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Parallel bright-field and multi-order edge imaging via wide
field-of-view trichannel metalens
Xiaotong Li1†, Yeseul Kim1†, Youngsun Jeon1†, Junhwa Seong1, Jaekyung Kim1, Peng Tang1, Shiqi Hu1,
Harit Keawmuang1, Beomha Yang2, Dongmin Jeon1, Le Dai3, Weiyan Li4,5, Xiaodong Cai6, Jinhui Shi4,5,
Yong-Sang Ryu7, Trevon Badloe8,9* and Junsuk Rho1,2,3,10,11,12*

 

Abstract: Modern  optical  systems  require  the  capability  to  perform  multi-functional  and  parallel  imaging  within
compact,  integrated  architectures.  However,  conventional  refractive  lenses  are  bulky,  restricted  to  single-mode
operation,  and  incompatible  with  planar  integration.  In  this  work,  we  propose  a  trichannel  metalens  capable  of
simultaneously performing bright-field imaging, first-order edge detection, and second-order edge detection over a
wide field-of-view (FOV). Specifically, by encoding combinations of input-output circular polarization, different func-
tions are independently realized in three channels, and the spin-dependent gradient phase is employed to spatially
separate  them,  ensuring  that  all  three  functions  can  be  simultaneously  captured under  linearly  polarized  illumina-
tion,  without  necessitating  mode  switching  or  additional  optical  components.  Experimental  results  show  that  the
proposed  metalens  can  parallelly  provide  three  independent  imaging  functions  with  clear  spatial  separation  and
stable  performance  over  a  FOV ranging  from −10°  to  10°.  Our  approach  offers  a  promising  path  toward  compact,
integrated imaging systems for biomedical imaging, real-time edge analysis, and machine vision applications.
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 1    Introduction
Focusing  and  imaging  are  essential  operations  in  optical
systems,  significantly  impacting  science,  engineering,  and
technology1,2.  Generally,  these  functions  are  realized  using
refractive lenses,  where the curvature and thickness of glass
elements  are  delicately  designed to  manipulate  light  propa-

gation  and  achieve  the  desired  focal  properties.  However,
these  traditional  lenses  suffer  from  inherent  limitations,
such  as  large  physical  dimensions  and  complex  assembly
requirements,  resulting  in  difficulties  integrating  with
modern  miniaturized  and  planar  optical  systems.  Further-
more,  their  functionality  is  typically  restricted  to  singular
optical  tasks,  such as beam shaping, bright-field imaging or
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edge  detection,  lacking  the  capability  for  multi-functional
imaging  and  parallel  optical  image  operations.  These
constraints pose significant challenges to the development of
compact, multi-functional, and integrable optical systems.

Recently, the development of metasurfaces, planar optical
elements  composed  of  subwavelength  microstructures  (i.e.,
meta-atoms) arranged in specific sequences, has revolution-
ized the imaging domain and provided new opportunities to
realize  ultracompact  meta-devices  for  multi-functional  and
parallel  optical  operations3−13.  Utilizing  propagation  (PG),
Pancharatnam-Berry (PB), resonant, or hybrid phase modu-
lation  mechanisms,  scientists  have  demonstrated  many
fascinating  phenomena,  such  as  anomalous  light
deflection14−18,  the  photonic  spin-Hall  effect19−25,
focusing26−34,  and  holograms35−40.  Moreover,  by  integrating
active  or  phase-change  materials  into  passive  metasurfaces,
one can obtain tunable meta-devices whose electromagnetic
responses  can  be  adjusted  through  external  control
signals41−49.  Despite  these  advances,  most  still  suffer  from  a
narrow field-of-view (FOV), single-channel functionality, or
reliance  on  external  stimuli  for  image  mode  switching,
making it difficult to meet the demand for multi-functional
and  parallel  imaging  with  a  wide-FOV  on  a  static  and
compact  platform,  which  is  more  useful  in  practical
applications.

−10◦ 10◦

In this work, we propose a trichannel metalens for paral-
lel  bright-field  imaging,  first-order  edge  detection,  and
second-order  edge  detection over  a  wide-FOV.  These  three
optical  analog image processing functionalities  are assigned
to distinct channels through specific combinations of input-
output  circular  polarization  states.  Specifically,  Channel  1
(right-handed  circular  polarization  input  to  left-handed
circular  polarization output,  RCP-LCP) enables  bright-field
imaging,  Channel  2  (RCP-RCP  and  LCP-LCP)  performs
first-order  edge  detection,  and  Channel  3  (LCP-RCP)
achieves  second-order  edge  detection.  Moreover,  by  intro-
ducing  a  spin-dependent  gradient  phase,  these  three-chan-
nel  images  can  be  spatially  separated  and  simultaneously
captured within a single charge-coupled device (CCD) imag-
ing  area  under  linearly  polarized  (LP)  illumination  and
detection.  This  configuration  enables  real-time  and  parallel
multi-functional  imaging  without  the  need  for  dynamic
switching  mechanisms  or  additional  optical  components.
Experimental  results  demonstrate  that  the  metalens
distinctly  resolves  the  three  imaging  regions  with  high
spatial  separation  and  stable  performance  across  a  wide-
FOV  from  to .  The  proposed  metalens  exhibits  a
numerical  aperture (NA) of  0.503 and a focal  length of  430
μm at a wavelength of 635 nm. The measured efficiencies are
41.7% for RCP-LCP in Channel 1, 25.1% for RCP-RCP and
28.3% for LCP-LCP in Channel  2,  and 14.5% for LCP-RCP
in Channel 3, respectively. These results highlight the poten-
tial  of  our approach for  high-throughput image processing,
real-time  edge  enhancement,  and  compact  multi-modal
optical systems.

 2    Results
 2.1  Principle

The  schematic  illustration  of  the  proposed  wide-FOV
trichannel metalens for parallel bright-field and multi-order
differential  operation  is  shown  in Fig. 1.  This  metalens
modulates the incident object light field and generates three
spatially separated imaging outputs at  the same focal  plane,
enabling  parallel  bright-field  imaging  (Channel  1),  first-
order  edge-enhanced  imaging  (Channel  2),  and  second-
order  edge-enhanced  imaging  (Channel  3),  as  illustrated  in
Fig. 1(a). The imaging functionality of each channel is asso-
ciated  with  a  distinct  focusing-vortex  response  encoded  in
the transmitted wavefront, where the topological charges are
0, 1, and 2 for Channels 1–3, respectively. Figure 1(b) high-
lights  the  wide-FOV  behavior  of  the  trichannel  metalens.
Under  LP  illumination,  the  metalens  forms  three  focused
spots with different vortex orders in a common focal plane.
When the incidence becomes oblique,  these focal  responses
undergo  a  synchronized  lateral  translation  while  remaining
separable,  providing  a  deterministic  angle-to-position
mapping  for  wide-FOV  operation.  Furthermore,  under
circularly  polarized  illumination,  the  specific  channels  can
be  activated  depending  on  the  handedness  of  the  input
polarization. For instance, under RCP input, only Channels
1  and  2  are  enabled,  while  Channel  3  remains  suppressed
due  to  it  working  under  LCP-RCP  condition.  Conversely,
under  LCP  input,  Channels  2  and  3  are  activated  while
Channel  1  is  inactive.  Similarly,  in  addition  to  controlling
the  input  polarization,  further  channel  selectivity  can  be
achieved  by  detecting  specific  polarization  states  at  the
output,  thereby enabling flexible choosing of imaging func-
tionalities.  This  dual  control  strategy  provides  a  powerful
means  to  multiplex  and  demultiplex  imaging  channels
within a single planar device.

The  detailed  design  principle  and  phase  profile  corre-
sponding  to  each  channel  are  depicted  in Fig. 1(c).  By
combining the PG and PB phases and properly utilizing the
polarization-converted  and  polarization-preserved  parts  of
output,  the  functionalities  of  different  channels  are  flexibly
modulated.  Specifically,  the  spin-independent  PG  phase  is
utilized to realize the first-order edge detection of Channel 2
(corresponding to the part of the output where polarization
is  preserved),  while  also  partially  contributing  to  the  phase
modulation of Channels 1 and 3, which can be expressed as: 

ΦPG (r, θ) = −k0
(√

r2 + F2 − F
)
+ θ , (1)

(r, θ)
k0 = 2π/λ λ

F

where  are the polar coordinates at the metalens plane,
 is  the  vacuum  wave  vector,  is  the  working

wavelength,  and  represents  the  focal  length.  In  contrast,
the  PB  phase  introduces  spin-dependent  orbital  angular
momentum (OAM) and linear gradient phase for the polar-
ization-converted  part,  which  are  responsible  for  decou-
pling the functionalities of these three channels and spatially
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separating them on the imaging plane that can be expressed
as: 

ΦPB (r, θ) = −k0rcosθsinα+ θ , (2)
α

l

where  represents the deflected angle of the linear gradient
phase,  which  ensures  that  the  three  distinct  images  can  be
simultaneously  and  independently  read  out.  In  addition  to
spatial  separation,  the  spiral  phase  embedded  in  the  focus-
ing  wavefront  plays  a  key  role  in  enabling  edge-enhanced
imaging.  For  a  metasurface  imparting  a  vortex  phase  with
topological  charge ,  the  corresponding  point  spread  func-
tion  (PSF)  exhibits  an  azimuthal  phase  singularity  and  a
donut-shaped  intensity  profile.  When  such  a  PSF  is
convolved  with  the  object  field,  destructive  interference
occurs in regions with uniform amplitude or phase, leading

l = 1

l = 2

to  suppressed  intensity  in  homogeneous  areas.  In  contrast,
regions  containing  spatial  variations,  such  as  amplitude  or
phase  gradients  at  object  boundaries,  break  this  symmetry
and  give  rise  to  a  strong  intensity  response.  As  a  result,  a
focusing vortex  with  effectively  performs a  first-order
spatial differentiation, highlighting object edges. Similarly, a
higher-order  vortex  ( )  produces  a  PSF  that  is  more
sensitive to higher-order spatial variations, enabling second-
order  edge  enhancement  with  increased  sensitivity  to  finer
structural  features.  A  rigorous  theoretical  derivation  of  the
PSFs  for  different  vortex  orders  and  their  corresponding
edge  detection  mechanisms  is  provided  in  Supplementary
Section 1.

Assuming  that  the  meta-atom  has  high  transmittance,
based on the Jones  matrix  derivation,  the final  target  phase
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Fig. 1 | Operating  principle  and  phase  distribution  of  the  wide-FOV  trichannel  metalens.  (a)  Schematic  of  parallel  multi-modal  imaging  enabled  by  the
proposed metalens. The meta-device modulates the incident object light field and generates three spatially separated imaging channels at the same focal
plane, corresponding to bright-field imaging (Channel 1), first-order edge-enhanced imaging (Channel 2), and second-order edge-enhanced imaging (Chan-
nel  3).  (b)  Concept  of  wide-FOV  operation.  Under  LP  illumination,  three  focused  responses  with  different  vortex  orders  (topological  charges
l = 0, 1 and 2 for Channels 1–3, respectively) are formed in a common focal plane. Under oblique incidence, the three focal patterns move laterally while
remaining  distinguishable.  (c)  Phase  design  principle  and  distribution  of  the  metalens.  The  phase  is  synthesized  by  combining  a  spin-independent  PG
component (quadratic focusing phase and spiral phase) and a spin-dependent PB component (spiral phase and linear gradient phase). The resulting phase
profiles assigned to Channels 1–3 are shown on the right (the constant phase offset π/2 does not affect the imaging functionality).
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modulation  of  the  metalens  for  different  combinations  of input-output circular polarization states can be obtained as:

J =

[
eiΦLCP−LCP eiΦRCP−LCP

eiΦLCP−RCP eiΦRCP−RCP

]
=

1
2

[
eiΦPG(r,θ) ei(ΦPG(r,θ)−ΦPB(r,θ)+ π

2 )

ei(ΦPG(r,θ)+ΦPB(r,θ)+ π
2 ) eiΦPG(r,θ)

]
. (3)

π/2Notably,  this  constant  phase  difference  does  not
influence the functional performance of the metalens in our
design30. The detailed derivation of the Jones matrix is given
in  the  Supplementary  Seciton  2.  Furthermore,  to  ensure  a
balanced  intensity  distribution  between  these  three  chan-
nels,  the  amplitude  contributions  from  both  the  polariza-
tion-converted  and  polarization-preserved  components
should  be  equal.  Based  on  these  analyses,  our  meta-atom
design follows two key criteria: 1) the transmission efficien-
cies  for  both  polarization-converted  and  polarization-
preserved components under circular polarization illumina-
tion should be close to 50%. 2) The phase modulation asso-
ciated  with  the  polarization-converted  and  polarization-
preserved components should provide 0–2π phase coverage.

 2.2  Meta-atom design

To  identify  optimal  anisotropic  meta-atom  geometries  that
satisfy  design  requirements  of  the  proposed  trichannel
metalens,  a  comprehensive  parameter  sweep  is  carried  out
using  finite-difference  time-domain  (FDTD)  simulations.
The working wavelength was set to λ = 635 nm and low-loss
hydrogenated  amorphous  silicon  (a-Si:H)  nanopillars  on  a
silicon dioxide  (SiO2)  substrate  are  employed to  ensure  the
high  optical  transparency  of  the  sample50.  The  measured
refractive  index  of  a-Si:H  is  shown  in  Supplementary

p

h
lx ly

Section  3. Figure 2(a) illustrates  the  schematic  diagram  of
the meta-atom, which functions as a birefringent unit whose
transmission  properties,  including  both  amplitude  and
phase,  are  highly  sensitive  to  its  geometric  parameters.  The
square  lattice  period ( )  is  set  to  350 nm to  suppress  high-
order diffraction and satisfy the Nyquist-Shannon sampling
theorem. Meanwhile, the height ( ) of the nanopillar is fixed
at  800  nm,  while  the  length  ( )  and  width  ( )  are  swept
from 80  to  250  nm to  obtain  sufficient  phase  coverage  and
suitable transmission performance, as shown in Fig. 2(b).

Based  on  the  parameter  sweep,  a  set  of  meta-atoms  is
selected to implement the proposed trichannel functionality.
Their  optical  responses  are  shown  in Fig. 2(c) using  three-
dimensional  scatter  plots,  where  each  data  point  corre-
sponds to one specific meta-atom geometry. The meta-atom
index  is  used  as  an  identifier  to  correlate  the  phase  and
transmission responses of the same structure in the polariza-
tion-preserved  and  polarization-converted  channels  (see
Supplementary  Section  4).  As  shown  in Fig. 2(c),  the
selected  meta-atoms  collectively  span  the  full  0–2π  phase
range  while  maintaining  transmission  efficiencies  between
approximately  0.2  and  0.6  in  both  polarization  channels.
This  balanced  amplitude  response  is  a  key  requirement  for
stable and reliable trichannel operation, ensuring comparable
energy levels among the different imaging functionalities.
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Fig. 2 | Meta-atom design and simulated optical responses. (a) Schematic of the anisotropic meta-atom composed of a-Si:H nanopillars on a SiO2 substrate.
(b)  Simulated  transmission  and  phase  responses  of  the  polarization-converted  and  polarization-preserved  components  as  functions  of  the  meta-atom
geometric parameters. (c) Three-dimensional scatter plots summarizing the phase and transmission responses of the selected meta-atoms for the polariza-
tion-converted and polarization-preserved components. The meta-atom index serves as an identifier to correlate the phase and transmission responses of
the same structure in both channels.
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 2.3  Metalens characterization

As proof of concept, the trichannel metalens based on afore-
mentioned  design  principle  is  fabricated  by  electron  beam
lithography  technology  (see  Supplementary  Seciton  5).  The
scanning  electron  microscopy  (SEM)  images  of  the  fabri-
cated metalens can be seen in Fig. 3(a). All the samples used
in  experiments  are  fabricated  with  a-Si:H  placed  on  a  SiO2
substrate  with  a  diameter  of  500  µm  and  a  focal  length  of
430  µm  at  a  target  wavelength  of  635  nm.  Furthermore,  to
achieve clear spatial separation of the images from the three
channels,  we  set  the  gradient  deflection  angle  of  the  PB
phase  to  4°  along  the x-direction,  thus  imparting  +4°  and
−4° deflection angles to Channels 1 and 3, respectively.

Figure 3(b) presents the experimentally measured PSFs of
each  channel  at  normal  incidence  (see  Supplementary
Section  6).  To  clearly  observe  the  angular  displacement  of
PSF, the horizontal axis in the plots was converted to angu-
lar coordinates. The metalens demonstrates clear focal spots
and doughnut shapes in different channels, respectively, and
its  focal  length  of  430  µm  has  a  good  agreement  with  the
designed  parameters.  Specifically,  in  Channel  2  (RCP-RCP
and  LCP-LCP),  the  output  beam  is  tightly  focused  at  0°
deflection angle, exhibiting a donut-shaped intensity profile
characteristic  of  a  first-order  vortex  beam.  Based  on  the

Jones  matrix  expression  in Eq.  (3),  these  two  polarization-
preserved  channels  are  ideally  expected  to  be  equivalent
because  they  experience  the  same  spin-independent  phase
modulation  (see  Supplementary  Section  7).  Channel  1
(RCP-LCP) and Channel 3 (LCP-RCP) are separated at +4°
and −4°, respectively, and Channel 1 produces a clear Gaus-
sian focal spot, representing deflected focusing. At the same
time,  Channel  3  exhibits  a  larger  doughnut-shaped  PSF
corresponding  to  a  deflected  focusing  second-order  vortex
beam.

Next,  we  experimentally  evaluate  the  wide-FOV  capabil-
ity and multi-channel parallel  performance of the proposed
metalens. In order to excite these three channels simultane-
ously,  we  fix  both  the  input  and  output  polarizations  to x-
linear polarization (XLP, defined as LP light with its electric
field along the x-axis), thereby allowing simultaneous recep-
tion of all three channels. Subsequently, by rotating the rota-
tion  stage,  different  incident  angles  along  the x-direction
were introduced (see Supplementary Section 6). As shown in
Fig. 3(c),  the  spatial  positions  and  intensity  profiles  of  the
focal spots corresponding to each channel were measured in
the  same  focal  plane  across  an  incident  angle  range  from
−10°  to  +10°.  The  results  indicate  that,  with  increasing
incident  angle,  the  focal  spots  of  all  three  channels  shift
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synchronously along the x-direction, accompanied by grad-
ual  changes  in  their  intensity  profiles.  Notably,  the  dough-
nut-shaped  focal  spots  corresponding  to  Channels  2  and  3
show pronounced asymmetry in their ring-shaped intensity
distributions  under  oblique  incidence.  Specifically,  the
lateral displacement and shape variation of PSF along the x-
direction are mainly caused by changes in the incident angle,
while  the  deformation  along  the y-direction  is  mainly
attributed to slight decentering between the laser beam and
the metalens center,  as  well  as  minor axial  misalignment in
the  optical  system.  These  factors  result  in  deviations  of  the
actual incident wavefront relative to the designed condition,
leading  to  localized  non-ideal  variations  in  the  focal  spot
morphology. Furthermore, the intensity cross-sections along
y = 0 in the focal plane at normal incidence are shown in Fig.
3(d). The full width at half maximum (FWHM) of focusing
PSF is 1.36 μm for RCP-LCP in Channel 1, and the peak-to-
peak (PTP) distances of the donut-shaped PSFs are 1.67 μm
for RCP-RCP and 1.67 μm for LCP-LCP in Channel 2,  and
3.75  μm  for  LCP-RCP  in  Channel  3,  respectively.  These
experimental results are in excellent agreement with theoret-
ical predictions (see Supplementary Section 8). Notably, the
PTP  distance  ratio  between  Channels  2  and  3  is  approxi-
mately  1:2,  confirming  that  their  associated  OAM  modes
differ  by  a  factor  of  two  in  their  topological  charges51.  The
measured efficiency, defined as the ratio of the power of the
incident  CP  light  to  that  in  the  transmitted  polarization
converted  or  preserved  states,  are  41.7%  for  RCP-LCP  in
Channel 1,  25.1% for RCP-RCP and 28.3% for LCP-LCP in
Channel  2,  and  14.5%  for  LCP-RCP  in  Channel  3,
respectively.

 2.4  Imaging results

The  wide-FOV  performance  and  multi-functional  parallel
imaging capability of the proposed metalens are experimen-
tally  verified  using  the  USAF  1951  resolution  test  target.
Figure 4(a) shows  the  optical  images  of  Groups  6  and  7  of
the USAF 1951 resolution test chart. The red-marked region,
corresponding  to  Group  6  element  1  with  a  line  width  of
7.81  μm  (64  lp/mm),  is  selected  as  the  imaging  target.  The
imaging performance of different channels is first evaluated
under  normal  incidence,  and  the  corresponding  results  are
presented  in Fig. 4(b) (see  Supplementary  Section  6).  In
these measurements, the output polarization is fixed to XLP
to enable the simultaneous reception of imaging results from
two channels, while the excited channels can be switched by
varying  the  incident  circular  polarization.  The  line  profiles
shown  on  the  right  correspond  to  the  imaging  results  of
Channels  1,  2,  and  3,  respectively,  thereby  highlighting  the
bright-field  imaging  and  multi-order  edge  enhanced
imaging  functionalities  of  the  metalens.  (The  quantitative
resolution  characterization  is  provided  in  Supplementary
Section 9.)

Under  normal  incidence,  Channel  1  produces  a  conven-

tional  bright-field  image  characterized  by  a  clear  central
bright  region,  sharp  edges,  and  high  contrast.  Channel  2
exhibits  a  first-order  differential-like  response,  where  alter-
nating  bright  and  dark  bands  emphasize  the  object  bound-
aries.  Channel  3  shows  second-order  edge  enhancement
with a  higher  spatial  modulation frequency,  making it  suit-
able for extracting finer structural details. Quantitatively, for
the  three-bar  structure  of  the  USAF  target,  the  first-order
edge  detection  channel  yields  six  distinct  intensity  peaks
corresponding  to  the  six  object  edges,  whereas  the  second-
order  channel  exhibits  an  increased  number  of  peaks  with
spatial  positions that  are interleaved with those of  the first-
order  response.  This  difference in  peak number and spatial
distribution provides a clear criterion to distinguish the two
differentiation  orders,  even  though  their  normalized  inten-
sity profiles may appear similar in overall shape52.

To  further  evaluate  the  wide-FOV  performance,  off-axis
imaging  experiments  are  subsequently  carried  out.  In  this
configuration,  both  the  input  and  output  polarizations  are
fixed  to  XLP  so  that  all  three  channels  can  be  simultane-
ously excited and detected. By rotating the turntable to vary
the incident angle, multi-channel parallel imaging results at
different angles are obtained, as shown in Fig. 4(c).  A theo-
retical  validation  of  the  angle-dependent  response  is
provided  in  Supplementary  section  8.  Consistent  with  the
theoretical  predictions,  all  three  imaging  channels  remain
clearly  distinguishable  within −10°  to  +10°  and  shift
synchronously  across  the  imaging  plane,  demonstrating
stable  parallel  multi-functional  imaging  over  a  wide-FOV.
These observations demonstrate that  the designed metalens
can  maintain  stable,  parallel,  and  multi-functional  imaging
over a wide-FOV.

As  the  incident  angle  increases,  image  blurring  and
distortion  become  more  noticeable  in  the  edge-enhanced
channels.  This  behavior  results  from  a  combination  of
intrinsic angle dependent response and practical experimen-
tal factors. Especially, the second-order edge detection chan-
nel  corresponds  to  a  higher-order  spatial  differentiation
operator,  which  produces  a  more  structured  PSF  and  is
intrinsically  more  sensitive  to  wavefront  perturbations  and
PSF  deformation  under  oblique  illumination30,32,52.  More-
over,  residual  off-axis  aberrations,  angle  dependent  phase
deviations,  and  unavoidable  experimental  imperfections
such as minor optical misalignment, beam decentering, and
fabrication  tolerances  can  lead  to  more  visible  contrast
nonuniformity  and  blur  in  the  second-order  response  at
larger incident angles. Particularly, small beam walk-off and
pupil  decentering  during  turntable  scanning  are  difficult  to
eliminate,  and  such  off-axis  illumination  errors  more
strongly  impact  the  second-order  differentiation  response.
Further  improvement  may  be  pursued  by  optimizing  the
meta-atom  library  toward  a  more  robust  angular  phase
response and higher polarization conversion efficiency.

To further  assess  the  wide-FOV imaging  performance  of
each channel, quarter-wave plates (QWPs) are introduced in
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both the illumination and detection paths to isolate specific
polarization combinations for independent characterization.
Here, the USAF 1951 resolution target (Group 6) is selected
as the imaging object. To obtain the distance between metal-
ens  and target,  we  first  calibrate  the  effective  magnification
of the detection optics (objective lens + tube lens) using the
resolution  target  (~23×)  and  then  image  the  same  target
with  the  metalens  to  determine the  overall  system magnifi-
cation (~46×). Consequently, we obtain the effective magni-
fication  contributed  by  the  metalens  during  imaging  (~2×)
and  the  working  distance  (~645  µm).  The  corresponding
imaging region is marked by solid white circles in Fig. 5(a),
representing a 20° field angle, which corresponds to a radius
of  approximately  113  μm  on  the  target.  The  one-dimen-
sional intensity profiles along the lateral (green dashed lines)
and  vertical  (blue  dashed  lines)  directions  in Fig. 5(a) are
plotted  in Fig. 5(b),  where  clear  distinctions  are  observed
across  different  channels.  Thanks  to  the  quadratic  focusing
phase profile, the metalens maintains stable imaging perfor-
mance  across  all  channels,  with  image  contours  remaining
clear even toward the edges of the effective FOV.

It  is  worth  emphasizing  that  this  configuration  enables  a
rapid,  single-shot  evaluation  of  the  metalens  wide-FOV
capability,  offering  experimental  simplicity  and  conve-
nience.  However,  crosstalk  between  different  channels  and

partial  overlap  of  target  regions  may  occur  because  the
applied phase gradients introduce relatively small deflection
angles. Increasing the deflection angle can enlarge the spatial
separation between channels, although this typically reduces
the  effective  FOV.  Alternatively,  implementing  an  off-axis
focusing  phase  design  can  further  increase  spatial  separa-
tion  without  sacrificing  the  FOV,  but  it  usually  requires  a
larger-area  metalens,  which  increases  the  fabrication
complexity  and  cost.  In  addition  to  channel  overlapping,  a
certain  degree  of  geometric  distortion  can  occur  at  large
field  angles  because  the  quadratic  focusing  phase  maps  the
incident angle to a lateral focal displacement following a sine
type relation,  which deviates  from the approximately  linear
paraxial mapping and may manifest as barrel like distortion
or  nonuniform magnification  toward  the  edge  of  the  effec-
tive FOV53−55. Since this contribution is largely deterministic,
it  can  be  compensated  through  post  processing  based  on
calibrated  angle  dependent  image  remapping,  or  more
generally  through  hybrid  optical  computational  imaging
strategies.  From  an  optical  design  perspective,  the  edge-of-
FOV  image  quality  could  be  improved  by  adopting  more
sophisticated  aberration-compensated  or  ray-optimized
phase  architectures  (e.g.,  phase  profiles  enabled  by  stream-
lined or catenary geometries), as well as multilayer, doublet,
or  cascaded  metasurface  designs  that  provide  additional
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degrees  of  freedom  for  suppressing  off-axis  aberrations
across  a  broader  angular  range,  while  typically  requiring
increased  design  and  fabrication  complexity49,56−60.  These
approaches represent  promising future directions to extend
the  usable  FOV  and  improve  edge-of-field  fidelity  while
maintaining compact meta-optical integration.

Having  established  the  wide-FOV  behavior  using  the
resolution  target  in Fig. 5(a) and 5(b) (where  edge-of-field
distortion  can  be  directly  visualized),  we  next  demonstrate
the practical bioimaging utility of the trichannel metalens in
Fig. 5(c).  Due  to  the  biological  specimens  being  imaged
within  the  selected  region  of  interest,  the  edge-of-FOV
distortion discussed above is not a dominant visual factor in
these demonstrations. We employ the trichannel metalens to
image  two  representative  biological  specimens  (Spirogyra

conjugation and Volvox) under both bright-field and multi-
order  edge-enhanced  imaging  channels.  Spirogyra  is  a  fila-
mentous  green  alga  with  a  chain-like  cellular  arrangement
and distinct  cell  walls,  often  used  in  studies  of  cell  division
and  conjugation.  Volvox  is  a  spherical  multicellular  alga
composed  of  hundreds  to  thousands  of  cells  forming  a
hollow spherical structure, making it an excellent model for
exploring  cellular  differentiation  and  multicellular
coordination.

Under  Channel  1  (bright-field  imaging),  due  to  the  high
transparency of both the intercellular gaps in Spirogyra and
the  spherical  structure  of  Volvox,  the  cell  boundaries  are
poorly  defined,  and  the  image  contrast  is  relatively  low,
making it difficult to clearly distinguish structural details. In
contrast,  in  Channel  2  and  Channel  3  (corresponding  to
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first-order  and  second-order  edge-enhanced  imaging),  the
cell  outlines  are  significantly  enhanced,  and finer  structural
details  become  more  visible.  For  instance,  in  the  Spirogyra
images,  we  can  observe  intercellular  connections  and
membrane structures; while in Volvox, its spherical configu-
ration  and  cell  distribution  boundaries  are  rendered  with
high  contrast,  with  a  characteristic  donut-shaped  shadow
appearing  at  the  center.  Notably,  in  the  higher-order  edge-
enhanced  images,  the  central  dark  region  becomes  larger,
indicating  that  more  low-frequency  information  is
suppressed, thereby making the cell edges sharper and more
distinct.  These  experimental  results  demonstrate  that  the
proposed  trichannel  metalens  is  capable  of  effectively
enhancing  the  structural  edges  of  biological  samples  while
achieving bright  imaging,  offering great  potential  for  appli-
cations  in  real-time  cellular  response  monitoring,  cell
morphology analysis, and organoid-based drug screening.

 3    Conclusion
In this work, we have proposed and experimentally demon-
strated  a  polarization-encoded  trichannel  metalens  that
enables  simultaneous  bright-field  imaging  and  multi-order
edge  detection  within  a  single,  compact,  and  static  optical
platform. By encoding distinct combinations of incident and
transmitted  circular  polarizations  and  introducing  spin-
dependent  gradient  phase  profiles,  the  metalens  spatially
separates  three  imaging  modalities,  bright-field,  first-order
edge  detection,  and  second-order  edge  detection,  without
requiring dynamic modulation or additional optical compo-
nents.  Since  the  PG  phase  is  shared  by  all  channels,  while
only  the  polarization-converted  components  acquire  an
additional  spin-dependent  PB  phase,  these  three  channels
are  intrinsically  coupled  and  cannot  be  independently
programmed in a fully arbitrary manner.

The designed metalens achieves multi-functional, parallel
imaging across a wide-FOV (20°),  with experimentally vali-
dated  focusing  efficiencies  of  41.7%  (RCP-LCP  in  Channel
1),  25.1%  (RCP-RCP  in  Channel  2),  28.3%  (LCP-LCP  in
Channel 2), and 14.5% (LCP-RCP in Channel 3). In general,
the achievable FOV of a metalens is jointly influenced by its
NA and the extent to which off-axis phase errors and aberra-
tions can be tolerated or compensated in the design. In our
single-layer platform, the selected NA primarily determines
the  resolution  and  light-collection  capability,  while  the
demonstrated wide-FOV operation is mainly enabled by the
adopted quadratic focusing phase that provides a determin-
istic  angular-to-spatial  mapping  under  oblique  incidence.
These  efficiency values  reflect  the  intentional  redistribution
of  optical  power  among  multiple  polarization-encoded
channels  to  support  simultaneous  acquisition  of  comple-
mentary  imaging  modalities,  rather  than  optimization
toward  a  single  high-throughput  imaging  function.
Compared  with  conventional  refractive  lenses  or  single-
function metalenses that prioritize maximum efficiency in a

single  imaging  channel,  the  proposed  design  offers  distinct
advantages  for  advanced  biomedical  imaging  scenarios,
where  parallel  access  to  bright-field  and  edge-enhanced
information  is  often  more  critical  than  maximizing  inten-
sity throughput alone. In particular, the ability to simultane-
ously  extract  intensity  and  spatial  differentiation  informa-
tion  facilitates  the  visualization  of  weakly  scattering  and
transparent  samples,  reducing  reliance  on  additional  stain-
ing, contrast agents, or sequential imaging steps. This capa-
bility is further validated through biological imaging experi-
ments  using  Spirogyra  conjugation  and  Volvox  specimens,
where the edge-enhanced imaging channels effectively high-
light  fine  cellular  boundaries  and  spatial  textures  that  are
difficult  to  observe  in  conventional  bright-field  images,
underscoring  the  potential  of  the  proposed  platform  for
real-time, label-free biological imaging.

Beyond  polarization  multiplexing  based  on  Jones  matrix
engineering, recent studies have also demonstrated comple-
mentary strategies for parallel multi-functional imaging. For
example,  off-axis  phase  engineering  can  spatially  separate
different imaging functionalities by superimposing multiple
off-axis  phase  functions,  enabling  synchronous  acquisition
of  bright-field  and  spiral  phase  contrast  images  within  a
single  metasurface47.  In  addition,  staggered  or  superpixel-
based meta-atom arrangements provide an alternative route
to  complex  amplitude  control,  which  can  be  leveraged  to
realize  broadband  multi-order  spatial  differentiation  and
further combined with channel-dependent deflection phases
for  parallel  readout32.  These  approaches  suggest  feasible
future  directions  to  extend  the  channel  number,  enrich  the
accessible  imaging  operators,  and  further  optimize  power
allocation  and  channel  separation  within  compact  meta-
optical platforms.

In  summary,  the  demonstrated  polarization-encoded
trichannel  metalens  provides  a  system-levelly  simple  and
wide-FOV  route  to  parallel  multi-modal  imaging  with
straightforward  channel  addressing  (via  polarization).  It
offers  a  scalable,  multi-functional,  and  compact  imaging
solution with promising applications in biomedical imaging,
edge-aware machine vision, and optical computing.
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