z = 9 mm and z = 4.5 mm for “off” and “on” voltages
of V0 = 2.2 Vpp and V0 = 9.8 Vpp, respectively. The focal spot
intensities at z = f and z = f/2 are plotted as a function of
voltage in Figure 4d, demonstrating that the intensities of both
focal spots behave as monotonic functions of voltage for 2.2
Vpp < V0 < 9.8 Vpp. The monotonic behavior is expected for the
Type I bifocal design, as shown by the z-coordinate scan of the
simulated on-axis intensity of the ideal metalens design (Figure
4e bottom panel). To more-closely model the experiment, the
on-axis intensity as a function of z was simulated for a
“realistic” metalens using geometrical parameters of the
fabricated metalens and experimental laser wavelength (see
Supporting Information Section 7). The results of this
calculation are presented in the top panel of Figure 4e,
showing excellent qualitative and quantitative agreement with
the experimental results. An additional factor contributing to
the discrepancies between the experiment and calculations
could be the misalignment of the initial LC anchoring
direction, a known issue of LC-metadevice fabrication.59

Although it is not contained in our model, several strategies
have recently emerged to mitigate LC alignment inhomoge-
neity and address its numerical modeling.59−61 Figure 4f,g
presents the measured voltage-dependent intensity line-cuts of
the focal spots and 2D focal spot profiles of the metalens. By
increasing the voltage from V0 = 2.2Vpp to V0 = 9.8Vpp, the
focal spot intensity at z = f (Figure 4f) increases by 58%; for
the same voltage increment, the focal spot intensity at z = f/2
(Figure 4g) decreases by 37%. The full width at half maximum
of the fon and foff focal spots are 11.4 and 7.9 μm, respectively,
comparable to that enabled by the diffraction limits 10.9 and
5.4 μm. The corresponding Strehl ratios of the “off” and “on”
focal spots are 0.75 and 0.84, respectively (calculation details
provided in Supporting Information Section 1).

Figure 4. Experimental realization of an LC-controlled spherical bifocal metalens. (a) Left: A SEM image of the first metalens subzone. Right:
Optical microscope image of the fabricated spherical metalens. The different shades of the metalens correspond to its four subzones. (b) Schematic
of the measurement setup. LP is a linear polarizer. (c) A z-coordinate scan of the on-axis intensity for “off” (blue data points) and “on” (orange data
points) states. Focal points at z = 9 mm and z = 4.5 mm are seen to exchange intensity as the voltage is changed between V0 = 2.2Vpp and V0 =
9.8Vpp. (d) The focal spot intensities at z = fon and z = foff are plotted as a function of V0. The dotted line indicates the “off” voltage, V0 = 2.2Vpp. (e)
Simulated intensity along the z-axis for (top) an SEM-based metalens design and (bottom) the ideal metalens design. (f) The x-sections of the z =
9 mm focal line image at V0 = 2.2Vpp and V0 = 9.8Vpp. The insets show the respective camera images with the dashed rectangles denoting the y-
averaging areas. (g) Same as (f) but for z = 4.5 mm.
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Outlook and Conclusions. Although the operation
wavelengths used in this work were 690 and 808 nm, the
spectral range may be extended through appropriate meta-
atom scaling and selection of constituent meta-atom materials
with low Ohmic losses. For instance, GaP62 and TiO2

17,63 or
crystalline Si64,65 may enable high-performance LC-driven
varifocal metalenses in the visible or infrared spectral ranges,
respectively. Moreover, the experimental focusing efficiency is
expected to increase with improved nanofabrication and LC
alignment. Finally, by integrating our platform with recent
technical advances in metasurfaces19,20,66 we envision pros-
pects for RGB operation and optical aberration correction to
eventually find use in compact imagers, such as head-up
displays and augmented reality glasses.
To conclude, we have demonstrated the electrostatic

actuation of an LC-encapsulated dielectric metasurface for
continuous and reversible varifocal lensing in the visible and
near-IR spectral ranges. We present a metasurface design
consisting of resonant aSi nanopillars encapsulated in a
nematic LCC. A voltage bias applied across the cell tunes
the resonance frequency of the aSi nanopillars, thereby
enabling real-time control over the spatial phase profile
imparted on the incident light and the resulting focal length
of the metalens. Our numerical simulations have verified
several metalens designs, including a metalens with the focal
length tuning continuously from f = 12 mm to f = 15 mm, as
well as metalenses with the focal length switchable between
two discrete focal lengths. We experimentally demonstrate an
LC-driven metalens which facilitates focal length switching
between 9 mm and 4.5 mm when a low voltage bias of 9.8 Vpp
is applied across the LCC. Our results establish LC-driven
resonant dielectric metasurfaces as a versatile platform for
electrically actuated varifocal metalenses, suitable for various
applications where compact and tunable focusing devices are
sought.
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