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ABSTRACT: Phase retrieval is a noninterferometric quantitative
phase imaging technique that has become an essential tool in
optical metrology and label-free microscopy. Phase retrieval
techniques require multiple intensity measurements traditionally
recorded by camera or sample translation, which limits their
applicability mostly to static objects. In this work, we propose the
use of a single polarization-dependent all-dielectric metasurface to
facilitate the simultaneous recording of two images, which are
utilized in phase calculation based on the transport-of-intensity
equation. The metasurface acts as a multifunctional device that
splits two orthogonal polarization components and adds a
propagation phase shift onto one of them. As a proof-of-principle,
we demonstrate the technique in the wavefront sensing of
technical samples using a standard imaging setup. Our metasurface-based approach fosters a fast and compact configuration that
can be integrated into commercial imaging systems.

KEYWORDS: all-dielectric metasurface, quantitative phase imaging, wavefront sensing, transport-of-intensity

Metasurfaces are artificially engineered planar structures
that have recently drawn significant attention due to

their capability of modulating the properties of an incident
optical wave, including its amplitude, wavefront, dispersion,
and polarization properties.1 For conventional optics, arbitrary
wavefront control is realized with optical elements (e.g., lenses
and prisms), phase plates, or spatial light modulators that all
rely on gradual phase accumulation effects occurring as the
wave propagates through an element. Instead, metasurfaces are
composed of subwavelength units, called meta-atoms, whose
optical and geometrical properties can be properly tuned to
introduce abrupt phase changes into the incident light. All-
dielectric metasurfaces have gained interest from the research
community due to their low intrinsic losses, leading to a device
efficiency higher than that of their plasmonic counterparts.2

The desired phase delay in such metasurfaces can be achieved
using high-index dielectric meta-atoms as waveguides.3,4 The
mismatch between the refractive indices of the meta-atom and
the surrounding medium induces Fabry−Perot effects,
resulting in the local modification of the phase of the incoming
wave. By engineering the waveguide properties, for example, by
appropriate combination of the meta-atoms’ shape, size, and
orientation, a 0−2π phase modulation can be realized. Owing
to the subwavelength size and arrangement of the meta-atoms,
metasurfaces circumvent the need for bulky components to
achieve complex optical functionalities, which makes them
conducive for compact integrated setups.5,6 As such,
metasurfaces have found applications for beam focusing,7,8

deflection9,10 holography,11 and optical vortex generation.12,13

Interestingly, these functionalities can be introduced inde-
pendently and simultaneously in different polarization
components of the incident light using a single metasur-
face.14,15 Further advancement has recently been reported in
the arbitrary polarization control along the beam propagation
direction with a metasurface.16 Tailored metasurfaces have also
been shown to improve the imaging performance and facilitate
super-resolution imaging and different contrast-enhancing
modes in microscopy.17−22

Quantitative phase imaging (QPI) has emerged as an
indispensable tool in label-free microscopy23,24 and optical
metrology.25,26 QPI comprises a group of techniques that aims
to quantitatively recover the phase of a complex field from
available intensity measurements. In microscopy, weakly
absorbing biological samples have marginal influence on the
amplitude of the incident light, which makes them difficult to
visualize under normal bright-field microscopes without adding
contrast agents. Such samples, however, introduce substantial
shift to the phase of the incident field. By detecting phase
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modulations, QPI avoids the rigor of sample preparation and
its possible side effects and allows access to morphologically
relevant parameters such as the shape, size, thickness, and
refractive index of the sample’s structural components. In
optical metrology, QPI facilitates wavefront sensing that has
found applications in wavefront aberration correction and in
optical inspection of technical samples,27,28 including recent
applications in characterizing metasurfaces.29,30 QPI techni-
ques are generally grouped into interferometric and non-
interferometry-based methods, commonly referred to as phase
retrieval methods. Interferometry-based techniques, such as
digital holographic microscopy31 and phase-shifting differential
interference contrast (DIC) microscopy,22,32 remain the
benchmark of phase measurement schemes relying on the
superposition of the scattered object field with a reference
wave. From the recorded interference pattern, the object’s
complex field profile is reconstructed by digital postprocessing.
While these techniques are more commonly used, two-beam
interference strategies necessitate a high coherence degree of
the source, minimal aberrations from the optical components,
and high mechanical stability in the setup. Alternatively, phase
retrieval methods, such as transport-of-intensity equation
(TIE)-based methods, are less restrictive in terms of
experimental requirements as they enable phase reconstruction
from recorded images of the diffracted field without the need
for a reference beam.33−36 Phase retrieval utilizes the change in
the intensity measurements as constraints in a mathematical
inverse problem. In particular, TIE describes the relationship
between the phase and the intensity gradient along the
propagation direction.35,37 In realization, two images, one
focused and one defocused, are traditionally recorded by
mechanical translation of the camera or the sample. From the
focused intensity distribution and the axial intensity derivative
estimated by a finite difference method, the phase information
is calculated. The TIE-based phase retrieval has become
attractive for QPI due to its simplicity, allowing for its
straightforward integration with commercial microscopes.38 A
metasurface-based phase diffuser was recently demonstrated to
facilitate phase retrieval using multiple axially displaced
intensity measurements of the diffracted field.17 However,
individual recording of multiple images limited QPI to static
objects. Meanwhile, two cascaded metasurfaces were employed
to facilitate the single recording of intensities needed for phase
calculation based on the phase-shifting DIC technique.22

In this work, we present an all-dielectric metasurface that
facilitates quantitative phase imaging via TIE-based phase
retrieval (MS-TIE) from a single image recording step. The
traditional setup for TIE requires mechanically displacing
either the camera or the sample to record the different
intensity measurements needed for phase calculation, which
limits phase reconstruction to static objects. To bypass this, we
exploit the ability of all-dielectric metasurfaces to independ-
ently control two orthogonal polarization states and enable
simultaneous capture of two images, eliminating the need for
sample or camera displacement. Such a configuration results in
a more stable setup, a faster acquisition system, and a
potentially compact quantitative phase imaging configuration.
Whereas our approach targets at the end a similar application
to previous works on QPI,17,22 the system presented herein
comprises a single multifunctional metasurface and is
fundamentally different, being noninterferometric and single-
shot.

Figure 1a shows a schematic diagram of our proposed single-
shot QPI setup. Image formation in the metasurface-based QPI

is described using Fourier transforms.39 A 45°-plane-polarized
beam is incident on the object. Lens L1 decomposes the
complex input field Uin(x,y) = A(x,y)exp(iφ(x,y)) into its
Fourier components. The all-dielectric metasurface then acts as
a polarization-dependent linear filter that imposes the
following phase shifts to the transverse electric (TE) and
transverse magnetic (TM) components of the impinging beam
at the Fourier plane, independently:
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where λ is the working wavelength, f is the focal length of the
lenses, and η and ν are the spatial coordinates associated with
the x and y directions at the Fourier plane. As described by eq
1, the metasurface phase profile is that of a blazed grating
which angularly deflects the TE-polarized component by angle
θ along the horizontal with respect to the optical axis. Similarly,
the first term in eq 2 describes angular deflection of the TM
component in the opposite direction. The metasurface
essentially splits the orthogonal polarization components into
two beams with an angular offset of 2θ and different optical
paths. Furthermore, the second term in eq 2 corresponds to
the phase term of the Rayleigh−Sommerfeld free-space

Figure 1. Quantitative phase imaging setup. (a) Schematic diagram of
the metasurface (MS)-based quantitative phase imaging setup (MS-
TIE). L1 and L2 form a 4f optical setup. The object is located at the
input plane (IP), which can also coincide with the output
(intermediate image plane) of a conventional microscope. The
illumination is 45°-plane-polarized. The metasurface is placed at the
Fourier plane and acts as a polarization-dependent optical filter that
splits two orthogonal polarization components into two different
directions and axially shifts one polarization from the other. (b)
Introducing an angular displacement θ at the Fourier plane
corresponds to a transverse shift f tan θ at the output of the 4f
setup. (c) Phase profiles of the metasurface to achieve polarization
splitting and axial translation.
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propagation transfer function.39 This simulates the axial
translation of the TM component by an amount of Δz
(defocus distance) relative to the TE-polarized wave. Figure
1b,c illustrates such multiple actions of the metasurface and the
phase distributions to achieve them, respectively. See also
section S1 of the Supporting Information (SI). After being
passed through lens L2, the angular offset between the TE- and
TM-polarized beams is converted into a lateral separation of d
= 2f tan θ. The two beams are then simultaneously recorded by
a camera. Mathematically, the complex output field at the
camera plane is described by39

U x y U x y

G i

( , ) ( , )

( , )exp( ( , ))

out,TE(TM)
1
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−
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where ℑ is the Fourier transform operator, 1ℑ− is its inverse,
and (x,y) are the spatial coordinates at the input and output
planes. After explicit evaluation of eq 3, the intensity pattern
recorded by the camera is I(x,y) = ITE(x,y) + ITM(x,y), where
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where⊗ is the convolution operator. By adjusting the aperture
at the input plane, the size of the two beams can be controlled
to ensure that they fit within the sensor area and do not
overlap. g(x,y) is the Fourier transform of G(η,ν), which is a
function that describes the finite width of the metasurface and
can be approximated by a delta function for large enough
metasurfaces. From the single image captured by the camera,
numerical postprocessing is implemented to isolate and center
the two intensity patterns described by eqs 4 and 5. For large

metasurfaces, this effectively reduces to the two intensity
profiles obtained as if the camera was instead translated:
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The TIE arises from the parabolic wave equation and relates
φ(x,y) of the input field to its axial intensity derivative by33

k
I x y

z
I x y x y

( , )
( , ) ( , )φ−

∂
∂

= ∇ ·[ ∇ ]⊥ ⊥ (8)

where k is the wavenumber 2π/λ, ∇⊥ is the two-dimensional
gradient operator over the transverse coordinates (x,y), and z
is the coordinate along the optical axis. Here, I(x,y) is the
focused intensity I1, and the axial intensity derivative is

estimated by dI
dz

I I
z

2 1= −
Δ . Different numerical approaches can be

implemented to evaluate eq 8, and each entails satisfying
specific boundary conditions and certain requirements in the
recorded intensities that can be rather difficult to achieve in
experiments.35 Recently, an iterative algorithm has been
reported to relax such requirements and provide a universal
solution to TIE.37 This iterative algorithm was implemented
here and is further detailed in the SI section S2.
Figure 2a shows the unit cell of the metasurface consisting of

an amorphous silicon nanopillar on a fused silica substrate. To
calculate the transmission coefficients (|tTE| and |tTM|) and
phase shifts (ϕTE and ϕTM) imparted to the incident wave, full-
wave simulations with the finite-difference time-domain
(FDTD) method were implemented, as schematically shown
in Figure 2b for elliptical nanopillars periodically arranged in a
square lattice. The height of the nanopillars is h = 411 nm, the
lattice constant is a = 350 nm, and the wavelength is λ = 850
nm. The calculations were done for different combinations of
the lateral parameters Dx and Dy for TE- and TM-polarized

Figure 2. Metasurface design. (a) Unit cell of the metasurface consisting of amorphous silicon nanopillars on a fused silica substrate. The meta-
atoms (h = 411 nm) that comprise the metasurface are periodically arranged in a square lattice with lattice constant, a = 350 nm. (b) Schematic for
the numerical calculation of the transmission coefficients (|tTE|, |tTM|) and phase shifts (|ϕTE|, |ϕTM|) of the transmitted light after passing through
the metasurface consisting of uniform pillars. (c,d) Magnetic energy density for Dx = 168 nm and Dy = 270 nm as seen from the (c) top view and
(d) side view. The dashed lines in (c) and (d) represent the boundaries of the nanopillars. (e) Phase shift to elliptical diameter and transmittance
maps.
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incident waves. As shown in Figure 2c,d, the magnetic field
energy density is concentrated within the nanopillars, and weak
coupling is observed between neighboring meta-atoms. Thus,
each meta-atom can be regarded as a pixel element in the
metasurface design which locally modifies the wavefront. From
the FDTD calculations, the phase-to-diameter conversion
maps shown in Figure 2e were obtained, as detailed in the
SI section S3. The corresponding maps of the transmission
coefficients illustrate high transmission, >70%, for all nano-
pillars used in the design. From the analytic expressions of the
phase profiles in eqs 1 and 2, the metasurface profile was
generated using 2000 × 2000 nanopillars with Δz = 5 mm and
subsequently fabricated using a standard electron beam
lithography technique and Bosch etch process,40 as detailed
in sections S3 and S4 of the SI. Figure 3 shows top-view (a,b)

and tilted-view (c,d) scanning electron microscopy images, and
a bright-field image (e) of the fabricated metasurface. Figure 3f
shows the measured transmission spectra of the metasurface,
with overall transmission efficiencies of 68 and 65% for the TE-
and TM-polarized beams, respectively, for λ = 850 nm. These
values are slightly lower than expected from the FDTD
calculations, yet comparable with those reported in the
literature using similar systems.41 From Fourier space
measurements, it was verified that the angular deflections are
as designed: θTE/TM,des = 0.070 rad, θTE/TM,meas = 0.071 rad
corresponding to lateral beam displacements of dTE/TM = ∓3.5
mm from the camera center.

As a proof-of-concept, we validated the use of the
metasurface-based TIE (MS-TIE) in wavefront sensing. We
used a convex lens (focal length: 250 mm) placed behind a
square aperture (width: 1.6 mm) as a technical sample. See
Figure S6 of the SI for the full setup. The focal length of the
lenses used in the 4f system is 50 mm. Figure 4a shows the
image obtained from the camera without the metasurface.
Figure 4b,c shows the cropped images corresponding to the
TE-polarized (focused image) and TM-polarized (defocused
image, Δz = 5 mm) beams, respectively, with the metasurface
aligned in the setup. In principle, Figure 4b should be a
focused image of the aperture. However, the metasurface also
acts effectively as a low-pass filter that truncates the high-
frequency components of the object, resulting in the blurred
image shown in Figure 4b. In principle, this issue can be
addressed by simply increasing the size of the metasurface. In
our Fourier optics simulations (detailed in SI section S5), the
size of the metasurface was deemed enough to provide a good
phase reconstruction (Figure 4e) for this technical sample,
comparing it with the analytic phase profile shown in Figure
4d. Figure 4f shows the experimentally reconstructed phase
profile using our MS-TIE technique. The reconstruction was
compared to that of the conventional TIE (C-TIE), shown in
Figure 4g, which was implemented using the same setup but
with the two images recorded by displacing the camera by 1.5
mm. In principle, estimation of the intensity gradient can be
obtained more accurately with smaller Δz, but due to design
and fabrication limitations, the introduced defocus distance by
the metasurface is slightly larger than the one used for C-TIE.
Both TIE reconstructions were further benchmarked against
the reconstruction (Figure 4h) with the multiple-plane phase
retrieval (MPR) technique (see SI section S7).36 Qualitatively,
the retrieved phase profile from MS-TIE closely resembles that
of the analytic wavefront and those from C-TIE and MPR,
apart from the observed artifacts that can be attributed to
imperfections in the metasurface. The line profiles of the
unwrapped reconstructed phase from MS-TIE and C-TIE
approximate each other, as shown in Figure 4i. The root-mean-

square errors ( )RMSE ( )
N i

N1
1 ex an

2φ φ= ∑ −= between the

experimentally retrieved and the analytic wrapped phase
distributions were calculated, where RMSEMS‑TIE = 0.6632,
RMSEC‑TIE = 0.7804, and RMSEMPR = 0.7772. The semblance
of the MS-TIE reconstruction with the other results shows the
potential of the proposed MS-TIE technique as an effective
alternative to existing methods for QPI. The quantitative phase
measurement also allows the transformation to the optical
thickness profile of the sample, as shown in Figure 4j.
We further used the setup to reconstruct the phase profile of

a concave lens ( f = −100 mm). Figure 5a−c shows similar
phase distributions retrieved using MS-TIE and C-TIE, which
further serves as proof that MS-TIE can be as effective as C-
TIE. Figure 5d shows the continuous phase profile from the
TIE calculation. Finally, the same metasurface was used to
phase-image three phase-only vertical bars from the USAF
resolution target viewed under a normal bright-field micro-
scope, whose conjugate image plane coincided with the square
aperture of the MS-TIE, as further detailed in the SI. Figure
5e,f shows the phase images from MS-TIE and C-TIE,
respectively. Here, the MS-TIE was able to discriminate the
phase steps from the background but admittedly not as well as
the C-TIE. The central line profile in Figure 5g and the
continuous phase map in Figure 5h reveal that, for MS-TIE,

Figure 3. Metasurface characterization. (a,b) Top-view and (c,d)
tilted-view 30° scanning electron micrographs and (e) bright-field
image of the metasurface. (f) Measured transmission spectra of the
metasurface for TE- and TM-polarized incident beams.
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Figure 4. Wavefront sensing using MS-based TIE. (a) Bright-field image (false color) of the technical sample consisting of a lens placed behind a
square aperture. Scale bar: 0.5 mm. (b,c) Cropped images from the split TE and TM beams, respectively, using the MS-based TIE. (d) Analytic
phase profile of a lens with f = 250 mm. (e−h) Wrapped reconstructed phase profiles using (e) fast Fourier transform (FFT)-based simulations of
MS-TIE, (f) experimental MS-TIE, (g) conventional TIE with camera displacement d = 5 mm, and (h) multiple-plane phase retrieval using 25
intensity measurements. (i) Optical thickness profile obtained from the reconstructed phase distribution. (j) Line profiles of the phase
reconstructions from MS-TIE (blue plot) and C-TIE (red plot). Solid lines indicate the direction of the scan.

Figure 5. MS-based TIE for phase imaging. Wrapped phase profile of a concave lens ( f = 150 mm) reconstructed using (a) MS-TIE and (b) C-
TIE. Scale bar: 200 μm. (c) Line profile at the center of the phase reconstructions. Reconstructed phase profiles of (e−h) vertical and (i−l)
horizontal phase bars and their corresponding line profiles. Scale bar: 20 μm at the sample plane for the phase bars. (d,h,l) 3D map of the
continuous phase distribution retrieved from MS-TIE.
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the phase steps for the three bars vary largely, 0.37, 0.69, and
1.04 rad, in contrast to the C-TIE, 0.76, 0.76, and 0.86 rad. An
x-dependent phase discrepancy is obvious from the recon-
struction, which is more evident for large phase gradients like
those introduced by the bars. From our fast Fourier transform
(FFT)-based simulations, this is caused mainly by the finite
sizes of the metasurface, further compounded by the deviation
of the metasurface phase profile from the analytic as described
in eqs 1 and 2. With our current metasurface, this can be
mitigated by aligning more crucial features along the y
direction, as shown in Figure 5i−l. Here, the reconstructed
phase step values of the three horizontal bars have
pronouncedly decreased variations for the MS-TIE, albeit
still slightly deviating from the values obtained using C-TIE.
While this means a need to further optimize the device design
and fabrication to measure acute phase variations in small areas
but within the limit of the TIE assumptions, we show for the
first time a promising single polarization-dependent metasur-
face to facilitate QPI.
One obvious limitation of the current setup is the size of the

metasurface (700 × 700 μm2), as mentioned above, which
dictates the lateral resolution that can be achieved. As modeled
in eqs 4 and 5, this can be circumvented by increasing the size
of the metasurface. More importantly, simulations show that
the limited size is the main factor causing the observed phase
artifacts in the reconstructed profiles for the phase bars.
Additionally, as discussed previously,35 large defocus distances
also contribute to inaccurate phase reconstructions due to the
inaccurate estimation of the axial intensity derivative. From our
simulations, it was deemed that, as a first demonstration, the
size and the defocus distance were enough to obtain accurate
phase reconstructions for samples that have low phase
gradients (i.e., lenses). Second, the simultaneous recording of
two images comes at the expense of the system’s effective field
of view, which has become smaller than that in the case when
the full camera sensor width is utilized to capture one image at
a time. Although the field of view is sacrificed, the ability to
simultaneously capture the intensities will allow for QPI of
dynamic events, and it can be alleviated by using larger camera
sensors. Lastly, an advantage of conventional setups is the
tunability of the defocus distance, which is known to be object-
dependent. Currently, distance tuning is not available in our
metasurface device. Nonetheless, this does not preclude the
use of fixed and optimized metasurfaces to work for diverse
types of phase objects. In addition, the flourishing research on
tunable metasurfaces indicates the viability of active displace-
ment setting in the future.42−44 An obvious next step is the
application of MS-TIE to biological imaging. This would entail
further optimization of the metasurface design (i.e., using other
unit cell designs to better approximate the desired phase
combinations) with a larger cross section to allow for better
tuning of the defocus distance and to increase the frequency
cutoff of the system.
In summary, we presented a single polarization-dependent

all-dielectric metasurface as an enabling device for quantitative
phase reconstruction. The metasurface allows the simultaneous
recording of two images by splitting the TE and TM
components of the incident wave and introducing an axial
shift to the TM component. The two images were used as
constraints to retrieve the phase information by iterative
calculation of the transport-of-intensity equation. We imple-
mented the proposed technique in wavefront sensing of
technical samples. Compared to existing methods that aim for

single-shot quantitative phase measurement, our proposed
technique only requires a single metasurface that can be
conveniently placed at a conjugate to the back focal plane of
the objective in a microscope. This technique exhibits great
potential to facilitate simple, compact, and rapid QPI, ideal for
optical metrology and live label-free microscopy applications.
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