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Conventional image sensors are intrinsically limited to detecting optical intensity, thereby missing the
rich phase and polarization dimensions of the light field. While characterizing these parameters is
essential for understanding the intrinsic properties of objects, current multidimensional imaging
techniques are often plagued by bulky optical setups, time-sequential scanning, or coherent noise
artifacts. Here, we present a compact, single-shot imaging strategy capable of simultaneously
retrieving full-Stokes polarization and quantitative phase information using a single-layer metalens.
Our design utilizes the metalens to project the incident light onto distinct regions of a polarization
camera. By introducing a predefined focal shift between isotropic sub-regions, we enable motion-free
phase retrieval via the transport-of-intensity equation, while simultaneously separating chiral
polarization states to reconstruct the complete Stokes vector. Using speckle-suppressed LED
illumination, we experimentally demonstrate simultaneous full-Stokes polarization and quantitative
phase imaging. This miniaturized architecture may pave the way for portable, real-time

multidimensional optical sensing platforms.

Optical fields are characterized by multidimensional properties, primarily
intensity, phase, and polarization. Phase information reveals the optical
thickness and refractive index distribution of objects, which is critical for
inspecting transparent biological samples and optical components'. Polar-
ization information, conversely, discloses surface morphology” and chiral
features’. However, standard commercial image sensors typically respond
only to light intensity, discarding phase and polarization data. Conse-
quently, developing techniques capable of efficiently acquiring these mul-
tidimensional parameters is essential for applications in biomedical
imaging"*, material characterization’, and remote sensing”.

While traditional quantitative phase imaging (QPI) and polarimetry
are well-established, they are often hindered by system complexity, bulki-
ness, and low temporal resolution. For instance, regarding phase retrieval,
classical interferometry offers high precision but requires stringent envir-
onmental stability and a separate reference arm’~". Although self-referenced
common-path techniques, such as cyclic shearing'*"’, alleviate these stability
constraints, they still require nontrivial optical configurations. Similarly, the
transport-of-intensity equation (TIE), a non-interferometric phase retrieval
approach, generally requires mechanical axial scanning to capture through-
focus intensity stacks, precluding its use in dynamic scenarios'*". In the

realm of polarization, conventional methods typically rely on sequential
modulation of rotating polarizers or waveplates to reconstruct full Stokes
vectors, making snapshot acquisition not straightforward". To address this
limitation, computational imaging approaches, including compressive
reconstruction and learning-based methods, have recently emerged as
promising routes toward single-shot full-Stokes polarimetry'*"”. Despite
these individual advancements, realizing simultaneous single-shot full-
Stokes polarization and quantitative phase imaging within a compact form
factor remains a persistent challenge.

Metasurfaces—planar optical elements composed of subwavelength
scatterers—have provided a transformative solution by enabling precise
control over light amplitude, phase, and polarization, offering new avenues
to overcome the limitations of conventional optics'*™’. Consequently,
compact metasurface-based imaging systems have attracted sig-
nificant interest. For example, polarization-multiplexed metalenses
have been designed to achieve single-shot TIE phase imaging’'™”,
while metasurface-based polarization cameras have enabled instan-
taneous full-Stokes imaging ™. These advances demonstrate the
substantial potential of metasurfaces for integrated, multidimensional
optical field sensing.
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Fig. 1 | Schematic of the metalens-assisted snapshot full-Stokes polarization and
quantitative phase imaging system. The metalens images the scene information
onto four distinct regions of a polarization camera. Based on the captured intensity
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images, both the phase distribution and the full-Stokes parameters of the scene can
be reconstructed.

Despite this progress, current metasurface-based imaging platforms
face inherent limitations. Most existing designs prioritize the retrieval of a
single optical dimension, failing to simultaneously achieve high-fidelity full-
Stokes polarization and quantitative phase imaging within a compact
architecture. While recent efforts have attempted to combine these
modalities”, they predominantly rely on coherent laser sources. This reli-
ance inevitably introduces speckle noise, degrading the signal-to-noise ratio.
Therefore, achieving single-shot full-Stokes polarization and quantitative
phase imaging within a compact framework under speckle-suppressed
illumination remains a critical unresolved issue.

In this work, we propose a single-shot full-Stokes polarization and
quantitative phase imaging method enabled by a meta-unit-encoded
metalens. We utilize a novel “four-in-one” meta-unit as the fundamental
building block to spatially multiplex scene information onto four distinct
regions of a polarization sensor. To satisfy the TIE requirement for focused
and defocused images, we engineer a slight physical focal length difference
between the left and right imaging regions using isotropic nanopillars,
thereby eliminating the need for mechanical motion. Simultaneously, ani-
sotropic nanopillars serve to spatially separate left- and right-handed cir-
cular polarizations. By combining these circularly polarized components
with the detector’s intrinsic linear-polarization channels, the system facil-
itates the reconstruction of the complete Stokes vector. Crucially, our design
is compatible with partially coherent illumination, enabling speckle-
suppressed imaging using a narrowband-filtered LED source. We experi-
mentally demonstrate the system’s capability through full-parameter ima-
ging of anisotropic metasurfaces and dynamic phase imaging of living cells,
establishing its potential for compact, multidimensional optical sensing.

Results

Metalens design and system overview

Figure 1 illustrates the schematic diagram of our metalens-assist snapshot
full-Stokes polarization and quantitative phase imaging system. We employ
a meta-unit-encoded metalens to selectively image scene information onto
four distinct regions of a polarization sensor. By processing these four sub-
images, the complete decoding of the intensity, phase, and polarization
information of the scene can be achieved. Specifically, we adopt the four-in-
one meta-unit shown in Fig. 2b as the fundamental building block of the
metalens, with each substructure detailed in Fig. 2a. Among them, sub-
structures 1 and 4 are isotropic nanopillars—with equal length and width
and no in-plane rotation—which image scene information onto the left and
right sub-regions of the polarization sensor without polarization selectivity.
These two channels are intentionally designed with slightly different focal
lengths, allowing us to decode the phase distributions corresponding to

different polarization states by applying the TIE. In contrast, substructures 2
and 3 are anisotropic nanopillars, which selectively focus left-circularly
polarized (LCP) and right-circularly polarized (RCP) light onto the upper
and lower sub-regions, respectively, providing the necessary chirality
information for decoding the full Stokes parameters. Simultaneous
separation of both LCP and RCP components helps mitigate polarization
mixing in the recorded intensities, facilitating the subsequent joint recon-
struction of polarization and phase information.

We define four different phase distributions of the metalens for the four
sub-images captured by the polarization sensor as follows:

na= - (Ve Di e en - i)

Pright = —ZT”X <\/(x—D)2+y2 +fi- \/D2+f%), @

(/)Up/Down = _ZTT[ X (\/xl + (ny)Z +f% - \/D2 +f%) . (3)

Here, A = 780 nm, (x, y) denote coordinates on the metalens, focal lengths f;
and f, are setat 12.5 mm and 12 mm respectively, and offset D = 1 mm. @y 4
and @y, are realized using isotropic nanopillars (substructures 1 and 4),
while g5, and ¢p,,,,,, utilize anisotropic nanopillars (substructures 2 and 3).
Specifically, the propagation phase # and geometric phase y for anisotropic
nanopillars  follow 17 = (¢y, + Ppown)/2 ¥ = (P, — Ppown)/2-We
choose amorphous silicon (a-Si) as the material for these meta-units, with a
period of 350 nm and a nanopillar height of 400 nm. The parameters of the
selected isotropic nanopillars, along with their transmission efficiencies and
achievable phase shifts, are shown in Fig. 2c. The comprehensive parameter
database allows us to achieve nearly any desired phase shift within a full 2n
range. By mapping the polarization conversion efficiencies (Fig. 2d) and the
propagation phase shifts (Fig. 2e) against the structural parameters, we select
16 anisotropic nanopillars capable of achieving polarization conversion
efficiencies above 90% and covering a full 2it propagation phase range (Fig.
2f). The required geometric phases ¥ for anisotropic nanopillars are
achieved by rotating these nanopillars by appropriate angles.

Due to the slight focal-length difference designed between ¢, ; and
Ppigh» We can solve the phase distribution using the TIE from the left and
right sub-images. For monochromatic paraxial light propagation, the phase
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Fig. 2 | Design and fabricated sample of the metalens. a Schematic of the sub-unit
cell within the meta-unit, consisting of an amorphous silicon nanofin on a silica
substrate. The period P is 350 nm and the nanofin height H is 400 nm. The opera-
tional wavelength is designed to be 780 nm. b Schematic of the four-in-one meta-
unit structure, in which elements 1 and 4 are isotropic nanofins and elements 2 and 3
are anisotropic nanofins. ¢ Transmission and phase shifts of selected isotropic
nanofins versus side length. d Mapping of cross-polarized transmission and (e)
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phase shifts for anisotropic nanofins versus their length and width. Triangular
markers denote the selected nanofin designs. f Cross-polarized transmission and
phase shifts corresponding to the selected anisotropic nanopillars in (d) and (e).
g Photograph of the fabricated 1.8-mm-diameter metalens. h Optical microscopy
image of the fabricated metalens. i Scanning electron microscope image of the
fabricated metalens.

distribution ¢(x, y) can be solved using the TIE":

ol(x, y)

‘/5(957}’) = _kv_zv . I‘l(x,y)VV_za—z 9 (4)

where k is the wave number, I(x, y) denotes the in-focus intensity at the left
sub-region of the sensor, V represents the transverse gradient operator with
respect to coordinates (x, y), and z is the axial propagation coordinate. Since
the left and right sub-images are formed through isotropic nanopillars
without altering the polarization state, we can recover the phase
distributions at 0° and 90° polarization states simultaneously when
combined with a polarization sensor. However, as the two phase
distributions are retrieved independently, they may exhibit a constant
offset, which prevents direct full-Stokes parameters reconstruction.
Therefore, additional polarization channels corresponding to LCP
and RCP light are required, as provided by substructures 2 and 3 of
the meta-unit. By combining the four linearly polarized measure-
ments from the left polarization sensor region with the circularly
polarized measurements from the upper and lower regions, we can
reconstruct the complete Stokes vector of the scene. Thus, our

method enables full retrieval of the scene’s intensity, phase, and
polarization information.

To experimentally validate our design, we fabricated a 1.8-mm-dia-
meter metalens, as shown in Fig. 2g. The corresponding optical microscope
image is presented in Fig. 2h, where stitching marks were introduced during
the electron-beam lithography (EBL) process. The scanning electron
microscope (SEM) image in Fig. 2i clearly reveals the interleaved four-in-
one meta-unit arrangement.

Full-Stokes polarization reconstruction
We evaluated the full-Stokes polarization reconstruction capability of our
metalens system using the optical configuration shown in Fig. 3a. Colli-
mated light from an LED source (Thorlabs, M780L3-C1) sequentially
passed through a 780 nm narrowband filter (Thorlabs, FBH780-10), a linear
polarizer (LP), and a quarter-wave plate (QWP), and was then incident on a
300 um-diameter pinhole. The metalens subsequently imaged the pinhole
onto four sub-regions of the polarization sensor (Sony IMX264). The sensor
features a resolution of 2448x2048 with a pixel size of 3.45 pm.

As a representative example, Fig. 3b shows the four linear polarization
images captured by the polarization sensor under 90° linearly polarized
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Fig. 3 | Full-Stokes polarimetric measurements. a Optical setup for full-Stokes
polarimetric reconstruction using the metalens. b Four polarization images captured
by the polarization sensor under 90° linearly polarized illumination. c-e Recon-
structed Stokes parameters (Si, S», S3) and corresponding points on the Poincaré
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sphere for three types of input polarization modulation: (c) rotating the linear
polarizer (LP) alone; (d) rotating the LP with the quarter-wave plate (QWP) fast axis

fixed at 0° (e) rotating the QWP with the LP fixed at 0°. Error bars represent
deviations between the reconstructed and theoretical Stokes parameters.

illumination. In the 0° polarization channel, only the upper and lower
regions corresponding to circular polarization exhibit signal, while the
isotropic regions on the left and right remain dark. This occurs because the
isotropic nanopillars direct light to the left and right regions without
modifying its polarization state, which is blocked by the 0° analyzer. When
the sensor channel is set to 45° or 135°, the circular regions remain nearly
unchanged, whereas the isotropic regions appear brighter, reaching max-
imum intensity at 90°. These observations agree well with the designed
polarization-dependent response of the metalens.

We next performed quantitative reconstruction of the Stokes polar-
ization parameters. Given that the polarization sensor may exhibit inter-
channel crosstalk, system calibration was first carried out (see Supple-
mentary Information for details). Then we tested three polarization mod-
ulation schemes: rotating the LP alone, (ii) rotating the LP with the QWP
fast axis fixed at 0°, and (iii) rotating the QWP with the LP fixed at 0°. The
reconstructed Stokes parameters (Sy, S, Ss) for these three cases are shown
in Fig. 3c—e, along with their deviations from theoretical values and their
respective locations on the Poincaré sphere. The reconstructed points
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Fig. 4 | Phase measurement. a Optical setup for testing the artificial phase objects.
b Pattern of the artificial phase objects. ¢ Captured intensity images at the in-focus
and defocused planes. Scale bars: 150 pm. d Recovered thickness map of the objects.
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e Thickness profiles along the black dashed lines in (d), overlaid with the corre-
sponding white-light interferometer (WLI) measurements.

closely follow the theoretical trajectories and are well aligned with the
expected positions on the Poincaré sphere. The average reconstruction
errors for the three input cases are 7.4 x 107, 4.4 x 107, and 4.5 x 10?rad,
respectively. These results demonstrate the high-fidelity performance of our
metalens-assisted system in full-Stokes polarization reconstruction.

Quantitative phase imaging validation

To validate the quantitative phase recovery capability of our metalens-
assisted imaging system, we constructed the optical setup shown in Fig. 4a. A
collimated LED beam passed through a 780 nm narrowband filter (10 nm
FWHM) and illuminated the sample; the illumination is partially coherent,
so an effective wavelength is used in the TIE reconstruction and spectral
averaging is negligible. A 4 f relay system then formed a real intermediate
image, as indicated by the red dashed region, where an iris was inserted to
limit the image size. This intermediate image was subsequently focused by
the metalens onto four sub-regions of the polarization camera. Two artificial
phase targets with varying thicknesses were fabricated using silica (SiO.) as
test samples, as illustrated in Fig. 4b. The corresponding in-focus and
defocused intensity images, acquired under the 90° linear polarization
channel of the sensor, are shown in Fig. 4c (from the left and right sub-
regions, respectively). The acquired intensity pairs were processed using a
TIE-based algorithm (see Supplementary Information) to recover the phase
distribution. To ensure reconstruction accuracy, we applied frequency-
domain scaling to correct magnification discrepancies (Fig. S1) and per-
formed background phase calibration to eliminate systematic artifacts (Fig.
S$2). The recovered phase was then converted into thickness maps by

#xy) = 2m-An

where An is the refractive index difference between SiO, and air. The
reconstructed thickness maps are shown in Fig. 4d. Cross-sectional
thickness profiles extracted along the black dashed lines are plotted in Fig.
4e, together with the corresponding white-light interferometer (WLI)
measurements acquired along the same line cuts. The agreement between
the reconstructed and WLI-measured profiles demonstrates the effective-
ness of our metalens-assisted system for quantitative phase reconstruction.
The spatial resolution of the imaging system was further characterized using
a 1951 USAF resolution target, as shown in Fig. S3.

Multidimensional imaging results

We fabricated a single anisotropic metasurface sample (400 x 400 um?),
composed of a periodic array of identical rectangular nanopillars with
unequal length and width (Fig. S4), as a representative target for multi-
dimensional imaging. Using the setup in Fig. 4a and 45° linearly polarized
illumination, we captured the corresponding intensity and reconstructed
phase (90° polarization channel; applicable throughout Fig. 5), shown in the
first two panels of Fig. 5a (see Fig. S5 for the recorded 4-pol images). We note
that the dark boundary features introduced during fabrication may have
impacted the accuracy of the reconstructed phase. The last two panels in Fig.
5a show the reconstructed degree of linear polarization (DoLP) and degree

2 2
of circular polarization (DoCP), with DoLP = —VS§+S2 and DoCP = ;—3 The

0
observed polarization characteristics are generally consistent with the ani-
sotropic metasurface design.

We also implemented the metalens-assisted system in a microscopic
imaging configuration (Fig. S6). Figure 5b presents the reconstructed
intensity, phase, and polarization images of a single U20S cell. While the
system demonstrates effective phase imaging performance, the polarization
response appears weak. This limited contrast may arise from spatial
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dynamic phase retrieval of live cells. Reconstructed intensity, phase, and polar-
ization images of (a) an anisotropic metasurface sample and (b) a single U20S cell.
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¢ Dynamic intensity and phase imaging of a U20S cell treated with a 0.0125%
trypsin-EDTA solution. Scale bars: 200 pm (a) and 20 pm (b, ¢).

averaging within the finite resolution volume, where sub-micron cytoske-
letal birefringence is diluted by the background and partially offset by local
orientation heterogeneity™.

The single-shot nature of our system enables the observation of live-cell
morphological dynamics. Figure 5c presents time-lapse intensity and cor-
responding quantitative phase images of a single U20S cell treated with a
0.0125% trypsin-EDTA solution to induce cell detachment. Over a span of
12 min, the cell rapidly contracts from a spread morphology to a spherical
shape, accompanied by a significant increase in the central phase delay.
These results demonstrate the capability of our system to perform real-time,
label-free, and dynamic monitoring of live-cell morphological evolution.

Discussion

As with many TIE-based approaches, the proposed phase retrieval method
is most suitable for weakly absorbing objects with smoothly varying phase.
For targets with strong absorption or pronounced intensity contrast,
the TIE assumptions may be less well satisfied, which can introduce
bias in the recovered phase. This limitation primarily affects the
phase reconstruction, while snapshot full-Stokes polarization imaging
can still be performed.

In conclusion, we present a snapshot full-Stokes polarization and
quantitative phase imaging system that integrates a single-layer metasurface
with a polarization-sensitive sensor, enabling simultaneous full-Stokes
vector retrieval and quantitative phase reconstruction under partially
coherent LED illumination. The metalens employs an interleaved four-in-
one meta-unit design to achieve compact, integrated polarization multi-
plexing while eliminating the need for mechanical scanning or external
optics. Although our design is applicable to coherent frameworks, we
employed a narrowband-filtered LED source to suppress speckle noise and
interference artifacts, ensuring high signal-to-noise ratio for robust phase
and polarization retrieval.

Through both anisotropic metasurface samples and live-cell imaging
experiments, we demonstrated the system’s capability in polarization
characterization of anisotropic metasurfaces and label-free monitoring of
cellular morphology. Our work provides a practical and scalable approach
for real-time, label-free, multidimensional optical imaging, with potential
applications in microstructure characterization, live-cell dynamics, and
biomedical diagnostics. Furthermore, integration with deep learning holds
promise for enabling intelligent feature extraction, enhancing phase
reconstruction, and facilitating multidimensional data fusion.
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Methods

Metasurface fabrication

The process begins with plasma enhanced chemical vapor deposition of an
a-Si film on a 500-pm-thick fused silica substrate, the thicknesses of a-Si is
400 nm for the metalens and 630 nm for the anisotropic metasurface
sample. After oxygen plasma cleaning, a layer of hexamethyldisilazane is
vapor-coated on the a-Si film to enhance adhesion. After spin-coating a
layer of 200-nm-thick positive E-beam resist, a thin layer of water-soluble E-
spacer is applied to mitigate the charging effect during later exposure. Next,
the nanopattern is defined in the resist by using E-beam lithography, fol-
lowed by development in o-Xylene. The 30-nm-thick aluminum as hard
mask with reversed pattern is obtained via an E-beam evaporator and a
gentle lift-off process in n-methyl-pyrrolidone. Inductively coupled plasma
reactive ion etching with an optimized recipe is implemented to introduce
the pattern into a-Si, where the chamber pressure is 10 mTorr, the flow ratio
of C4F8/SF6 is 1.1, the RF power of ICP generator is 2000 W, the RF power
of the bias is 100 W, the running times for 400 nm and 630 nm samples are
30 s and 45's, respectively. As a result, the metasurfaces are obtained after
removing the residual aluminum with the stripping solution.

Phase object preparation

Phase plates were fabricated through the following procedure. First, a layer
of photoresist (AZ1500) was spin-coated onto a silica substrate. Subse-
quently, specific target patterns were defined on the substrate via laser
writing (Raith PicoMaster 100). Following this, silicon dioxide films with
varying thicknesses were deposited using electron beam evaporation.
Finally, a lift-off process was performed by ultrasonically treating the coated
substrate in acetone, which removed the residual photoresist along with the
overlying film, thereby successfully transferring the desired silicon oxide
patterns onto the substrate.

Cell preparation

Human osteosarcoma U20S cells were purchased from the American Type
Culture Collection (ATCC). Cells were cultured in McCoy’s 5 A medium
(Gibco, Thermo Fisher Scientific; cat. no. 16600-082) supplemented with
10% (v/v) fetal bovine serum (FBS; Thermo Fisher Scientific; cat. no.
A5669701) at 37 °C in a humidified 5% CO2 incubator (Thermo Fisher
Scientific). Cells were passaged three times weekly using 0.25%
trypsin-EDTA (Gibco, Thermo Fisher Scientific; cat. no. 25200-072). One
day prior to experiments, cells were seeded onto 35-mm glass-bottom -
Dishes (ibidi; cat. no. 81158) and imaged after allowing sufficient time for
cell attachment and spreading.

Data availability
All data supporting the findings of this study are available within the paper
and its Supplementary Information.
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