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Abstract: We demonstrate an electrically tunable dual-mode metalens capable of polarization-sensitive focal control,
combining  high-resolution  imaging  and  depth-sensing  functionalities  into  a  single  compact  device.  By  integrating
hydrogenated amorphous silicon (a-Si:H) meta-atoms with a liquid crystal (LC) modulator, the proposed metasurface
independently manipulates left- and right-circularly polarized (LCP/RCP) incident light, generating a rotating double-
helix  focal  distribution  for  LCP  and  an  extended  depth-of-focus  (DOF)  for  RCP  illumination.  The  meta-atoms  were
rigorously  optimized  using  propagation  and  geometric  phases,  enabling  precise  phase  control  and  high  transmit-
tance at a wavelength of 635 nm. Experimental characterization confirmed near-diffraction-limited lateral and axial
resolutions,  closely  aligning with theoretical  predictions.  The integrated LC cell  facilitates  milliseconds polarization-
switching between depth-sensitive double-helix and high-resolution DOF imaging modes. We further verified depth-
extraction  capabilities  by  analyzing  rotation  angles  from  dual-image  focal  spots  under  mixed-polarization  illumina-
tion.  Depth-resolved  imaging  of  a  rubber-tree  leaf,  a  skeletal-muscle  cross-section,  and  a  live  planarian  retrieved
color-coded depths, demonstrating the effectiveness on complex biological tissues. This polarization-driven, electri-
cally tunable metalens thus provides a versatile and effective optical platform suitable for advanced applications in
biomedical imaging, three-dimensional sensing, adaptive optics, and compact imaging systems.
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metasurface

DOI: 10.29026/oea.2026.250216     |     CSTR: 32247.14.oea.2026.250216
Citation: Kim Y, Lee J, Kim WS et al. Millisecond-level electrically switchable metalens for adaptive rotational depth mapping and
diffraction-limited imaging. Opto-Electron Adv 9, 250216 (2026).

 

 Introduction
Metasurfaces,  composed  of  planar  arrays  of  subwavelength
structures known as meta-atoms, have emerged as powerful
optical  elements  capable  of  precisely  manipulating  the
amplitude,  phase,  and  polarization  of  incident  light1−4.  By
engineering  the  geometry  and  arrangement  of  individual
meta-atoms,  metasurfaces  can  achieve  complex  wavefront

transformations  with  ultra-thin  profiles,  presenting  a
compact and efficient alternative to conventional bulky opti-
cal  components5−9.  In  particular,  metalenses,  which  are
metasurface-based lenses, have garnered considerable atten-
tion  due  to  their  ability  to  focus  or  image  light  with  near
diffraction-limited  performance  while  significantly  reduc-
ing  device  volume  and  weight  compared  to  traditional
refractive optics10−15.
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Despite these advantages, conventional metasurfaces typi-
cally operate under fixed optical conditions, such as a prede-
fined  wavelength,  polarization,  or  incidence  angle.  To
address this limitation, significant efforts have been made to
realize  dynamically  tunable  metasurfaces16−20.  Various
modulation  strategies  have  been  investigated,  including
mechanical  deformation,  thermal  tuning21,22,  phase-change
materials23−25,  micro-electromechanical  systems26,  and  elec-
tro-optic  effects27,28.  Among  these  methods,  liquid  crystal
(LC)-based  modulation  stands  out  as  especially  advanta-
geous for visible and near-infrared applications, owing to its
low optical losses, relatively fast response times on the order
of  milliseconds,  and  convenient  voltage-driven  control
mechanisms  (Comparison  of  reported  tunable  metalenses
are  shown  in Table  S1 in  Supplementary  information  of
Section 1)29−33.

While recent work has shown that rotational point-spread
functions  generated  by  static  metasurfaces  can  be  used  for
depth  sensing,  these  devices  lack  in-situ  tunability  and
cannot  seamlessly  switch  between  high-resolution  imaging
and  depth-encoded  operation34−37.  Addressing  this  gap
requires a single platform that combines multifunctionality,
depth  retrieval,  and  high-resolution  imaging,  with  rapid
electronic control.

Here,  we  propose  an  electrically  tunable  metalens  that
leverages  hydrogenated  amorphous  silicon  (a-Si:H)  meta-
atoms  combined  with  an  integrated  LC  cell  for  rapid  and
precise polarization control. The metalens incorporates both
propagation  and  geometric  phase  profiles,  enabling  inde-
pendent manipulation of left-circularly polarized (LCP) and
right-circularly polarized (RCP) incident beams. Specifically,
under  LCP  illumination,  the  metalens  produces  a  double-
helix-shaped focal pattern, while under RCP illumination, it
provides  an  extended  depth-of-focus  (DOF).  This  polariza-
tion-dependent  behavior  allows  the  metalens  to  simultane-
ously  achieve  high-resolution  imaging  and  extensive  depth
sensing within a single optical component.

Moreover,  when  the  incident  beam  contains  both  polar-
ization states simultaneously, distinct and rotated focal spots
emerge,  encoding  depth  information  directly  into  the  opti-
cal  field.  By  analyzing  rotation  angles,  we  demonstrate
precise  depth  retrieval,  thereby  transforming  the  metalens
into a versatile depth-sensing and imaging platform. Finally,
we validate the metalens on biologically  relevant specimens
including a rubber-tree leaf, a skeletal-muscle cross-section,
and  a  live  planarian.  Accurate,  color-coded  depth  maps
spanning  roughly  90  µm  are  retrieved,  demonstrating  the
device's  practical  utility  for  complex,  scattering  tissues.
The  use  of  an  electrically  driven  LC  cell  enables  rapid
switching  between these  polarization states,  highlighting  its
potential for real-time, dynamic imaging and adaptive optics
applications.

Overall, the presented electrically tunable metalens repre-
sents a compact and multifunctional optical solution, merg-
ing  polarization-sensitive  high-resolution  imaging  capabili-

ties  with advanced depth-sensing features.  Its  versatile,  LC-
based reconfigurability holds significant promise for diverse
applications, including biomedical imaging, optical commu-
nications,  three-dimensional  displays,  and  advanced
microscopy systems.

 Theory and design

 Designing the dual-mode metalens

The  dual-mode  metalens  was  designed  to  enable  polariza-
tion-sensitive  focal  patterns,  aiming  to  overcome  the
conventional  trade-off  between  imaging  depth  range  and
resolution.  By  carefully  engineering  two  distinct  polariza-
tion-dependent  phase  profiles,  the  metalens  can  generate  a
double-helix  focal  distribution  under  LCP  beam  and  an
extended  DOF  under  RCP  beam,  as  illustrated  in Fig. 1(a)
and 1(d), respectively.

φLCP

φf0
φrot

φf0

Under LCP illumination, the required phase mask ( )
was  composed  by  combining  two  separate  components
shown in Fig. 1(b): a hyperbolic lens phase profile ( ) and
a  two-fold  self-rotating  phase  profile  ( ).  The  hyperbolic
lens phase ( ) is described by the following equation38,39: 

φf0 (x, y) =
2π
λ

·
(
f0 −

√
x2 + y2 + f20

)
, (1)

f0
where λ denotes  the  target  wavelength  of  the  incident  light
(635 nm in this study),  denotes the focal length (= 2 mm),
and x and y are  the  Cartesian  coordinates  on  the  metasur-
face  plane.  The  metasurface  had  a  diameter  of  500  µm,
corresponding to a numerical aperture of 0.13.

φrotThe two-fold self-rotating phase profile ( ) is expressed
by40−42: 

φrot (r, θ) = k · round
(
a · rb

)
· (θ+ π

2
) , (2)

k

r =
√

x2 + y2 θ
θ = tan−1

( y
x

)
)

where  is controlled parameter for the lobe number for the
splitting  patterns, r represents  the  radial  coordinate
(  ),  indicates  the  azimuth  angle

(  , a regulates  the  tail  of  the  rotating  beam,
and b modified  the  overall  phase  pattern.  A  detailed  para-
metric sweep was performed to identify optimal values for a
and b,  carefully  evaluating  the  intensity  at  circular  points,
circularity,  number  of  circles,  Euler  number,  and  rotation
angle. The optimal values were found to be a = 0.65 and b =
1,  with  full  parametric  analysis  and  optimization  criteria
detailed  in  Supplementary  information  of  Section  2.  Addi-
tionally,  simulated  maximum  intensity  distributions  and
rotation angle characteristics over the range z = 1.9 mm to z
=  2.1  mm  using  these  optimal  parameters  are  provided  in
Supplementary information of Section 3. Normalized inten-
sity distributions around the designed focal plane (from z =
1.92  mm  to z =  2.08  mm)  under  LCP  illumination  clearly
illustrate the rotating double-helix pattern (Fig. 1(c)).

φRCPFor  RCP  illumination,  the  phase  mask  ( )  was
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φf1 φf2 φf20

constructed  by  summing  20  distinct  pairs  of  elements  in
Fig. 1(e),  each  pair  containing  a  hyperbolic  lens  phase  with
varying  focal  lengths  and  corresponding  random  binary
masks43,44.  The  hyperbolic  lens  phases  ( ,  ..., )  were
defined by:
 

φfn (x, y) =
2π
λ

·
(
fn −

√
x2 + y2 + f2n

)
, n = 1, 2, · · · , 20 .

(3)
fn

f0
The focal lengths ( ) were systematically calculated start-

ing  from  a  central  focal  length ,  using  carefully  selected
parameters:  the total  20 focal  points  with 10 µm inter-focal
spacing. This allowed precise axial positioning of the result-
ing focal points.

φr1 φr2
φr20

The  corresponding  random  binary  masks  ( , ,  ...  ,
)  were  generated  such  that  at  each  pixel  position  only

one mask had a value of 1 and the others were set to 0. This
selection process was mathematically expressed as:
 

φfn (x, y) =
{

1, if mask k is assigned to pixel(x, y)
0, otherwise .

k = 1, 2, · · · , 20 (4)
This structured combination of phase elements resulted in

a consistent and extended depth-of-focus for RCP illumina-
tion.  Normalized  intensity  distributions  under  RCP  illumi-
nation within the axial range from z = 1.92 mm to z = 2.08
mm (Fig. 1(f)) demonstrate a single, narrow full-width-half-
maximum (FWHM) PSF consistently  maintained along the
extended  focal  region.  Uniformity  of  the  RCP  extended-
DOF  was  verified  numerically  by  sweeping  the  detection
plane  from  1.90  mm  to  2.10  mm  in  10  µm  steps.  (See
Supplementary  information  of  Section  9  for  the x-z map,
lateral  line  profiles,  and  focal-plane  PSFs.)  This  sophisti-
cated  design  strategy  provides  distinct  and  stable  focal
modes  selectively  activated  by  controlling  the  polarization
state of the incident beam. This design approach provides a
unique capability where LCP illumination creates a rotating
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Fig. 1 | Dual-mode  polarization-sensitive  metalens  enabling  double-helix  focusing  (LCP  illumination)  and  extended  depth-of-focus  (RCP  illumination).  (a)
Schematic showing the metalens under LCP illumination, generating a double-helix focal pattern. (b) Phase mask design for LCP illumination, composed by
combining a hyperbolic lens phase (φf0) with focal length f = 2 mm and a two-fold self-rotating phase profile (φrot). Black scale bar: 100 µm. (c) Normalized
intensity distributions around the designed focal plane (from z = 1.92 mm to z = 2.08 mm) for LCP illumination, illustrating the rotation of two distinct PSFs.
White scale bar: 10 µm. (d) Schematic of the metalens under RCP illumination, producing a single PSF with an extended DOF. (e) Phase mask construction
for RCP illumination. The mask is generated by combining 20 pairs of elements; each pair consists of a hyperbolic lens phase (φf1, φf2, ... , φf20) with vary-
ing focal lengths, multiplied by corresponding random binary masks (φr1, φr2, ... , φr20), where at each pixel position exactly one mask has a value of 1, and
the other 19 masks are 0. Black scale bar: 100 µm. (f) Normalized intensity distributions under RCP illumination within the same axial range, demonstrating
a consistent, narrow FWHM PSF maintained across the extended focal region. White scale bar: 10 µm.
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double-helix  PSF  pattern  near  the  focal  plane,  while  RCP
illumination produces an extended DOF with a consistently
narrow PSF.

 Meta-atom simulation and fabrication

The design of the meta-atom was essential for achieving the
dual-mode  metalens  with  differing  focal  responses  for  LCP
and RCP light. Figure 2(a) illustrates that rectangular a-Si:H
pillars  were  chosen  for  the  meta-atoms  owing  to  their
elevated  transmittance  and  a  measured  complex  refractive
index of 2.9529 + 0.0095i at 635 nm, as specified in Supple-
mentary information of Section 4.

The designed meta-atoms had a fixed height H = 600 nm

Lx Ly

and  periodicity P =  300  nm,  fabricated  on  a  fused  silica
substrate.  Rigorous  coupled-wave  analysis  (RCWA)  was
employed to perform parameter sweeps over the meta-atom
dimensions  along  the x and y directions  (  and ),  vary-
ing from 50 nm to 250 nm. This design approach leveraged
both  propagation  and  geometric  (Pancharatnam-Berry)
phases,  enabling  independent  manipulation  of  LCP  and
RCP light within a single metasurface.

|ϕx − ϕy| ≈ π
ϕx ϕy

φprop (x, y) ϕx

Each rectangular meta-atom acts effectively as a half-wave
plate, requiring a phase retardation difference ,
where  and  are phase delays for x- and y-polarized inci-
dent  light,  respectively.  For  simplicity,  the  propagation
phase  was assumed equivalent to .  By rotating
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Fig. 2 | Simulation and fabrication results for meta-atom design. (a) Geometric definition of the meta-atom: P, Lx, Ly, H, and θ, and the corresponding trans-
mittances  (Tx,  Ty)  for x- and y-polarized incidence.  (b)  Required propagation phase map according  to  the spatial  position on the metalens.  (c)  Required
geometric phase map according to the spatial position on the metalens. (d) Transmittance and phase profiles of eight selected fundamental meta-atoms
that collectively cover the full 0 to 2π phase range. (e) Calculated phase difference (ΔΦ) map as Lx and Ly, vary from 50 nm to 250 nm, highlighting a near-π
phase difference. Positions of the eight fundamental meta-atoms are marked with red '×'. (f) Optical microscope image of the fabricated metalens. Black
scale bar = 100 µm. (g) Top-view SEM image of the fabricated metalens. White scale bar = 1 µm. (h) Tilted-view SEM image showing the structural details of
fabricated meta-atoms. White scale bar = 200 nm.
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α φgeo (x, y)
2α

each meta-atom at an angle ,  a  geometric phase 
equal  to  twice  the  rotation  angle ,  was  imparted  with
opposite signs for LCP and RCP illumination.

To  independently  control  LCP  and  RCP  illumination
responses,  both  propagation  and geometric  phases  must  be
combined.  Mathematically,  the  total  phases  for  LCP  and
RCP illumination can be expressed as: 

φLCP (x, y) = φprop (x, y) + φgeo (x, y) , (5)
 

φRCP (x, y) = φprop (x, y)− φgeo (x, y) . (6)

These equations yield: 

φprop (x, y) =
φLCP (x, y) + φRCP (x, y)

2
, (7)

 

φgeo (x, y) =
φLCP (x, y)− φRCP (x, y)

2
. (8)

2π

The  corresponding  required  propagation  and  geometric
phases  are  shown  in Fig. 2(b) and 2(c),  extracted  directly
from the designed metalens profiles. The propagation phase
was  discretized  into  eight  fundamental  meta-atoms,  care-
fully  selected  to  uniformly  span  the  0  to  phase  range.
Figure 2(d) presents  the  transmittance  and  corresponding
phase  profiles  of  these  eight  selected  fundamental  meta-
atoms,  indicating  high  transmittance  (~0.88  average)  and
good  agreement  with  the  desired  linear  phase  distribution
(dashed line).

ϕ Lx Ly

π

Lx Ly

Lx

Ly

The  calculated  phase  difference  Δ  as  and  vary
from 50 nm to 250 nm is shown in Fig. 2(e),  highlighting a
robust  near-  phase  difference.  Positions  of  the  selected
fundamental  meta-atoms  are  marked  with  red '×' symbols.
Detailed  geometrical  parameters  and  for  each  meta-
atom  are  summarized  in  Supplementary  information  of
Section  5.  Also,  Supplementary  information  of  Section  6
contains further data on transmittance and phase delay as 
and  are varied.

Fabrication  of  the  designed  metalens  followed  standard
electron-beam  lithography  and  reactive-ion  etching
processes.  Initially,  a  600  nm-thick a-Si:H  film  was
deposited  onto  a  silica  substrate  using  plasma-enhanced
chemical  vapor  deposition,  with  specific  gas  flows  of  SiN4
(10 sccm) and H2 (75 sccm) at 300 °C and 40 mTorr. Subse-
quently,  a  positive-tone  resist  (ZEP520A)  was  spin-coated
and  patterned  using  an  electron-beam  lithography  system
(Elionix  ELS-7800,  100  pA).  A  60  nm-thick  Cr  layer  was
evaporated  as  an  etching  mask,  followed  by  lift-off.  The
pattern was transferred onto the a-Si:H layer by inductively
coupled  reactive-ion  etching  (ICP-RIE)  using  the  Cr  mask.
Residual  Cr  was  removed with  an  etchant  solution (ETCR-
400,  APCT).  Scanning  electron  microscopy  (SEM)  from
Hitachi  (Regulus  8100,  7  kV)  and  optical  microscopy
(Olympus  MX63,  20×  magnification)  confirmed  successful
fabrication  and structural  integrity  of  the  metalens.  Optical
microscopy images (Fig. 2(f)) and SEM images (Fig. 2(g–h))

confirm  the  structural  fidelity  and  precision  of  the  fabri-
cated  meta-atoms.  The  high-resolution  SEM  images  clearly
show  the  uniformity  and  accuracy  achieved  in  the  fabrica-
tion  process,  essential  for  realizing  the  targeted  optical
performance.

 Results and discussion
 Characterization of the polarization-sensitive focusing
properties of the metalens

To  evaluate  the  focusing  properties  of  the  electrically-
tunable  polarization-sensitive  metalens,  experimental  char-
acterizations  were  performed  under  varying  polarization
conditions. Figure 3(a) illustrates  the  experimental  setup,
consisting  of  a  635  nm  laser  source  whose  beam  was
expanded  via  a  custom  beam  expander.  The  polarization
state  of  the  incident  beam  was  precisely  controlled  by
employing  a  LC cell  in  combination  with  a  linear  polarizer
(LP), as detailed in Fig. 3(b). Specifically, applying a voltage
of  1.4  V  to  the  LC  cell  resulted  in  LCP  incident  beam.
Increasing the voltage to 1.9 V converted the incident polar-
ization  to  RCP.  A  function  generator  (SIGLENT,  Agilent
33220A) facilitated rapid voltage modulation, enabling quick
switching between LCP and RCP states. The fully integrated
system,  wherein  the  metalens  and  LC  cell  were  assembled
onto a transparent substrate,  is  shown in Fig.  S6 in Supple-
mentary information of Section 7.

The LC modulator  fabrication involved initially  applying
polyimide  (Nissan  Chemical,  Korea)  onto  glass  substrates.
The polyimide was spin-coated at speeds of 1000 rpm for 10
s  followed  by  2500  rpm  for  30  s,  resulting  in  a  measured
thickness  of  approximately  182  nm.  Subsequently,  the
coated plates  were heated at  230 °C for 60 min and rubbed
to achieve uniform liquid crystal alignment. Two glass plates
were  combined with a  precise  10  µm spacer  using UV glue
(Norland  Optical  Adhesive  65).  The  resulting  sandwich
structure  was  then  filled  with  5CB  (4-Cyano-4'-pentyl-
biphenyl)  liquid  crystals.  The  final  LC  cell  was  attached  to
the  metalens  substrate  using  UV  adhesive  and  electrically
connected  to  the  function  generator  for  effective  voltage
modulation.

The  focusing  performance  was  characterized  using  an
optical  imaging  system  composed  of  a  50×  objective  lens,
tube  lens  (TL),  quarter-wave  plate  (QWP),  LP,  and  a  CCD
camera, mounted on a motorized z-axis translation stage to
facilitate  axial  scanning.  Detailed  information  of  optical
components and image-processing latency analysis for real-
time  feasibility  is  explained  in  Supplementary  information
of  Section  8.  Under  LCP  illumination  (Fig. 3(c–f)),  axial
intensity distributions, generated by stacking xz-plane inten-
sities at y = 0 (from z = 1.8 mm to z = 2.2 mm), showed the
expected  double-helix  focusing  behavior  (Fig. 3(c)).  To
quantify  spatial  resolution,  the  point-spread function (PSF)
was  analyzed  in  both  lateral  and  axial  directions.  The  axial
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resolution,  determined  from  line  scanning  along  the z-axis
through  a  single  PSF,  yielded  a  FWHM  of  approximately
74.4  µm  (Fig. 3(d)).  Focal-plane  intensity  profiles  at  three
axial positions (z1 = 1.92 mm, z2 = 2.00 mm, z3 = 2.08 mm)
are  presented in Fig. 3(e).  Analysis  of  the  lateral  resolution,

based  on  intensity  profiles  connecting  two  PSFs,  indicated
an FWHM of roughly 3.6 µm at position z2 (Fig. 3(f)).

Under  RCP  illumination  (Fig. 3(g–j)),  the  metalens
displayed  a  significantly  extended  depth-of-focus.  Axial
intensity  distributions  from  identical  scanning  conditions
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Fig. 3 | Characterization  of  the  focusing  properties  of  the  metalens.  (a)  Schematic  diagram  of  the  optical  setup  used  for  focusing  characterization.  (b)
Poincaré sphere illustrating polarization state transitions controlled by liquid crystal (LC) from LCP (at 1.4 V) to RCP (at 1.9 V) illumination. (c) Axial inten-
sity distribution (xz-plane stacking at y = 0) under LCP illumination, scanned from z = 1.8 mm to z = 2.2 mm. (d) Axial line profile at a single PSF to deter-
mine axial resolution; measured FWHM ≈ 74.4 µm. (e) Focal-plane intensity distributions at three selected axial positions (z1 = 1.92 mm, z2 = 2.00 mm, z3 =
2.08 mm). (f) Lateral intensity profiles connecting two PSFs to estimate lateral resolution; FWHM at z2 ≈ 3.6 µm. (g) Axial intensity distribution (xz-plane
stacking at y = 0) under RCP illumination, scanned from z = 1.8 mm to z = 2.2 mm. (h) Axial line profile at a single PSF under RCP illumination to determine
axial resolution; measured FWHM ≈ 148.6 µm. (i) Focal-plane intensity distributions under RCP illumination at three axial positions (z1 = 1.92 mm, z2 = 2.00
mm, z3 = 2.08 mm). (j) Lateral intensity profile at the same angular orientation as (f), used to estimate lateral resolution under RCP; FWHM at z2 ≈ 2.5 µm.
Lateral profiles in (f) and (j) are uniformly normalized to the peak intensity at z2 to allow direct comparison across planes.
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(from z =  1.8  mm  to z =  2.2  mm)  confirmed  the  extended
focal  region  (Fig. 3(g)).  Axial  line  scans  through  the  PSF
provided  an  axial  resolution  estimate  with  an  FWHM  of
approximately  148.6  µm  (Fig. 3(h)).  Focal-plane  intensity
distributions  at  representative  axial  positions  are  shown  in
Fig. 3(i).  The lateral  resolution was evaluated at  an orienta-
tion comparable to the LCP illumination condition, yielding
an FWHM of about 2.5 µm at position z2, as detailed by the
line  scan  in Fig. 3(j).  For  a  fair  comparison,  all  lateral
profiles in Fig. 3(f) and 3(j) are now normalized to the same
reference,  the  peak intensity  at z2,  recorded under  identical
illumination and exposure.

The  experimental  results  confirm  that  the  electrically-
tunable  polarization-sensitive  metalens  attains  near  diffrac-
tion-limited  resolution  along  its  optimized  axes,  closely
aligning  with  theoretical  predictions,  while  deliberately
incorporating  particular  axial  and  lateral  resolution
attributes  to  enhance  advanced  depth-sensing  and  imaging
capabilities.  Simulated data corresponding to Fig. 3(c–j) are
provided in Fig. S8 in Supplementary information of Section
9,  demonstrating  agreement  between  experimental  and
simulated results. The discrepancies between the simulation
and  experimental  data  are  attributed  to  fabrication  defects
and  measurement  errors.  The  slight  intensity  imbalance
between the two PSF lobes under LCP illumination observed
at z1 and z3 is  attributed  mainly  to  fabrication  deviations
that round and occasionally merge the designed rectangular
posts,  with  a  smaller  contribution  from  residual  alignment
error  during  axial  scanning.  A  side-by-side  comparison  of
PSFs  from  a  sub-optimal  and  the  best  device,  highlighting
the  impact  of  fabrication  quality  on  lobe  balance  and  rota-
tional  fidelity,  is  shown  in  Supplementary  information  of
Section 10.

 Depth imaging characterization using the electrically
tunable metalens

To  evaluate  the  depth-sensing  capability  of  the  metalens
with  extended  focal  characteristics,  imaging  experiments
were conducted as illustrated in Fig. 4(a).  The experimental
setup  consisted  of  a  4f imaging  system,  where  a  10× objec-
tive  lens  and  the  designed  metalens  were  employed.  The
axial  displacement  of  the  focal  plane  (Δz)  relative  to  the
metalens was precisely controlled using a translation stage to
adjust  the  distance  between  the  objective  lens  and  the
customized imaging target.  Due to the magnification of the
10×  objective  lens,  the  image  projected  onto  the  metalens
was  reduced  by  a  factor  of  ten  compared  to  the  original
target  dimensions.  To  validate  the  imaging  performance
accurately,  we  used  a  specially  fabricated  custom-designed
target.

The  method  for  extracting  depth  information  using  the
electrically  tunable  dual-mode  metalens  is  depicted  in Fig.
4(b).  Images  captured  under  LCP  illumination  exhibit  two
distinct and rotated target shapes,  whereas images obtained

under  RCP  illumination  yield  a  single  image  with  superior
spatial resolution. Due to intrinsic fabrication imperfections
and  PSF  distortions,  images  acquired  under  LCP  illumina-
tion  required  correction.  This  correction  step  involved
retaining  the  original  rotation  angles  derived  from  LCP
mode  images  and  applying  shape  correction  using  the
higher-resolution images captured under RCP illumination.
The subsequent image processing facilitated accurate separa-
tion and refinement of the target shapes.

βFollowing  image  processing,  rotation  angles  ( )  were
systematically  extracted.  These  rotation  angles  provided
essential depth information (Δz) due to their direct correla-
tion  with  axial  displacement.  By  matching  extracted  rota-
tion angles to known Δz values, precise depth estimations of
the imaging targets were achieved.

Experimental  results  confirming  this  approach  are
demonstrated in Fig. 4(c). The X-shaped negative resolution
target measures 136.7 µm in both length and width for eval-
uating  depth  imaging  which  are  shown  in Fig. 4(a).  Three
distinct depth positions (Δz1 = 30.5 µm, Δz2 = 0 µm, and Δz3
= − 48.3  µm)  were  tested.  Initially  overlapping  images
obtained from LCP illumination were successfully separated
and  processed  to  yield  clear  angle-extracted  images.  These
angles  were  subsequently  matched  with  corresponding
depths.  Finally,  depth  information  extracted  from  these
angles  was  color-mapped  onto  the  high-resolution  images
obtained  under  RCP  illumination.  The  true  stage  displace-
ments were Δz1 = 30.0 µm, Δz2 = 0 µm, and Δz3 = − 50 µm,
yielding absolute errors of 0.5 µm, 0 µm, and 1.7 µm, respec-
tively.  The  resulting  mean  absolute  error  is  0.73  µm,  or
roughly  1.5%  of  the  80  µm  full  measurement  span,  corre-
sponding  to  an  axial  sensitivity  of  ~1  µm.  The  resultant
images  shown  in Fig. 4(a) highlight  the  robustness  of  the
imaging  approach,  demonstrating  consistent  image  quality
and  clear  depth  differentiation  even  across  varying  focal
depths.

 Depth-resolved imaging of biological specimens

To  demonstrate  that  the  dual-mode  metalens  can  recover
depth information from real, complex specimens, we imaged
three representative biological  samples:  a  rubber-tree leaf,  a
transverse  section  of  skeletal  muscle,  and  a  live  planarian.
All  measurements  employed  the  same  optical  setup
described in Fig. 4(a), and only the specimen was exchanged
between acquisitions.  A  10× bright-field  objective  provided
the  reference  image  for  each  sample  (left-hand  column  in
Fig. 5; black scale bar = 250 µm), after which LCP and RCP
mode images were captured using the LC-integrated metal-
ens  exactly  as  outlined in Fig. 4.  For  completeness,  we note
that  differences  in  sharpness  relative  to  the  10×  objective
arise from intrinsic NA/PSF and throughput considerations;
a  quantitative  analysis  with  simulated  focal-plane  PSFs  is
provided  in  Supplementary  information  of  Seciton  11.
Detailed discussion for  scalability  of  the double-helix  mode
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at  higher  NA  and  through-focus  simulation  comparing  the
RCP extended-depth-of-focus design with a  standard NA =
0.13 lens are also included in Supplementary information of
Section 11.

For every field of  view,  we recorded a  pair  of  raw metal-
ens images: a double-helix LCP mode image and a high-defi-
nition RCP frame. After the LCP/RCP mode images separa-
tion step, the LCP mode image was split into two images and
its  shape  was  corrected  with  the  corresponding  RCP inten-
sity  map.  After  yielding  the  rotation  angle β,  which  was
converted  to  an  axial  offset  Δz via  the  calibration  curve
established  in Fig. 4(b).  The  resulting  depth  values  (+42.1
µm,  0  µm,  and −46.9  µm  for  the  three  examples)  are
reported  alongside  the  extracted  angles.  Finally,  each  high-
resolution  RCP  image  was  color-coded  according  to  Δz
using the hue scale shown at the right of Fig. 5 (white scale
bar = 2 µm).

These results confirm that the metalens can recover depth
over  a  ~90  µm  range  in  heterogeneous,  light-scattering

tissues  while  preserving  sub-cellular  lateral  detail.  Because
the LC modulator switches polarization in milliseconds, the
same  device  can  rapidly  alternate  between  depth-encoded
and conventional high-resolution imaging modes, making it
attractive  for  live-cell  microscopy,  histological  inspection,
and  compact  endoscopic  probes.  Supplementary  informa-
tion  of  Section  7  describes  the  analysis  of  thermal  robust-
ness and tuning speed.

 Conclusions
In this  study,  we have successfully  demonstrated an electri-
cally  tunable  dual-mode  metalens  capable  of  generating
polarization-sensitive  focal  patterns,  effectively  addressing
the  longstanding  trade-off  between  depth-of-focus  and
imaging  resolution.  By  precisely  engineering  phase  profiles
for  LCP  and  RCP  illumination,  the  metalens  produces
distinctive  optical  responses:  a  rotating  double-helix  PSF
under  LCP  illumination  and  an  extended  DOF  with  a
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narrow  PSF  under  RCP  illumination.  This  dual  functional-
ity  enables  the  metalens  to  simultaneously  achieve  wide
depth  sensing  range  and  high  lateral  resolution,  signifi-
cantly  enhancing  its  applicability  in  advanced  imaging
systems.

The  meta-atom  structures,  fabricated  from  low-loss a-
Si:H,  were  meticulously  designed  using  RCWA,  enabling
precise  manipulation  of  propagation and geometric  phases.
Experimental  characterization  validated  near-diffraction-
limited  performance  with  close  alignment  to  theoretical
predictions.  High-resolution  SEM  and  optical  microscopy
imaging confirmed excellent fabrication fidelity.

Comprehensive  experimental  assessments  demonstrated
that  the  metalens  provided  robust  imaging  performance
under  varied  polarization  conditions,  highlighting  its  capa-
bility  for  rapid  polarization  switching  via  an  integrated  LC
modulator.  The  depth-sensing  experiments  further  verified
that  the  engineered  focal  profiles  facilitated  reliable  extrac-
tion  of  depth  information  through  the  rotation  angles  of
dual  image  patterns  under  LCP  illumination,  subsequently
refined by high-resolution RCP imagery.

Overall,  the  electrically  tunable  dual-mode  metalens

represents  a  promising  optical  platform,  merging  depth-
sensitive  imaging  and  high-resolution  capabilities  into  a
compact,  integrated  device.  Its  proven performance  on real
bio-samples,  combined  with  rapid  electronic  control,  paves
the  way  for  applications  in  biomedical  imaging,  3-D
microscopy, optical sensing, and adaptive optics32,45,46.
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