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Multi-foci metalens for spectra and polarization
ellipticity recognition and reconstruction
Hui Gao 1,2†*, Xuhao Fan1†, Yuxi Wang1†, Yuncheng Liu1, Xinger Wang1,
Ke Xu1, Leimin Deng1,2, Cheng Zeng1, Tingan Li1, Jinsong Xia1,2* and
Wei Xiong 1,2*

Multispectral and polarized focusing and imaging are key functions that are vitally important for a broad range of optical
applications. Conventional techniques generally require multiple shots to unveil desired optical information and are imple-
mented via bulky multi-pass systems or mechanically moving parts that are difficult to integrate into compact and integ-
rated optical  systems. Here, a design of ultra-compact transversely dispersive metalens capable of both spectrum and
polarization ellipticity recognition and reconstruction in just a single shot is demonstrated with both coherent and incoher-
ent light. Our design is well suited for integrated and high-speed optical information analysis and can significantly reduce
the size and weight of conventional devices while simplifying the process of collecting optical information, thereby prom-
ising for various applications, including machine vision, minimized spectrometers, material characterization, remote sens-
ing, and other areas which require comprehensive optical analysis.
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 Introduction
As fundamental properties of light, spectra and polariza-
tion carry  vital  information concerning the  propagation
of light waves. For example, spectral imaging can reflect
the material composition of objects, while polarized ima-
ging contains  information on the  texture  of  the  surface,
light polarization,  and/or  spatial  distribution  of  the  op-
tical properties of a scene. Owing to the crucial informa-
tion  provided  by  light  wavelength  and  polarization,
multispectral  and  polarized  imaging  technologies  are  of
significant  interest  in  various  science  and  technology
fields,  including  archeology,  biology,  remote  sensing,

and astronomy1−4. Conventional multispectral and polar-
ization imaging devices are based on filters and polariza-
tion  analyzers,  which  usually  require  to  take  multiple
shots to collect desired optical information and consist of
bulky multi-pass systems or mechanically  moving parts,
and are  difficult  to  integrate  into  compact  and  integ-
rated optical systems5,6.

Metasurfaces that achieve full  control of light proper-
ties,  such  as  phases,  amplitudes,  and polarization  states,
have  been  demonstrated7,8.  As  two-dimensional  optical
devices  consisting  of  sub-wavelength  nanostructures,
metasurfaces  are  suitable  for  the  design  of  integrated 
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systems9−13. Today, metasurfaces have been used in many
different types  of  functional  optical  devices,  such as  op-
tical displays14−16, orbital angular momentum devices17−19,
beam  splitters20,  meta-holography  elements21−23,  and
light-field imaging24,25.

To realize  integrated  and  compact  designs,  metasur-
face  elements  have  been  used  in  polarization26−31 and
multispectral17,25,32,33 optical systems.  However,  there  re-
mains a lack of metalens devices that can simultaneously
achieve spectra- and polarization-resolved functions while
keeping good imaging performance with a large numer-
ical  aperture  (NA).  Technically,  although  at  least  three
projections  are  required  to  determine  the  polarization
state, the longitude of the Poincare sphere (also expressed
as polarization  ellipticity)  can  also  reflect  abundant  in-
formation  about  the  scene.  In  this  paper,  we  propose  a
spectra-  and  polarization  ellipticity  resolved  multi-foci
metalens  (SPMM)  methodology  to  realize  the  spectra-
and polarization ellipticity resolved imaging without the
requirement  of  any  moving  parts  or  bulky  spectral  and
polarization  optics.  Unlike  previously  demonstrated
common multispectral or polarization imaging systems34,
the SPMM can collect the desired optical information by
only a single shot due to its twelve spectra- and polariza-
tion-dependent images at different locations, which sim-
plifies  the  process  of  collecting  optical  information.  In
this  SPMM  design,  the  positions  and  intensities  of
foci/images  on  the  focal/imaging  plane  can  be  changed
by tuning the polarization ellipticity and/or spectra of in-
cident  light  beams.  Therefore,  the  as-developed  SPMM
device possesses both detection and reconstruction abil-
ities  of  specific  polarization  ellipticity  and  discrete
wavelengths  (or  spectral  bands)  while  keeping  normal
functions of metalens such as focusing and imaging. And
the SPMM  has  a  sharing  aperture  design  which  pos-
sesses  superior  imaging  performance  due  to  the  larger
NA  than  that  of  the  as-reported  micro-metalens  array
design27 with  the  same fabrication size  and focal  length.
Experimental demonstrations  of  the  SPMM  are  per-
formed with both coherent and incoherent light to prove
its general  applicability.  We  envision  this  work  to  in-
spire  the  creation  of  highly  integrated  optical  systems
with superior and comprehensive functionalities.

 Results and discussion

 Design and implementation of SPMM
Metalenses  have  been the  subject  of  significant  research

interest  in  recent  years35−39,  in  which  considerable  effort
has been devoted to constructing single-foci metalenses.
Moreover,  due  to  the  capability  of  complete  light  field
control,  it  is  possible  to  achieve  multi-foci  metalenses
that can realize foci  at  different positions along the lon-
gitudinal  or  transverse  axes  using  a  single  incident
beam40−44. The  design  concept  for  our  SPMM  is  illus-
trated  in Fig. 1.  The  light  from  imaged  objects  contains
rich  information  associated  with  multiple  wavelengths
and polarization  ellipticity,  which  is  usually  lost  or  ig-
nored  in  traditional  intensity-based  imaging  methods.
To address this issue, the SPMM generates twelve foci or
images  at  different  positions,  which  correspond  to  six
bands of  spectra  and  two  orthogonal  circular  polariza-
tion states. Furthermore, the spectra and polarization el-
lipticity (linear,  elliptical,  or circular) relating to specific
object areas can be resolved and reconstructed by identi-
fying the focusing/imaging positions and corresponding
relative intensities.

The design and physical mechanism of the SPMM are
based on  the  principles  of  geometric  phase  and  holo-
graphy  (see  Section  1  and Fig.  S1 in Supplementary  in-
formation for detailed methods of design). To introduce
the details of the SPMM clearly, the processes involved in
the design of transversely dispersive and polarization-de-
pendent metalenses  are  clarified.  To  realize  a  trans-
versely  dispersive  metalens,  the  phase  distributions  of
multiple  lenses  that  possess  different  working
wavelengths with  corresponding  foci  at  different  posi-
tions can be encoded to a single metasurface element by
the holography principle. The phase of the metalens can
be expressed as 

where An and φn are  the  amplitude  and phase  of  the nth

positive lens that possesses the nth focus and nth working
wavelength.  The  setting  of  amplitude  factor An for  each
profile  is  to  adjust  the  weight  of  different  wavelengths,
e.g., to maintain the same conversion efficiencies for dif-
ferent  wavelengths  to  construct  high-performance
devices, or to improve performance of metalens at a spe-
cific  wavelength  significantly.  The  focal  lengths  of  each
positive lens are identical, while the positions of each fo-
cus  are  different.  In  this  paper,  we  demonstrate  a
metalens  design  with  six  working  wavelengths  and  six
corresponding  off-axis  foci  at  different  positions.  The
foci  positions  of  the  left-handed  circularly  polarized
(LCP)  metalens  are  also  different  from  those  of  the
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right-handed  circularly  polarized  (RCP)  metalens
(Fig. 2(a, b)).

In the design of SPMM, phase retardations induced by
circular  polarization  conversion  are  achieved  via  space-
variant anisotropic sub-wavelength structures. The same
sub-wavelength  structures  generate  the  opposite  phase
for incident light beams with the opposite circular polar-
ization state owing to the polarization-dependence of the
geometric phase. Thus, a metalens with focal length f can
be designed for any specific circular polarization and ac-
quires a conjugate phase map of the lens under reverse-
handedness circular polarized light incidence. The posit-
ive metalens designed for LCP light performs as negative
metalens  when  illuminated  by  an  RCP  light  beam,  and
vice versa. Indeed, the intensity of the focus on the focal
plane resulting from the positive metalens is much high-
er than the divergent beam of the negative lens. To real-
ize  a  polarization-dependent  metalens  with  switchable
foci,  two metalenses with different working polarization
states  and  off-axis  foci  are  integrated.  The  sub-
wavelength structures  of  positive  metalenses  for  LCP or
RCP light  with  corresponding off-axis  foci  are  arranged
in  a  rectangular  distribution which can be  treated  as  an
abstractive  “matrix ”.  Using  this  abstractive  “RCP

metalens  matrix, ”  a  random  binary  matrix M is gener-
ated to  calculate  the  Hadamard product.  In M,  “0”  and
“1” are encountered with equal probability. Similarly, the
result  of the Hadamard product of the abstractive “LCP
metalens  matrix ”  and  (1−M)  can  also  be  acquired.  The
polarization-dependent metalens design can be obtained
by adding these two Hadamard product results together.
The  focal  position  of  this  metalens  can  be  switched  by
changing the  polarization of  the  incident  light  beam.  In
this  design,  we applied a  random rather  than a  periodic
binary  matrix  to  avoid  the  potential  grating  diffraction
effect.  It  should  be  noted  that  this  randomly  mixed
metalens performs as a positive and a negative lens con-
currently  depending  on  whether  the  illuminating  light
beam is LCP or RCP. While, compared with the focus of
the  positive  lens,  the  intensity  of  the  divergent  beam  of
the negative lens is too weak to observe at the focal plane
and, therefore, can be ignored. Therefore, an SPMM with
twelve foci  can  be  obtained  by  combining  two  trans-
versely dispersive metalenses randomly as a single metas-
urface element, as shown in Fig. 2(c).

The SPMM presented herein consists of space-variant
silicon  nitride  (SiNx)  rectangular  nanostructures.  The
phase retardation  of  incident circularly polarized light

 

Fig. 1 | Design concept of the SPMM device. The light from photographic scenes contains spectrum- and elliptic polarization-related in-
formation that is usually lost or ignored in traditional imaging systems. Our multi-foci metalens (inset) generates twelve foci/images corres-

ponding to six spectral bands and two circular polarization states, thereby permitting the reconstruction of these lost features.
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can  be  acquired  as ,  where  represents
LCP or RCP and  is the orientation angle of the nano-
structure. It can be concluded that the phase retardation
is independent  of  the  working  wavelength,  which  im-
plies that  the  rectangular  nanostructure  offers  broad-
band  phase  modulation  capabilities.  In  our  design,  the
height, width,  and  length  of  the  rectangular  nanostruc-
tures  are  600  nm,  130  nm,  and  323  nm,  respectively.
Simulations of the cross-polarized conversion amplitude
efficiencies  and  the  phase  retardation  for  six  designed
discrete  wavelengths  (λ1–λ6)  are  illustrated  in Fig. 2(d)
and 2(e), respectively. Owing to symmetry, only LCP res-
ults are presented. The relationship between the conver-
sion efficiencies and the orientation angle is almost con-
stant,  while  the  phase  shifts  increase  almost  linearly.  It
should  be  noted  that  the  design  of  the  subwavelength
structures is constrained by our current fabrication capa-
city,  and  the  efficiencies  could  be  further  improved  by

optimizing the geometrical parameters and materials via
a  more  advanced  fabrication  technique. Figure 2(f)
presents the optical image and scanning electron micro-
scopy (SEM)  images  of  the  fabricated  metasurface.  Dif-
ferent fake color represents  randomly mixed nanostruc-
tures  from  different  polarization-dependent  metalenses,
respectively.

 SPMM-based focusing and imaging
The positions of the twelve foci in our design are distrib-
uted  evenly  around a  circle.  The  coordinates  of  the  foci
resulting from  RCP  and  LCP  incident  light  can  be  ex-
pressed  as Eq.  (2) and Eq.  (3),  respectively,  using  polar
coordinates (Fig. 3(a, b)), where r=200 μm. 

 

by observing the position of the focus with the maximum

 

Fig. 2 | Design and realization of the SPMM. (a, b) The metalenses designed for RCP (or LCP) based on the holography principle possess six

working wavelengths and six corresponding off-axis foci at different positions on the same focal plane. (c) The SPMM with twelve different foci

was acquired by mixing nanostructures of these two metalenses together randomly. (d, e) The simulated cross-polarization conversion efficien-

cies (d)  and phase retardation (e)  corresponding to six discrete wavelengths. The materials of the nanostructure and substrate were SiNx and

SiO2, respectively. h=600 nm, w=130 nm, l=323 nm, and p=450 nm. (f) The SEM images of the fabricated metasurface (scale bar 2 μm). The

fake color represents randomly mixed nanostructures. An optical inset shows the whole SPMM, which is 500 μm in diameter (scale bar 50 μm).

Gao H et al. Opto-Electron Sci  2, 220026 (2023)

220026-4

 

θ = 2σα σ = ±1
α

F(λn,R) = (r, (n− 1)π/3) , (2)

F(λn, L) = (r, (n− 1)π/3+ π/6) , (3)

Incident beam

SPMM
Focal plane

Incident beam

SPMM
Focal plane

Incident beam

SPMM
Focal plane

Foci of wavelength-

dependent metalens

for LCP

Foci of wavelength-

dependent metalens

for RCP

Metalens for RCP Metalens for LCP
Polarization-dependent

metalens
Foci of SPMM

a b c

1.0

0.5

E
ff
ic

ie
n

c
y

0
500 540 580 620

Wavelength (nm)
660 700

d
2π

π

P
h

a
s
e

0
0 π/2 π

Orientation angle α

e

h

p x

α

500 nm

540 nm

580 nm

620 nm

660 nm

700 nm

wl f



light intensity at  the focal  plane,  the polarization ellipti-
city and wavelength of the incident light beam can be de-
termined. It  should be  noted that  six  focusing and ima-
ging  outcomes  are  obtained  even  with  a  single
wavelength and  one  specific  circular  polarization  be-
cause of the holography principle (see Section 2, Fig. S2,
and Fig.  S3 in  Supplementary  information  for  detailed
information).  However,  there is  only one light  spot  that
is  focused clearly  on the  focal  plane,  with  the  other  five
spots defocused owing to chromatic dispersion. In addi-
tion, the  intensity  of  the  focus  at  the  position  corres-
ponding  to  the  wavelength  of  incident  light  is  much
higher than that of the other five defocused light spots.

As  the  SPMM design  is  based  on  six  specific  discrete
wavelengths (λ1–λ6),  the six light spots are all  defocused
when  the  wavelength  of  the  incident  beam  is  different
from any of the designed wavelengths. However, the ex-
tent by which each spot is defocused differs, and there is
still  one  light  spot  that  is  focused  much  better  than  the
other five. For example, the total light intensity at F (λ1, L
or R) is much higher than the other positions at the focal
plane when  the  wavelength  of  the  incident  beam  is  ap-
proximately λ1.  Therefore,  the  SPMM  can  also  be  used

over  a  broad  range  to  identify  the  spectral  bands  of  the
incident light beam (Fig. 3(c)). The focusing outcomes at
six  different  positions  on  the  focal  plane  (Fig. 3(e) and
Fig.  S5) demonstrate  the  multispectral  focusing capabil-
ity  of  the  SPMM.  Besides  its  focusing  functionality,  the
SPMM can also achieve imaging functionality similar to
that  of  a  normal  metalens.  However,  many  differences
remain  between  the  imaging  results  acquired  using  the
SPMM and  a  normal  metalens.  There  are  also  six  ima-
ging positions I (λn,  L or R) at the imaging plane, which
are determined by the foci positions and object distances.
The  imaging  process  is  illustrated  in Fig. 3(d),  with  the
typical  experimental  imaging  results  shown  in Fig. 3(f)
and Fig.  S6.  The  results  demonstrate  SPMM’s distin-
guishing  abilities  of  discrete  wavelengths  or  spectral
bands.

To show the foci  and imaging results  acquired by the
SPMM  for  multi-wavelength  incident  light  directly,  a
color CMOS camera was utilized to record experimental
results at the focal or image plane. However, color CCD
or CMOS cameras with spectral filters are unnecessary in
practical applications because of the transversely dispers-
ive  space  division  property  of  the  SPMM.  The

 

Fig. 3 | Design and experimental  focusing/imaging results for the SPMM. (a)  The sketch map of  optical  setup with laser source (See Fig.

S4(a) in Supplementary information for detailed description). (b) The positions of the twelve foci of the SPMM. (c) The wavelength dependency of

the normalized total intensity of light spots at positions F(λn, L or R) within 10 μm. (d) Illustration of the experimental imaging progress. (e) The fo-

cusing results of the SPMM for the incident light beam consisted of six wavelengths. The diameter of each enlarged sliced illustration is 35 μm. (f)
Typical imaging results of the SPMM for the incident light beam consisted of six wavelengths. The diameter of each sliced illustration is 35 μm.
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wavelengths of  incident  light  beams  can  be  distin-
guished  by  the  positions  rather  than  the  colors  of  foci,
even when using monochrome CCD or CMOS cameras.
In  fact,  monochrome  CCD/CMOS  cameras  are  often
more suitable for applications with higher requirements,
such as astronomy and exploration, because they outper-
form  color  cameras  in  several  aspects,  such  as  higher
quantum efficiency, lower read noise, and higher signal-
to-noise ratio. Similarly, the classification of circular po-
larization states can be achieved by determining the posi-
tions  of  foci  rather  than  using  polarization  analyzers.
Thus, these two optical parameters (spectra and polariza-
tion ellipticity) can be distinguished simply by determin-
ing  the  positions  of  foci  on  the  focal  plane.  Therefore,
both  theoretical  and  experimental  results  demonstrate
the capability of the SPMM for resolving circular polariz-
ation  states  and  finite  discrete  wavelengths  (or  spectral
bands)  with  an  ultra-compact  design.  Moreover,  the
widths and central wavelength distribution of each spec-
tral band  can  be  readily  adjusted  as  required  by  chan-
ging the design parameters of the SPMM, such as the de-
signed wavelength λn and the amplitude An.

 The measurement of the polarization ellipticity with
SPMM
The SPMM can not only determine the rotational direc-
tion  of  circular  polarization  states  but  also  characterize
arbitrary  polarization  ellipticity  (e.g.,  linear,  elliptical,
and circular) on a meridian of the Poincare sphere.  The
RCP and LCP states can be expressed as Eq. (4) and Eq.
(5) using the respective Jones matrices. 

 

Assuming  the  longitude  as  constant,  any  polarization
ellipticity  on  a  meridian  of  the  Poincare  sphere  can  be
described as 

and determined using the circular basis vectors  and  as 

where  (the ratio of the minor axis to the major
axis  of  a  polarization  ellipse, ,  see
Fig. 4(b) and  Section  3  in  Supplementary  information)

which denotes the degree by which elliptically  polarized
light  deviates  from  linearly  polarized  light,  and  varies
from −1 to 1. As defined by the Jones matrix, a linear po-
larization  state  corresponds  to ,  and  LCP  or  RCP
states correspond to . Other values of  represent
elliptical polarization, while negative and positive values
correspond to  left-handed  and  right-handed  states,  re-
spectively. Equation (7) implies that any polarization el-
lipticity  can  be  decomposed  into  a  combination  of  the
circular  basis  vectors  and  by  weights x and y.  The
normalized  intensities IRCP and ILCP of  RCP  and  LCP
light,  respectively,  can  be  expressed  as  the  square  of x
and y (Fig. 4(a)). Consequently, the polarization states of
the  incident  light  can  be  calculated  using  the  ratio  (Fig.
4(b)) 

Obviously,  the  experimental  results  in Fig. 3 corres-
pond  to  the  special  conditions  of . To  demon-
strate the practicability  of  the  SPMM design,  more gen-
eral  polarization states  at  a  wavelength λ1=500 nm were
tested in  our  experiment.  The  typical  measurement  res-
ults  are  presented in Fig. 4(c),  in  which the  polarization
states of the incident light beam vary gradually from LCP
to RCP. The intensity of the focus at position F (500 nm,
R) increases from zero to the maximum, while the focal
intensity at F (500 nm, L) decreases from the maximum
to zero.

The  polarization  ellipticity  resolved  imaging  of  the
SPMM also  works  well.  The  experimental  imaging  res-
ults at 540 nm are presented in Fig. 4(d). A "HUST" pat-
tern left on an opaque coating substrate was used as the
object to  demonstrate  the  polarization  ellipticity  re-
solved imaging  capability.  Similar  to  the  focusing  pro-
cess,  the  image  positions  are  also  polarization-depend-
ent with  a  single  wavelength  because  of  the  space  divi-
sion  property  of  the  SPMM  at  the  imaging  plane.  The
variation  in  the  intensity  of  the  two  images  at  different
positions  (Fig. 4(d))  follows  the  same  trend  as  observed
for  the  focusing  results  in Fig. 4(c).  The  experimental
results imply  that  the  SPMM  possesses  the  reconstruc-
tion  capability  of  polarization  ellipticity  information  in
both focusing and imaging conditions.

 The spectra and polarization ellipticity
reconstruction of white light
Although  the  experiments  described  in  the  previous
section  were  performed  using  laser  beams  with  discrete
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η = tanχ
−π/4 ⩽ χ ⩽ π/4

η = 0
η = ±1 η
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wavelengths, the  SPMM can  also  work  well  with  ordin-
ary incoherent  light  with  a  wide  spectrum  from  com-
mon light sources, such as the sun, a halogen lamp, or an
LED (Fig. 5(a)).  In  this  paper,  we acquired images  from
several  different  ordinary  light  sources.  A  schematic  of
the  experimental  imaging  system is  shown in Fig.  S4(b)
of Supplementary information. Images of a colorful pic-
ture consisting of four flags (Fig. 5(b)) are shown in Fig.
5(d) under  the  illumination  of  the  halogen  light  source
with a wide spectrum (Fig. 5(c)). The size objects d is 5.0
mm. The object-image relationships can be calculated by 

where l1 and l2 represent object and image distances, re-
spectively, and f is the focal length of the SPMM. Differ-
ent flag  colors  in  the  same picture  imply  multiple  spec-
tra and  imaging  at  different  positions,  thereby  demon-
strating  the  good  multispectral  imaging  performance  of
the SPMM (see Fig. 5(d)).

To demonstrate the spectral reconstruction ability, the
pattern of “HUST” was imaged using a normal flashlight
from  a  mobile  phone  as  the  illumination  source  (Fig.
5(e–g)).  The  intensities  of  the  typical  part  “T ”  marked
with dashed lines in six images, were used to reconstruct
the spectral histogram of the incident beam (Fig. 5(g)). It
can be observed that most parts of the histogram fit well

with  the  spectrum  recorded  by  a  spectrometer,  which
demonstrates  the  spectral  reconstruction  performance
(Fig. 5(h)).  However,  the  sixth  band  of  the  histogram  is
slightly higher because the cross-polarization conversion
amplitude  efficiency  at λ6 =  700  nm  is  relatively  low,
leading to  a  low  signal-to-noise  ratio.  This  can  be  im-
proved  by  optimizing  the  geometrical  parameters  and
materials of the nanostructures.

Furthermore,  the polarization ellipticity  image can be
calculated using any pair of images corresponding to the
same band of  the  spectrum (Fig. 5(i–m)).  A transparent
plastic  stick  taken  from  a  common  ballpoint  pen  was
used to demonstrate our design (Fig. 5(i)). This transpar-
ent  plastic  stick  exhibits  complex  stress  birefringence,
which  cannot  be  captured  by  ordinary  optical  imaging.
However, it  can be  observed through our  SPMM by in-
specting a pair of raw images in the same spectrum band
(Fig. 5(j)).  These  two image  copies  (Fig. 5(k, l))  must  be
aligned, and the necessary distorted image rectification is
applied to obtain the correct intensity distributions. The
polarization ellipticity image can be obtained by the cal-
culation represented in Eq. (8), and the fake color repres-
ents the polarization ellipticity factor  as defined above
(Fig. 5(m)).  It  is  noted  that  the  opaque  patterns  on  a
plastic  stick in the image are  marked with gray patterns
and  dash  lines  since  there  is  no  optical  information.
Besides, all the calculations of the spectra reconstruction

 

Fig. 4 | Polarization-dependent focusing and imaging using the SPMM. (a) The relationship between normalized intensities IRCP (or ILCP) of

RCP (or LCP) light and the polarization parameter η in the Jones matrices. (b) The contrast calculated by (IRCP−ILCP)/(IRCP+ILCP). (c) Typical po-

larization state measurement results at 500 nm, with the polarization state of the incident light beam varied gradually from LCP to RCP. The in-

tensity  of  the focus at  position F (500 nm, R) increases from zero to maximum, with this  trend reversed at F (500 nm, L).  (d)  Imaging results

achieved by the SPMM at a wavelength of 540 nm.
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have  already  considered  the  efficiency  differences  of
wavelengths.

It can be seen that the SPMM can achieve spectra and
polarization  ellipticity  reconstruction  functions  under
ordinary light sources, which demonstrates its practice in
general usages.

 Conclusions
We have demonstrated the concept for SPMM capable of
single-shot  recognition  and  reconstruction  of  spectral
and polarization ellipticity based on the geometric phase
and holography  principles,  which  has  been  verified  ex-
perimentally  with  both  coherent  and  incoherent  light
sources. As a transversely dispersive multi-foci metalens,
SPMM generates 12 foci or images at different positions,

which imply  corresponding  spectra  and  polarization  el-
lipticity,  thus  providing  a  route  toward  the  analysis  of
rich optical  information  by  only  a  single  shot.  Com-
pared  with  the  existing  special  metasurface  spectra-  or
polarization  detection  elements  based  on  a  micro-
metalens  array,  the  SPMM  has  a  unique  full-aperture
design  that  can  achieve  superior  focusing  and  imaging
performance due to a significantly larger numerical aper-
ture  with  the  same  fabricated  size  and  focal  length.  In
particular,  through  the  demonstration  of  the  SPMM
imaging  with  both  ordinary  incoherent  and  coherent
light sources, this work has exhibited its practical poten-
tial  for  the  construction  of  ultra-compact  multispectral
and  polarized  imaging  devices  without  the  need  of  a
multi-pass  design  using  complicated  spectral  filters  or
mechanically  moving  parts.  Moreover,  this  SPMM

 

Fig. 5 | Multispectral and polarized imaging using the SPMM with ordinary white light beams. (a) Schematic illustration of the experiment.

(b–d) Imaging results for a color picture consisting of four flags. The light source is a halogen lamp, and its spectrum is presented in (c). (e–g)

Imaging results for the phrase "HUST", with the spectrum of a mobile phone flashlight that was used as the light source. (h) Histogram of the re-

constructed spectra based on six regions marked with dash lines in (g). (i, j) Regular optical image and the SPMM imaging results for a transpar-

ent plastic stick. (k, l) A pair of typical images with the same spectral band are enlarged. (m) The reconstructed polarization ellipticity image can

be calculated from the SPMM imaging results in (j). The images of corresponding opaque patterns are marked with dashed lines.
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concept can  be  extended  to  the  reconstruction  of  arbit-
rary points with both longitude and latitude on the Poin-
care sphere and achieve much finer partition of spectral
bands via  improved  metalens  design  and  nanofabrica-
tion techniques.  Therefore,  this  work  not  only  signific-
antly reduces the size and weight of conventional optical
devices but  paves  the  way  to  achieve  unprecedented  re-
cognition  and  reconstruction  functionalities  of  optical
information  with  an  ultra-compact  monolithic  chip
design. To  be  noted  that  the  performance  in  some  as-
pects  of  the  multi-foci  lens  will  become  slightly  worse
than the usual single-focus lens with increased foci num-
ber. For example, the crosstalk issue of SPMM is a short-
age needed to be optimized. However, the crosstalk issue
can be mitigated in several  ways,  such as  improving the
arrangement of  the  imaging  plane,  setting  specific  ima-
ging magnification,  and  utilizing  various  kinds  of  nar-
row-band spectral  response  nanostructures  with  differ-
ent central  wavelengths in the future.  It  is  expected that
such  polarization  ellipticity  and  wavelength-resolved
SPMM  could  have  a  broad  range  of  promising
applications, including  remote  sensing,  material  charac-
terization,  optical  communications,  and  information
processing.

 Methods
 Fabrication of SPMM
The fabrication  of  the  SPMM  begins  from  a  glass  sub-
strate with a thickness of 500 μm, as shown in Fig. S7 of
Supplementary information. A silicon nitride thin film of
600 nm thickness is coated by plasma-enhanced chemic-
al vapor  deposition  onto  the  substrate.  Next,  a  chromi-
um  film  of  thickness  20  nm  is  deposited  by  electron-
beam evaporation on the SiNx layer as a hard mask. Then
a 200 nm photoresist layer (CSAR62) is spin-coated onto
the  top  of  the  Cr  layer.  The  nanostructure  patterns  are
written  by  electron-beam  lithography  (Vistec:  EBPG
5000 Plus)  and  implemented  into  the  photoresist  layer
after  development.  The  pattern  is  then  transferred  into
the  Cr  hard  mask  layer  by  inductively  coupled  plasma
etching  (ICP,  Oxford  Plasmalab:  System100-ICP-180),
and the residual photoresist is stripped off by an oxygen
plasma stripper  (Diener  electronic:  PICO  plasma  strip-
per). Finally, the pattern is transferred into the SiNx lay-
er by  the  next  ICP process,  and the  remaining  Cr  is  re-
moved by Cr corrosion solution. The Cr layer is utilized
as a hard mask because of the extremely high etching se-
lectivity between Cr and SiNx.

 Performance characterization of SPMM
The SPMM characterization with a laser source was per-
formed using a home-built  microscope (Fig.  S4(a)).  The
light source used in the experiment is a supercontinuum
broadband laser  source  (NKT SuperK,  spectral  range  of
400–2000  nm)  with  a  wavelength-selected  modulator.
The  polarization  states  of  the  incident  laser  beam  were
modulated by changing the rotation angle of a linear po-
larizer  and  a  quarter-wave  plate.  The  transmitted  light
patterns  were  imaged  by  an  objective  lens  and  a  tube
lens, and recorded by a CMOS camera (Daheng Imaging,
MER-U3).  A  cascaded  quarter-wave  plate  and  polarizer
were used to filter the non-conversion background noise.
For  experiments  with  ordinary  white  light,  the  object  is
illuminated  by  a  wide  spectrum  light  source  (halogen
bulb of Motic microscope BA410 or camera flash light of
Huawei Mate 20) (Fig. S4(b)).
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