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Single-shot deterministic complex amplitude imaging

with a single-layer metalens

Liu Lit, Shuai Wangt, Feng Zhao, Yixin Zhang, Shun Wen, Huichao Chai, Yunhui Gao,

Wenhui Wang, Liangcai Cao, Yuanmu Yang*

Conventional imaging systems can only capture light intensity. Meanwhile, the lost phase information may be
critical for a variety of applications such as label-free microscopy and optical metrology. Existing phase retrieval
techniques typically require a bulky setup, multiframe measurements, or prior information of the target scene.
Here, we proposed an extremely compact system for complex amplitude imaging, leveraging the extreme versa-
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tility of a single-layer metalens to generate spatially multiplexed and polarization phase-shifted point spread
functions. Combining the metalens with a polarization camera, the system can simultaneously record four polar-
ization shearing interference patterns along both in-plane directions, thus allowing the deterministic reconstruc-
tion of the complex amplitude light field in a single shot. Using an incoherent light-emitting diode as the
illumination, we experimentally demonstrated speckle-noise-free complex amplitude imaging for both static and
moving objects with tailored magnification ratio and field of view. The miniaturized and robust system may open
the door for complex amplitude imaging in portable devices for point-of-care applications.

INTRODUCTION
Light wave contains both amplitude and phase information. How-
ever, because of its high oscillation frequency, approximately 10'* Hz
(1), the phase of light cannot be directly detected by human eyes or
photodetectors. Nonetheless, the simultaneous recording of the
complex amplitude light field can provide comprehensive informa-
tion towards various applications such as label-free microscopy in
biomedicine (2, 3), optical metrology (4, 5), and adaptive optics (6).
To visualize phase information, Zernike (7) first proposed the
phase contrast technique in 1934. Together with the later developed
differential interference contrast (8) technique, they have been
widely adopted in the observation of cells while avoiding issues in
fluorescence microscopy such as photobleaching and phototoxicity.
Recently, there has also been a rapid development in quantitative
phase imaging (QPI) techniques, which further allows the quantita-
tive determination of morphological parameters, such as the thick-
ness and refractive index, of the sample under test. One prevalent
QPI technique is based on phase-shifting interferometry (9, 10) or
off-axis digital holography (11, 12), in which the phase distribution
can be retrieved from the interference pattern. However, despite
their high accuracy and spatial resolution, these techniques remain
prone to issues such as laser speckle noise and susceptibility to
vibrations. Recent advancements based on Fourier ptychography
(13, 14), transport-of-intensity equation (TIE) (15), and lensless imaging
(16-18) have made notable strides in addressing these limitations.
Nonetheless, the phase reconstruction accuracy and speed of these
improved techniques are often dependent on the number of measure-
ment frames and may require specific sample priors. It remains a major
challenge to construct a miniaturized system for the deterministic
reconstruction of the complex amplitude light field in a single shot.
One potential strategy to address the abovementioned issue is to
leverage the recent development in nanophotonics. Optical metasurface
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is an emerging class of diffractive optical elements consisting of
nanoscale scatterers. Compared to conventional refractive or dif-
fractive optical elements, it can be manufactured by a single-step
lithography process and is extremely versatile in manipulating the
vectorial light field (19-28). Recently, metasurfaces (29-36) and
thin-film optical devices (37-39) with nonlocal (angle-dependent)
responses have been investigated for phase visualization and QPIL. Most
related to this study, a delicately aligned bilayer metasurface has
been implemented to construct a quantitative phase gradient micro-
scope (40), which can capture the one-dimensional (1D) phase gra-
dient of the target object in a single shot. A single-layer metasurface
has also been combined with a 4-f imaging system to capture the 1D
phase gradient based on polarization phase shift (41, 42). However,
although the combination of iterative algorithms (43) and prior in-
formation of the target object can be used to reconstruct a 2D phase
image from a 1D phase gradient, the reconstruction is nondeter-
ministic, with limited reconstruction fidelity and speed. There is still
room to further reduce the overall volume of the imaging system.

In this study, we proposed and experimentally demonstrated an
extremely compact imaging system using a single-layer metalens
that allows the single-shot deterministic reconstruction of complex
amplitude light field information. By judiciously designing the
metalens with spatial- and polarization-multiplexed point spread
functions (PSFs), the left- and right-handed circularly polarized
(LCP and RCP) light shearing interference patterns can be recorded
with a commercially available polarization camera. With a single
measurement, four shearing interference patterns, each with a
unique phase shift, were captured to generate phase gradient images
along both orthogonal in-plane directions, with the verified smallest
measurable phase gradient of 42 mrad/pm. Subsequently, the 2D
phase gradient image can be used to deterministically reconstruct a
2D complex amplitude image with a relative phase accuracy of
0.0021A. Compared to conventional QPI techniques, our system is
also immune to laser speckle noise with a light-emitting diode
(LED) as the illumination source. We experimentally showcased
that the system can be used for surface metrology and for dynamic
complex amplitude imaging of living cells.
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RESULTS

The working principle of the metalens-assisted complex amplitude
imaging system is schematically illustrated in Fig. 1A. The system
was inspired by the polarization phase-shifting shearing technique
but has a greatly simplified form factor compared to conventional
systems (44, 45). Using a single-layer metalens, a pair of shearing
interference images of the target object, one along the x axis, and
another along the y axis, can be simultaneously recorded on a polar-
ization camera via spatial multiplexing. Each shearing interference
pattern consists of LCP and RCP images with a shearing distance As
along the x and y directions, respectively.

The x and y shearing interference patterns are projected to the
four polarization detection channels along 0°, 45°, 90°, and 135°,
respectively, using the polarization camera (Fig. 1B). For each polar-
ization channel, the recorded intensity of the shearing interference
pattern can be calculated as (for more details, see text S1)

I, =Iicp + Incp + 2V I cplpcpCos[As X V@ + (m — 1) X/ 2]
(1)

where I;cp and Ircp are the light intensity of the LCP and RCP im-
ages, respectively. m = 1, 2, 3, 4 corresponds to the polarization
detection angle of 0°, 45°, 90°, and 135°, respectively. Subsequently,
based on the four-step phase-shifting method, the phase gradients
along the x and y direction V., (Fig. 1C) can be deterministically

calculated as
Ipe = Ioge
0 90 > (2)

As Lise — I35

Last, the 2D intensity image I(x, y) can be extracted from the sum
of the light intensities of two arbitrary orthogonal linear polariza-
tions, while the 2D phase image @(x, y) can be reconstructed from
the phase gradients using the higher-order finite difference-based

least squares integration method (46) (as shown in Fig. 1D; for more

Viy®= Latan(

details, see text S2). Note that the imaging system needs to be cali-
brated in prior with a collimated beam to eliminate the additional
phase gradients caused by the nonplanar wavefront of the incident
beam and by possible system alignment errors (for more details, see
text S3). The system can use an LED as the illumination source to
avoid laser speckle noise as long as the spatial coherence length is
greater than the shearing distance As (47). To avoid the random po-
larization phase difference between LCP and RCP light, the LED
illumination is set to be linearly polarized and the direction of
polarization can be arbitrary (for more details, see text S1).

The schematic of the spatial- and polarization-multiplexed
metalens that shears and focuses orthogonally circularly polarized
light is shown in Fig. 2A. With a plane wave incidence, the distance
between the x and y shearing interference images is d'. With the target
object placed at a finite distance, the actual image splitting distance
d can be tailored by varying the magnification ratio M of the imag-
ing system as d = (1 + M) d"and As = (1 + 1/M) As’, where As'is
the shearing distance with a plane wave incidence (for more details,
see text S4). For the phase reconstruction, the spatial sampling
interval is directly proportional to As and should ideally be mini-
mized. Nonetheless, As should be larger than twice the macro pixel
size of the polarization camera according to the Nyquist-Shannon
sampling theorem (48).

For the metalens shown in Fig. 2, it has a diameter D =2 mm and
focal length f= 1.5 cm, resulting in a numerical aperture (NA) of
0.066. With collimated light illumination, the field of view (FOV) of
the imaging system is identical to the aperture size of the metalens.
The FOV can be further expanded with an increased lens diameter.
For an object distance d, = 2.5 cm and image distance d; = 3.75 cm,
the corresponding M = 1.5, and the shearing distance As = 25 pm.
To avoid the overlap between the shearing interference images with
the zero-order diffraction, the splitting distance d'is set as 2 mm (for
more details, see text S5).

To generate such a shearing interference PSF at an operating
wavelength of 800 nm, we designed a single-layer metalens consisting
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Fig. 1. Working principle of the metalens-assisted single-shot complex amplitude imaging system. (A) Schematic of the metalens-assisted single-shot complex
amplitude imaging system. (B) Captured x (left) and y (right) shearing interference patterns with the polarization channel along 0°, 45°,90°, and 135°, respectively.
(C) Calculated phase gradients along x and y direction, respectively. (D) Reconstructed complex amplitude image from the 2D phase gradients.
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Fig. 2. Metalens design and characterization. (A) Schematic of the metalens that splits and focuses the two pairs of shearing circularly polarized light on the photosensor,
where fis focal length, d'is the distance between the x and y shearing interference images, and As'is the shearing distance. The inset shows the simulated and measured
PSFs along the x and y direction, respectively. (B) Unit cell of the metalens is composed of rectangularly shaped silicon nanopillars on a sapphire substrate, with height
H =600 nm and period P = 350 nm. The rotation angle 6 varies between 0 and n. The width W, and length W, vary between 100 and 250 nm. (C) Designed metalens phase
profiles that can generate two pairs of shearing interference PSFs for LCP and RCP incident light, respectively. (D and E) Optical microscopy image (D) and scanning electron

microscopy image (E) of the fabricated metalens.

of an array of rectangularly shaped silicon nanopillars with varying
geometry on a sapphire substrate, as shown in Fig. 2B. By com-
bining the propagation phase of the rectangular nanopillars with
the geometric phase generated through rotation, we can indepen-
dently modulate the transmission phase of the LCP and RCP
incident light over a full 2 range while maintaining near-unity
transmittance. The phase profiles of the metalens for LCP and RCP
incident light, which incorporates both focusing and polarization
splitting terms, are depicted in Fig. 2C (for more details of the de-
signed phase profiles, see text $6). The designed metalens was fabri-
cated using a standard electron-beam lithography and reactive-ion
etching process (see Materials and Methods). The optical micros-
copy and scanning electron microscopy images of the fabricated
metalens are shown in Fig. 2, D and E, respectively. The measured
PSFs for LCP and RCP incident are in close agreement with the
simulation (inset of Fig. 2A). The metalens was measured to have a
diffraction efficiency of 26.47% (for more details, see text S7 and
Materials and Methods).

The fabricated single-layer metalens was subsequently integrated
with a polarization camera for complex amplitude imaging (see
Materials and Methods), with an extremely small optical path
volume of 0.85 by 0.71 by 6.25 cm”, defined as the size of the photo-
sensor X (d, + d;), as shown in Fig. 3A. Compared to conventional
interference-based systems, the proposed system may be much
less susceptible to environmental disturbance, such as mechanical
shocks, air turbulence, and temperature fluctuations.

To experimentally validate the performance of the compact com-
plex amplitude imaging system, we first measured the surface mor-
phology of transparent drop-casted ultraviolet (UV) adhesives. The
x and y shearing interferometric images in the four polarization
channels were directly captured by the polarization camera, as
shown in Fig. 3 (B and C). Subsequently, the phase gradients along
both the x and y directions (Fig. 3, D and E) and the 2D phase profile
@(x, y) can be reconstructed. The resulting height distribution
z(x, y) of the UV adhesive sample is illustrated in Fig. 3F, which is
derived as

Lietal., Sci. Adv. 10, eadl0501 (2024) 5 January 2024

z(x,y) = @(x, y)ﬁ (3)

where A = 800 nm is the incident wavelength and An is the refrac-
tive index difference between the UV adhesive sample and air. Note
that the system is also suitable for measuring samples with circular
dichroism (49) and with weak circular birefringence (50) (for more
details, see text S8).

To benchmark the system performance, we also measured the
surface morphology of the identical UV adhesive sample using a
commercial white light interferometer (WLI) (Nexview, Zygo), with
the height distribution and residual shown in Fig. 3 (G and H,
respectively). The relative average deviation (RAD) for the entire

N | Gimen Z2) | 100%
i=1 Z N

measurement area, defined as RAD = ) , is
3.79%, where N is the number of spatial sampling points, and
Z = (Zpeta T+ Zwi) / 2 is the average height measured by our system
and by the WLI. While it took the WLI 15 s to measure the height
distribution of the 1.2 mm-by-1.2 mm sample, it only took 10 ms
for our system. Furthermore, we found the metalens-assisted imaging
system could also be used to characterize the phase distribution of
other phase objects, such as a metasurface carrying orbital angular
momentum (for more details, see text S9).

The metalens can also be integrated with a standard microscope
as a quick-release module for the observation of microscopic objects
(see Materials and Methods), as shown in Fig. 4A. For microscopy
applications, we designed a different metalens with a focal length of
2.5 mm, resulting in an NA of 0.37, corresponding to a theoretical
diffraction limit of 1.31 pm. With d, set as 3.9 mm, the correspond-
ing M = 1.75 and As = 1.57 pm. After the secondary magnification
using a 20X objective lens, the total system magnification ratio is 35.
The spatial resolution of the imaging system is limited by the dif-
fraction limit and the shearing distance.

To quantitatively characterize the phase reconstruction per-
formance of the proposed microscopy system, we measured the
phase distribution of a commercially available 1951 U.S. Air Force
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Fig. 3. Surface metrology using the compact metalens-assisted single-shot complex amplitude imaging system. (A) Schematic of the compact complex amplitude
imaging system. LP, linear polarizer. (B and C) Captured x (B) and y (C) shearing interference patterns with the polarization channel along 0°, 45°, 90°, and 135°, respec-
tively. (D and E) Calculated phase gradients along the x (D) and y direction (E), respectively. (F to H) Surface morphology of UV adhesive measured by the metalens-assisted
system (F), by a commercial white light interferometer (WLI) (G), and by the corresponding residual (H). a.u., arbitrary unit.
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Fig. 4. Characterization of the metalens-assisted complex amplitude microscopy system. (A) Schematic of the metalens-assisted complex amplitude microscopy
system. (B) Captured shearing interference images with the polarization channel along 0°, 45°, 90°, and 135°, respectively. (C) Calculated phase gradients along the x and
y direction, respectively. (D) Reconstructed thickness of the 361-nm-thick phase resolution target (group 6, element 1). (E) Comparison between the measured thickness
of seven different phase targets by the proposed microscopy system and by a commercial WLI. Error bars represent SDs of the measured values.

phase resolution target (Quantitative Phase Microscopy Target,
Benchmark Technologies). As shown in Fig. 4B, the four polariza-
tion shearing interference patterns of the 361-nm-thick resolution
target (group 6, element 1) were captured in a single shot, allowing

Lietal., Sci. Adv. 10, eadl0501 (2024) 5 January 2024

the subsequent determination of the phase gradients (Fig. 4C) and
target thickness (Fig. 4D). Such a process was repeated for seven
phase resolution targets with different thicknesses (for more details,
see text S10). The measured thickness, averaged over the gray area as

40f7



SCIENCE ADVANCES | RESEARCH ARTICLE

depicted in Fig. 4D, closely matches the results obtained by a WLI,
as shown in Fig. 4E. The verified smallest detectable phase gradient
is 42 mrad/pm, corresponding to a phase resolution target at a
height of 57 nm (for more details, see text S10). In addition, the
measured average spatial and temporal noise levels are 25.93 and
2.88 mrad/pm, respectively. With the phase reconstruction algo-
rithm filtering the high-frequency spatial noise (46), the system has
a high relative phase accuracy of 0.00212, defined as the root mean
square error of the reconstructed reference plane wave (for more
details, see text S11) (51). The maximum detectable phase gradient
V @max of the microscopy system is determined by the NA of the
metalens and the shearing distance. In the current implementation,
V®max = 27/A - NA = 1.45 rad/pm.

The complex amplitude microscopy system’s spatial resolution
for intensity and phase imaging was experimentally measured to be
4.38 and 5.52 pm, respectively (for more details, see text S12), which
is mainly limited by the sheared PSF and the diffraction limit. To
further improve the spatial resolution of the imaging system, one
could design a metalens with a higher NA or use advanced algo-
rithms to further optimize the metalens topology (52). In the mi-
croscopy system, the FOV is 85 pm by 85 pm, mainly limited by the
size of the photosensor, the spatial multiplexing scheme, and the

overlap between the zero-order diffraction and the shearing inter-
ference patterns. The FOV limitation caused by spatial multiplexing
may be partially addressed by radial shearing interferometry, despite
that such a scheme may result in uncertainty for the reconstruction
of phase objects of particular topology (53). The cross-talk between
the zero-order diffraction and shearing interference patterns was
avoided by off-axis imaging (for more details, see text S5).

The complex amplitude imaging microscope can be used for the
label-free observation of living cells. As an example, we imaged living
cancer cell MDA-MB-468, as shown in Fig. 5A, with the recon-
structed phase gradients and complex amplitude image shown in
Fig. 5 (B to D, respectively). Because the complex amplitude image
can be obtained in a single shot, the system is particularly suitable
for observing the dynamic evolution of living cells and other trans-
parent materials. Here, we also measured complex amplitude images
of moving paramecium, with the video recorded at a frame rate of
10 Hz, as illustrated in Fig. 5 (F and G) and movie S1. In addition,
we recorded the change in the surface morphology of an uncured
UV adhesive sample subjected to an air cluster at a video frame rate
of 50 Hz (movie S2). The frame rate is limited only by the frame
acquisition time of the polarization camera. Each frame, with a reso-
lution of up to 281 X 281 pixels, can be reconstructed from raw
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Fig. 5. Complex amplitude microscopy for living cells. (A) Captured shearing interference images of living cancer cell MDA-MB-468 with the polarization channel along
0°,45°,90° and 135°, respectively. (B) Calculated phase gradients along the x and y direction, respectively. (C) Reconstructed intensity image of the living cancer cells from
the sum of 0° and 90° polarized light intensity. (D) Reconstructed phase distribution of the living cancer cells. (E and F) Selected frames of the measured intensity (E) and
phase (F) distribution of the moving paramecium captured at a video frame rate of 10 Hz.

Lietal., Sci. Adv. 10, eadl0501 (2024) 5 January 2024

50f7



SCIENCE ADVANCES | RESEARCH ARTICLE

measurements in approximately 0.41 s using a computer equipped
with an AMD Ryzen 7 3700X central processing unit and 32-gigabyte
random-access memory.

DISCUSSION

In conclusion, this work combined the unmatched spatial- and
polarization-multiplexing capability of a single-layer metalens with
a commercially available polarization camera to allow deterministic
reconstruction of complex amplitude light field in a single shot. The
metalens can be designed as a stand-alone lens or to be coupled with
a microscope system for a variety of imaging tasks. The system’s
minimum form factor and high robustness make it highly suitable
for space-constrained imaging scenarios such as in endoscopes
(18, 54) and for portable point-of-care diagnostics of fast-moving
targets (55). We also envision that the proposed system’s capability
to simultaneously record the complex amplitude light field informa-
tion may pave the way for the construction of aberration-corrected
3D cameras (56). Last, by combining multiple compact complex
amplitude imaging systems, one may build a long-sought, robust
synthetic aperture lens at optical frequencies, similar to a synthetic
aperture radar, for single-shot far-field super-resolution imaging (57).

MATERIALS AND METHODS

Metalens fabrication

The metalens was fabricated by a commercial service (Tianjin H-chip
Technology Group). Fabrication began with a silicon-on-sapphire
substrate, with a monocrystalline silicon film thickness of 600 nm.
Electron-beam lithography (JEOL, JBX-6300FS) was used to inscribe
the metasurface pattern using a negative tone resist hydrogen
silsesquioxane (HSQ). The pattern was then transferred to the silicon
layer via reactive-ion etching, with HSQ directly serving as the mask.
Last, the HSQ resist was removed using buffered oxide etchant.

PSF and diffraction efficiency measurement

To measure the PSF of the fabricated metalens, we constructed a
setup as shown in fig. S7. The illumination source consists of colli-
mated light from a supercontinuum laser (YSL SC-PRO-7) and a
bandpass filter (Thorlabs, FB800-10) with a central wavelength of
800 nm and a bandwidth of 10 nm.

To estimate the diffraction efficiency of the metalens, the collimated
laser beam was filtered by a linear polarizer (Thorlabs, LPNIR100-
MP2). An optical power meter (Thorlabs, PM122D) with a pinhole
of 2 mm in diameter, equal to the metasurface diameter, was first
placed in front of the metasurface to measure the power of the inci-
dent light Py,.. In the next step, to measure the power of the focused
light Py, a pinhole of 200 pm in diameter was placed in front of the
power meter. The position of the power meter was spatially scanned
and maximized near the designed focal point of the metasurface. The
diffraction efficiency of the metalens was estimated as 1 = Py/Pipc.

Complex amplitude imaging setup

For the compact complex amplitude imaging system, the illumina-
tion source consists of a collimated LED, a narrowband filter with a
center wavelength A of 800 nm, a bandwidth of 10 nm, and a linear
polarizer. For shearing interferometry, it is required that the spatial
coherence length d; of the light source is greater than the shear-
ing distance As. The spatial coherence length d; is calculated as

Lietal., Sci. Adv. 10, eadl0501 (2024) 5 January 2024

dy = 1.22\L/R = 325.33 pm, where L = 10 cm is the focal length of
the collimated lens and R = 300 pm is the radius of the LED source.
The spatial coherence length can be adjusted by placing a circular
pinhole with different radius in front of the LED source. The com-
plex amplitude light field was captured by a commercial polarization
camera (MV-CHO050-10UP, Hikvision) through the metalens. The
polarization camera is equipped with a polarization-sensitive com-
plementary metal-oxide semiconductor sensor (IMX250LQR, SONY).
Each subpixel of the sensor has a size of 3.45 pm, with 2 by 2 subpixels
forming a macro pixel for polarization detection along 0°, 45°, 90°,
and 135°, respectively.

For the complex amplitude microscopy system, the collimated
illumination source was generated via K6hler illumination. The
light field at the image plane of the metalens was further magnified
by a standard optical microscope consisting of an objective lens
(20x; Mitutoyo, MPLNAPO20XVIR) and a tube lens with a focal
length of 20 cm.

Cell preparation

Cancer cells MDA-MB-468 (Procell Life Science & Technology,
China) were used in experiments. MDA-MB-468 cells were cultured
using an incubator (Forma 381, Thermo Fisher Scientific, USA) at
37°Cin 5% CO, and passaged three times a week with high-glucose
Dulbecco’s modified Eagle’s medium (Life Technologies, USA) sup-
plemented with 10% fetal bovine serum (Life Technologies, USA)
and 1% penicillin-streptomycin (Life Technologies, USA). After
completing one cell passage, the cells were placed in the incubator
and cultured for 1 day to obtain the sample of adherent cells for
conducting the experiments.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S12

Legends for movies S1 and S2

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
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