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Abstract:
Quantum phase imaging enables the analysis of transparent samples with thickness and refrac-

tive index variations in scenarios requiring precise measurements under low-light conditions.
Here, we present a compact quantum phase-gradient imaging system integrating a lithium niobate
(LiNbO3) metasurface for generating spatially entangled photon pairs and a silicon (Si) metasur-
face for phase gradient extraction. By leveraging nonlocal resonances, the LiNbO3 metasurface
enables efficient spontaneous parametric down-conversion (SPDC) with all-optically angularly
tunable emission, while the Si metasurface provides a nearly linear optical transfer function
(OTF) that differentiates the photon wavefunction and extracts phase gradients. Experimental
proof-of-concept results demonstrate the imaging of up to 25 rad/mm phase gradients, achieving
89% similarity with the reference values. The pixel resolution of the system can be potentially
enhanced by orders of magnitude by increasing the metasurface dimensions and resonance quality
factor. Our work showcases the application of metasurfaces in both generating and detecting
quantum states and establishes a new paradigm for portable quantum phase-gradient imaging,
with potential applications in quantum sensing, microscopy, and LiDAR technology.

1. Introduction

Quantum imaging utilizing entangled photon pairs presents significant theoretical and practical
advantages over classical imaging systems [1–8]. By exploiting quantum entanglement, image
reconstruction can be performed through photon coincidence measurements, providing enhanced
signal-to-noise ratio (SNR) [9–11], operation at ultra-low photon fluxes [5], and improved
security against eavesdropping [12]. These advantages arise from the intrinsic correlations of
entangled photons, which allow the extraction of information with greater precision than classical
approaches for the same photon illumination.

Building on this foundation, quantum phase imaging [13–16] combines the strengths of quantum
imaging with phase-sensitive detection [17–20], enabling the analysis of transparent samples
through thickness and refractive index variations. This capability is particularly valuable in
scenarios requiring non-destructive and highly precise measurements under low-light conditions.



Conventionally, the measurement of spatial phase profiles and phase gradients relied on bulky
optical setups. Whereas recent advances in optical metasurfaces and thin-film structures have
provided a compact alternative by realizing first-order differentiation of the optical wavefield and
other mathematical operations, enabling phase-gradient extraction and edge enhancement under
classical light illumination [21–26], the latter approaches remained unexplored in the realm of
quantum phase imaging.

In parallel, nonlinear flat optics has emerged as a versatile platform for generating entangled
photons through spontaneous parametric down-conversion (SPDC), see the reviews [27–29] and
references therein. Resonance-enhanced nonlinear metasurfaces can significantly boost photon-
pair generation [30] and enable precise engineering of quantum states across frequency [31, 32],
momentum [33], and polarization [34–37] degrees of freedom. Such metasurfaces also offer
greater environmental stability compared to conventional bulk crystals, making them attractive
for free-space quantum applications. Recently, quantum ghost imaging of amplitude objects was
achieved with a metasurface quantum source [38], however that scheme was insensitive to the
phase variations in transparent objects.

In this work, we suggest and demonstrate experimentally a novel ultra-compact approach to
phase-gradient imaging through an integrated platform that uses metasurfaces for both the tasks
of quantum light generation and phase-gradient extraction. Spatially entangled photon pairs are
generated by a nonlinear lithium niobate (LiNbO3) metasurface exhibiting nonlocal resonances,
where the emission angle is narrow in one direction but broad in the orthogonal direction [39].
For phase-gradient extraction, a silicon (Si) metasurface with angle-sensitive nonlocal resonances
is designed that allows first-order differentiation of the single-photon wavefunction and direct
retrieval of the phase gradient through two-photon correlation measurements. The result
is a compact and all-optically tunable system that opens promising opportunities for high-
sensitivity, low-light applications in areas such as biomedical imaging, remote sensing, and
secure communications.

2. Results

2.1. Concept of phase gradient imaging with single photons

We develop a scheme for phase-gradient imaging by harnessing a general framework of quantum
ghost imaging, which offers a range of practical advantages, including reduced noise at low
light levels [1, 3, 8]. In this approach, single-photon wave packets that are transmitted through
an object are detected by a simple bucket detector that only counts the photons but does not
distinguish their position or momentum state. Then, an object can be imaged by preparing the
incident photons with wavefunctions Ψ𝑁 (𝑧) centered at different spatial positions 𝑧𝑁 , as sketched
on the left side of Fig. 1. A characteristic single-photon wavefunction can be approximated with
a Gaussian shape of the width 𝜎𝑧 ,

Ψ𝑁 (𝑧) = 1
(2𝜋𝜎2

𝑧 )1/4
exp

(
− (𝑧 − 𝑧𝑁 )2

4𝜎2
𝑧

)
. (1)

After the photons propagate through the phase object, their wavefunctions exhibit the correspond-
ing phase modulations 𝑂 (𝑧) = 𝑒−𝑖𝜙 (𝑧) , however the norm of the wavefunction |Ψ𝑁 (𝑧) |2 and
thereby the photon rate do not change.

To detect the influence of the phase object, we suggest positioning in the photon path a specially
designed Si metasurface mounted at a slight tilt, which features a linear optical transfer function
(OTF)

𝐻 (𝑘𝑧) = 𝑎𝑘𝑧 + 𝑏 (2)

in the transverse momentum space 𝑘𝑧 , where 𝑎 and 𝑏 are constant coefficients. As established in the
classical optics regime, such a metasurface can effectively perform the wavefront differentiation in
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Fig. 1. Schematic diagram of phase-gradient imaging using quantum light.
(Left) Single-photon wave packets Ψ𝑁 (𝑧) are prepared at different spatial positions
labeled 𝑁 = 1, 2, 3, . . . in the transverse direction 𝑧. Each wavepacket has a finite
width with a Gaussian-like shape of the wavefunction norm |Ψ𝑁 (𝑧) |2, as indicated by
lines. (Middle) After propagating through a phase object, the wavepackets acquire a
spatially varying phase −𝜙(𝑧), while their probability amplitude remains unchanged.
(Right) The Si metasurface imposes a linear optical transfer function (𝑎𝑘𝑧 + 𝑏) on the
wavefunction in 𝑘𝑧-space, equivalent to taking a spatial derivative of phase in real
space, see an expression under the plot. Consequently, the phase variation encoded in
the quantum state is converted into measurable photon rate modulation, allowing direct
extraction of the phase gradient at the single-photon level.

the 𝑧 direction [25, 40, 41]. However, the operation needs to be specially analyzed and optimized
in the quantum regime. The detectable photon rate can be estimated as (see Supplementary
Sec. S2 for the derivation details)

𝐶 (𝑧𝑁 ) =
∫

𝑑𝑧

����F −1
𝑧

[
𝐻 (𝑘𝑧)F𝑧 [𝑂 (𝑧)Ψ𝑁 (𝑧)]

] ����2 ∝
[
𝑎2

4𝜎2
𝑧

+
(
𝑎
𝜕𝜙(𝑧)
𝜕𝑧

+ 𝑏

)2
]
𝑧=𝑧𝑁

, (3)

where F𝑧 indicates the Fourier transform along the 𝑧-direction. The nonzero constant 𝑏 is related
to the metasurface tilt, which introduces an asymmetry into the phase gradient term and allows
the distinction between positive and negative phase gradients for the unambiguous reconstruction
of phase modulations.

We note that to perform accurate phase gradient extraction, the Fourier spectrum of the photon
wavefunction must lie entirely within an approximately linear region of the OTF of the width Δ𝑘𝑧 ,
i.e. we require that 𝜎𝑧 > 1/Δ𝑘𝑧 . This condition sets the lower limit on the spatial resolution,
since the object phase gradient is effectively averaged over the 𝜎𝑧 width of the photon wavepacket.
This is consistent with the resolution limit in the classical case, being also inversely proportional
to Δ𝑘 according to the Fourier transform properties.

2.2. Nonlinear metasurface for photon-pair generation

In order to prepare the required single-photon states Ψ𝑁 (𝑧) for object imaging, we employ the
momentum correlations between two photons generated through the process of spontaneous
parametric down-conversion (SPDC) according to the quantum ghost imaging scheme. In
traditional setups, bulk nonlinear crystals were used for generation of entangled photons through
SPDC [3, 8]. Instead, we employ a photon-pair source based on a compact nonlinear metasurface
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Fig. 2. Concept of metasurface system for quantum phase-gradient imaging with
simulated features. a. The sketch of the setup. The transverse directions are 𝑧 and 𝑦.
The SEM image of the LiNbO3 metasurface is shown in the top-left corner, and that of
the Si metasurface is shown at the bottom-right corner. The phase object is prepared
with a spatial light modulator (SLM). The Si metasurface is placed immediately after
the object with a slight tilt to produce a linear OTF. b. The photon-pair emission
pattern from LiNbO3 with anti-symmetric uniform 𝑧-direction distribution and narrow
𝑦-direction distribution. The wavefield propagation direction is set to the 𝑥-direction.
c. The tunable emission along the 𝑦-direction. Tuning the pump wavelength shifts the
SPDC emission along the 𝑦-axis, which is used for object imaging in this direction.
d. The spectrum of the metasurface-based SPDC process for three selected pump
wavelengths. The bandwidth of the generated photons is around 3 nm. e. The optical
transfer function of the Si metasurface: amplitude (solid lines) and phase (dashed lines)
vs. the wavevector component along 𝑧 normalised to the free-space photon wavenumber.
The shaded box marks the wavevector range where transmission amplitude dependence
is linear at all the three photon wavelengths.

that was recently used to realize ghost imaging of amplitude objects, offering a potential to
increase the number of resolution cells by several orders of magnitude [38].

Accordingly, we propose a complete metasurface-based quantum phase gradient imaging
system, as illustrated in Fig. 2a. Pairs of photons are generated through SPDC from a metasurface
incorporating a quadratically nonlinear LiNbO3 layer. The LiNbO3 metasurface is designed
by leveraging nonlocal guided-mode resonances (GMRs) in a lithium niobate thin film, where
a SiO2 grating deposited on top mediates resonant coupling between the free-space radiation
and the guided modes [33]. A scanning electron microscope (SEM) image of the fabricated
LiNbO3 metasurface is shown in Fig. 2a. It consists of a sub-wavelength-scale silica grating with
a thickness of 200 nm on top of a 300 nm thick 𝑥-cut LiNbO3 thin film. The grating period was
chosen to be 900 nm with a width of 500 nm. The simulation details for the design can be found
in Supplementary Sec. S1.1. The design ensures that the nonlinear interactions are resonantly
enhanced at the photon wavelengths, increasing the signal and idler generation through SPDC.

Due to the conservation of transverse momentum, the signal and idler photons are emitted at
opposite angles, and we separately focus them by lenses. In the image plane of idler photons, we
position a 1D array of single-photon detectors along the 𝑧 direction, whereas a phase object is
placed in the image plane of signal photons. In these planes, the photon emission is broad in 𝑧,
but narrow in 𝑦 direction, as shown in Fig. 2b. The photons are anti-correlated in 𝑧, allowing
for ghost imaging, since a detection of idler photon at a particular 𝑧𝑖 position heralds the signal
photon incidence on the object at the position 𝑧𝑠 ≃ −𝑧𝑖 [38]. We can thereby perform phase



gradient imaging according to the ghost imaging concept discussed in the previous Sec. 2.1 and
sketched in Fig. 1, with 𝑧𝑁 ≃ −𝑧𝑖 .

In the orthogonal 𝑦-direction, we perform the imaging by all-optically scanning the photon
positions by tuning the pump wavelength [38, 39]. The resonant photon wavelength shifts
almost linearly with the incident angle, and this angular dispersion enables a linearly tunable
emission angle for the generated photon pairs, ranging from 𝜆𝑠,𝑖 = 1560 to 1580 nm, for the
pump laser wavelengths from 780 to 790 nm, as illustrated in Fig. 2c. Importantly, the photon
rate is consistently enhanced across all these wavelengths, with the photon bandwidth indicating
the metasurface quality factor 𝑄𝐿𝑁 ≃ 500 according to Fig. 2d. The resolution along the 𝑦-axis
is further influenced by the spectral bandwidth (Fig. 2d) used in the scanning protocol. The
minimum resolvable pixel size along 𝑦-direction is determined by the condition that cross-talk
is small, ensuring reliable phase-gradient extraction. In Sec. 2.5, we evaluate these resolution
limits through simulations under experimental conditions.

Overall, the spatial correlation between the paths of signal and idler photons governs the
coincidence at each pixel on the 1D detector array along the 𝑧-direction, with the 𝑦-coordinate
determined by the pump wavelength. In this way, we can acquire a two-dimensional spatial
profile of the object phase-gradient 𝜕𝜙/𝜕𝑧.

2.3. Design of Si metasurface for phase gradient imaging

We now discuss the design principles of a silicon metasurface that is placed after the phase object
to facilitate the gradient imaging, as sketched in Fig. 1. Ideally, its optical transfer function
should follow Eq. (2). Additionally, this response should be sustained over a range of photon
wavelengths, that is required to perform the imaging scanning in the 𝑦-direction as illustrated in
Figs. 2c,d. This is a highly nontrivial requirement, in contrast to previous structures that were
optimised for single-wavelength operation under classical continuous laser illumination [24].

We design the metasurface in the form of a periodic Si grating on a Si waveguide layer above
a SiO2 substrate. Part of the incident light excites waveguide modes that propagate laterally,
interfere, and re-radiate, while another portion is directly transmitted. The interference between
the diffracted and directly transmitted field allows one to create a tailored transmission spectrum
in frequency and spatial momentum [42]. Given the target resonant photon wavelength 𝜆, the
grating period can be approximately found as 𝑑 = 𝜆/𝑛𝑒, where 𝑛𝑒 is the effective mode index,
and we consider first-order resonance with the normally incident plane wave. As mentioned
above, the Si metasurface must also operate over the photon bandwidth to cover all the scanning
wavelengths (1560 to 1580 nm), while simultaneously providing a linear transfer function with
sufficient slope for high sensitivity with a wide enough range 𝑘𝑡 − Δ𝑘𝑧/2 < 𝑘𝑧 < 𝑘𝑡 + Δ𝑘𝑧/2 to
maximise the spatial resolution, where 𝑘𝑡 corresponds to a fixed tilting angle of the metasurface.
This requires a certain balance between the quality factor (𝑄Si) and the mode dispersion, which
can be achieved by adjusting the grating duty cycle 𝑙, since 𝑄Si ∝ 1/sin2 (𝑙𝜋). We therefore
performed parametric sweeps over 𝑙 to optimize the design. With a 100 nm thick Si thin film and
120 nm grating height, a grating period 615 nm and a duty cycle of 0.45 results in a quality factor
𝑄Si ≃ 20. More details on the design procedure are provided in Sec. S1.2 of the Supplementary
material. In this design, the tilting angle of the metasurface is 𝜃𝑡 = 4◦. Most importantly, the
combined effect of the grating and thin film allows the OTF to retain a linear form over the
tunable wavelength range. Indeed, in the range Δ𝑘𝑧 = 0.05, the slope of the amplitude OTF for
all three photon wavelengths shown in the shaded part of Fig. 2e (from 1560 to 1580 nm) is
very similar, 𝑎 ≃ 11.6, 12, 12.8 (unitless in 𝑘𝑧/𝑘0 plot, where 𝑘0 = 2𝜋/𝜆 at the central photon
wavelength). The constant term is, for a tilted metasurface, 𝑏 ≃ 0.4, 0.5, 0.7. The wavelength
dependence of 𝑎 and 𝑏 can be fully taken into account, allowing for accurate phase gradient
reconstruction, as we discuss in the following. We note that the Si metasurface also introduces a
phase modulation on the transmitted light, as shown with the dashed lines in Fig. 2e, however it



does not affect the photon counts and can be therefore disregarded in the current imaging scheme.

2.4. Experimental characterization of the metasurfaces
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Fig. 3. a. A transmission setup used to experimentally check the incident-angle
dependent transmission of the Si metasurface by rotating it around the 𝑦-axis. The
incident wave is 𝑦-polarised. b. The experimentally measured transmission of the Si
metasurface. The blue box marks the applicable region for phase-gradient imaging.
c. Setup for calibrating the signal photon positions along the 𝑦 direction at different
pump wavelengths. The photon is projected on the LCOS panel of the SLM, where a
pattern is formed with an unmodulated part in the centre and highly reflective sections
on the sides, such that only the photons incident on the central strip are registered
by a single photon detector (SPD). d. Experimentally measured coincidence counts
between signal and idler photons over 5-minute intervals vs. the pattern position on the
LCOS panel at the three pump wavelengths, revealing the distribution of signal photon
positions.

We now perform the separate experimental characterization of linear and nonlinear metasurfaces,
before their integration in a phase-gradient imaging system.

By design, a linear transmission through the Si metasurface should depend on the incident
wavevector along the 𝑧-direction. This dispersion is measured through a transmission setup
with 𝑦-polarised white light and the Si metasurface being mechanically rotated, as sketched in
Fig. 3a. We indeed observe a linear OTF in the marked blue box of the experimentally measured
transmission in Fig. 3b. It corresponds to the shaded region in the theoretically calculated Fig. 2e,
which is suitable for phase-gradient imaging.

Next, we determine the spatial coordinates along the 𝑦-direction of the signal photons emitted
from the LiNbO3 metasurface, at the three selected pump wavelengths of 780, 785, and 790 nm,
which were theoretically modeled in Figs. 2c-d. For this purpose, we project the signal photons
on the liquid crystal on silicon (LCOS) panel, and employ a hybrid test phase-modulation pattern
that comprises two distinct regions, as sketched in Fig. 3c. One is a non-diffractive central
section spanning around 0.6 mm in the 𝑦-direction, which preserves the incident beam wavefront.



On the sides are periodic patterns that impose strong spatial phase modulation, resulting in the
photon diffraction away from the single-photon detector. By shifting the pattern along the 𝑦-axis
using the HOLOEYE Pattern Generator software, the spatial overlap between the non-diffractive
central section and the transverse profile of the signal photon was systematically varied, and we
recorded the coincidence count rate between the signal and idler photons. A maximum in the
coincidence count occurs when the non-diffractive region aligns with the center of the signal
photon beam, as this configuration minimises diffraction-induced scattering. Consequently, the
𝑦-coordinate of the beam center for each wavelength was identified by tracking the peak in the
coincidence count rate as a function of the pattern’s positional shift. The results presented in
Fig. 3d show that the signal photons have spatially resolved positions in the 𝑦-direction. The
photon distributions are wider compared to the theoretical prediction in Fig. 2c, resulting in a
small overlap, this still allows for the accurate determination of independent phase-gradients
along 𝑧 at these locations, as we demonstrate in the following. Whereas we experimentally realise
3-pixel resolution in the 𝑦-direction, corresponding to the three pump wavelengths, we discuss in
the following section the potential for significantly enhanced imaging resolution.
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The average deviation of the simulated reconstructed phase gradient from the target
phase gradient at 2𝜆𝑝 = 1560 nm vs. the phase modulation width along 𝑦. The dashed
line marks the 5% error relative to the target phase gradient, corresponding to the
modulation width of 0.2 mm. c,e. The input cosine phase patterns with the modulation
width of (c) 0.02 mm and (e) 0.35 mm. d,f. The phase gradient reconstruction simulated
by scanning through 2𝜆𝑝 = 1555 to 1565 nm for the patterns shown in (c) and (e),
respectively.



2.5. Theoretical analysis of the phase-gradient imaging resolution

Using the designed metasurfaces and the simulated optical transfer function (OTF), we theoreti-
cally analyze the imaging resolution. Since the linear part of the OTF spans a limited 𝑘𝑧-space
region, as shown in the shaded part of Fig. 2e, the metasurface can accurately resolve only a
specific range of phase gradients. Under our experimental conditions, the photon wavefunction
width is 𝜎𝑧 ≃ 87𝜇𝑚, and we find that the term 𝑎2/(4𝜎2

𝑧 ) can be neglected as it is much smaller
than the second bracket on the right of Eq. (3), see details in the Supplementary Sec. S2.2.
Then, we perform the exact calculations based on the Fourier transforms according to Eq. (2),
and analyse whether the square root of photon counts matches the theoretically expected linear
dependence on (𝑎𝜆𝑐

𝜕𝜙/𝜕𝑧 + 𝑏𝜆𝑐
), where 𝜆𝑐 is the central photon wavelength. The results

presented in Fig. 4a indicate that the designed metasurface can resolve a maximum phase gradient
of approximately ±40 rad/mm across 1560 − 1580 nm wavelength range when the metasurface is
tilted by 4◦ or 𝑘𝑧/𝑘0 ≃ 0.07, and ±25 rad/mm with high precision of linear correspondence for
any wavelength within this range. On the other hand, the maximum number of spatially resolvable
object pixels along the 𝑧-direction is governed by the general principles of ghost imaging, being
approximately proportional to the pump beam diameter and the associated nonlinear metasurface
dimensions [38].

The spatial resolution of phase-gradient imaging along the 𝑦-direction, analogous to amplitude
imaging, is directly governed by the width of spatial emission across the lithium niobate
metasurface grating [38], which is inversely proportional to the quality factor 𝑄LN. Consequently,
the overall resolution of the system can be significantly enhanced by increasing the nonlinear
metasurface size and the quality factor of nonlocal resonances at the photon wavelengths.

We aim to extract the phase gradient along the 𝑧 direction. However, since the measurements
are effectively spatially averaged over the photon wavefunction, it is important to check whether
the gradient reconstruction is affected by phase variations in the orthogonal 𝑦-direction. To
quantify this aspect, we perform numerical simulations for the photon emission spectrum
centered at 1560 nm. We consider a phase modulation with a cosine profile along the 𝑧-direction
with a width 𝑤𝑚 across the 𝑦-coordinate, while the outside area has no phase modulation, as
shown in Figs. 4c,e. We then use Eq. (3), neglecting the vanishingly small term 𝑎2/(4𝜎2

𝑧 ) as
discussed above, with parameters 𝑎 and 𝑏 depending on the central photon wavelength 𝜆𝑐 and
the corresponding photon position 𝑦𝑐, to model the phase gradient reconstruction:

𝐹 (𝑧, 𝑦𝑐) =
𝜕𝜙

𝜕𝑧

����
𝑦𝑐

=
1
𝑎𝜆𝑐

(√︁
𝐶 (𝑧, 𝑦𝑐) − 𝑏𝜆𝑐

)
, (4)

The calculated example phase gradient patterns by the combined ghost imaging in 𝑧 and scanning
in 𝑦 direction are shown in Figs. 4d,f. We evaluated the difference between the numerically
reconstructed phase gradient 𝐹 (𝑧, 𝑦𝑐) at the 𝑦𝑐 coordinate in the middle of the cosine pattern
with the width 𝑤𝑚 and the designed phase gradient 𝐹𝑡 (𝑧, 𝑦𝑐) by the mean squared error,∫
|𝐹𝑡 (𝑧, 𝑦𝑐) − 𝐹 (𝑧, 𝑦𝑐) |2𝑑𝑧/

∫
|𝐹𝑡 (𝑧, 𝑦𝑐) |2𝑑𝑧. The results in Fig. 4b demonstrate a decrease in

the overall error as the modulation width 𝑤𝑚 increases.
Notably, the phase gradient reconstruction accuracy is above 95% when the minimum feature

size along the 𝑦-direction is greater than 0.2 mm. This width corresponds to a shift of the signal
photon position when the central photon wavelength is varied by approximately 3 nm. We recall
that the photon bandwidth is about 3 nm, which explains the origin of the resolution limit. Similar
to amplitude imaging [38], higher resolution in 𝑦-direction would be reached with photon pairs
having narrower spectra, which can be achieved by increasing the dimensions of the lithium
niobate metasurface and its quality factor 𝑄LN.



2.6. Experimental quantum phase ghost imaging

For a proof-of-principle experimental demonstration, where the resolution is primarily limited by
the fabricated metasurface dimensions as discussed above, we consider objects with 6×3-pixel
phase-gradient patterns. The patterns were projected onto the LCOS panel, where each pixel has
a size Δ𝑦 × Δ𝑧 = 800𝜇m × 350𝜇m. Photon coincidence data for each pixel were accumulated
over an 1-hour integration period, with measurements recorded at 5-minute intervals to yield 12
data points per pixel. We performed the error analysis and confirmed that the photon correlation
measurements are shot-noise limited, see Supplementary Sec. S4. We analysed T-shaped (Fig. 5a)
and S-shaped (Fig. 6a) patterns that are formed by sections of constant phase-gradient along
𝑧-direction in each pixel. The maximum phase gradient was set at 25 rad/mm, consistent with the
calculated upper limit of resolvable phase gradients, as discussed above and indicated in Fig. 4a.

We find that the experimental photon collection efficiency decreases towards the pattern edges,
away from the image center, see Supplementary Fig. S3. This happens because the pattern size
approaches a limit defined by the collection angle of lenses and single-photon detectors. We
approximate the experimentally detected coincidence function as

𝐶 (𝑧, 𝑦𝑐) = 𝐺 (𝑧, 𝑦𝑐)𝐶 (𝑧, 𝑦𝑐) (5)

where 𝑦𝑐 is the coordinate corresponding to the central photon wavelength 𝜆𝑐 = 2𝜆𝑝 at a
particular pump wavelength 𝜆𝑝, 𝐶 (𝑧, 𝑦𝑐) is the theoretical model of photon counts given by
Eq. (3), and 𝐺 (𝑧, 𝑦𝑐) is a Gaussian function in 𝑧-direction with the central position 𝛾𝜆𝑐

and width
𝛽𝜆𝑐

:

𝐺 (𝑧, 𝑦𝑐) = exp

(
−
(𝑧 − 𝛾𝜆𝑐

)2

𝛽2
𝜆𝑐

)
. (6)

Then, we can determine the rescaled effective coincidences as

𝐶eff (𝑧, 𝑦𝑐) =

√︄
𝐶 (𝑧, 𝑦𝑐)
𝐺 (𝑧, 𝑦𝑐)

(7)

and use those to reconstruct the phase gradient using Eq. (4).
We first use a single known phase-gradient pattern to determine the parameters of the Gaussian

collection efficiency function 𝐺 (𝑧, 𝑦𝑐), which can then be applied to reconstruct arbitrary objects.
Specifically, we employ a T-shaped object (Fig. 5a) and determine the parameters 𝑎𝜆𝑐

, 𝑏𝜆𝑐
, 𝛽𝜆𝑐

,
𝛾𝜆𝑐

that provide the best fitting between the theoretical phase gradient target 𝐹𝑡 (𝑧) (Fig. 5b)
and the reconstructed phase gradient from the experimentally measured coincidences (Fig. 5c)
according to Eq. (4) and independently at each of the three wavelengths 𝜆𝑐, see Supplementary
Sec. S3. The fitted collection efficiency function 𝐺 (𝑧, 𝜆𝑐) is shown in Fig. 5d, and the rescaled
coincidence counts according to Eq. (7) are presented in Fig. 5e. We then confirm that the object
phase gradient has a linear dependence on the square root of 𝐶eff in agreement with Eq. (4), as
illustrated in Fig. 5f for 𝜆𝑐 = 2𝜆𝑝 = 1580 nm. We also confirm the linear dependence for other
wavelengths, see Supplementary Fig. S6c.

Finally, we demonstrate a gradient reconstruction for a different object with an S-shaped phase
profile shown in Fig. 6a, where the numerically calculated phase gradient is shown in Fig. 6b.
We experimentally measure the coincidences, see Fig. 6c, and then perform the reconstruction
with Eq. (4), using the parameter values determined from the calibration of T-object as discussed
above, and show the final result in Fig. 6d. We see that this experimental reconstruction closely
agrees with the theoretical target in Fig. 6b, including the sign and magnitude of the phase
gradient. Indeed, we calculate the overlap between Figs. 6b,d and find that the reconstruction
image similarity reaches 89% (see Supplementary Table S2).
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with errors indicated with bars, line is a linear fitting.

We further confirm the robustness of our phase-gradient reconstruction approach by swapping
the phase objects. Specifically, we performed calibration using the S-shaped object, and then
experimentally determined the phase gradient of the T-shaped object, reaching 82% similarity
with the theoretical reference values, see Supplementary Sec. S3.

The experimental accuracy of the phase gradient reconstruction, which is 82% or higher in all
the cases as summarised in Supplementary Table S2, was primarily limited by the shot noise. It
can therefore be improved by using more efficient single-photon detectors and optimising the
nonlinear metasurface to increase the photon-pair generation rate.

3. Discussion

By realising the two key functions of photon generation and phase gradient extraction with
metasurfaces, the system achieves a level of compactness and integration that was out of reach in
previous quantum phase imaging setups. This dual-role metasurface method not only shrinks the
physical size to the millimetre scale but also alleviates the challenges of alignment and associated
stability in multi-element bulk-optical systems.

A key strength of our configuration is its large field of view combined with all-optical tunability
in quantum light generation. This tunability, along with the spatial mode control provided by the
nonlocal resonances in LiNbO3 metasurface, can allow the system to adapt to various imaging
targets and operational conditions, ranging from biological specimens to larger structured objects.
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There is a large scope for increasing the imaging performance beyond the current proof-
of-principle experiment towards future applications. First, enlarging the dimensions of the
LiNbO3 metasurface would allow it to tailor higher spatial frequency components of the two-
photon field. Second, shaping the pump beam so that it is flatter and more uniform across
the metasurface aperture would further enhance performance. Both adjustments broaden the
correlation bandwidth in momentum space, which ultimately sharpens the precision of axial and
transverse phase gradient measurements.

A particularly notable aspect of the developed protocol is that it achieves phase gradient
extraction without the need for an interferometer or any direct interference measurements. Instead,
the phase information is embedded in engineered two-photon correlations, shaped entirely by
the metasurface. This design eliminates the stringent stability requirements and vulnerability to
environmental noise that often constrain interferometer-based quantum phase imaging, resulting
in a simpler experimental setup and greater robustness for real-world applications.

Furthermore, we demonstrate that positioning the metasurface for phase gradient extraction
directly after the phase object still delivers phase retrieval precision well within acceptable limits
for most practical uses. This means that relay optics or telescopic beam expansion are not
strictly required, further enhancing the system’s compactness. For general-purpose imaging, the
capability to perform quantum phase measurements without long free-space propagation stages
marks an important step toward truly portable and field-deployable quantum sensors.

Moreover, there is an interesting prospect of performing selective extraction of gradients along
different directions in the object plane by generating photon pairs with hyperentanglement in
spatial and polarization degrees of freedom, and designing the Si metasurface for polarization-
dependent direction of phase differentiation.

Taken together, the system shows that integrating metasurfaces can fundamentally expand
the design possibilities for quantum imaging systems. By uniting photon-pair generation, state
manipulation, and phase retrieval within a single class of nanostructured components, this
approach paves the way for scalable, multi-functional quantum optical devices - free from the
size and complexity constraints of traditional bulk optics.

4. Conclusion

In this study, we have developed and realised experimentally a compact and versatile quantum
phase-gradient imaging system that combines a LiNbO3 metasurface for generating spatially



entangled photon pairs and a silicon (Si) metasurface for phase gradient extraction, marking the
first demonstration of metasurfaces being used for both generation and detection in a quantum
imaging system.

The compact design of the system is a key innovation, enabled by the use of nonlocal resonances
in both metasurfaces. The Si metasurface, in particular, plays a critical role in extracting phase
gradients through its linear optical transfer function (OTF), allowing for the reconstruction of
phase information with spatial quantum correlation. This approach not only simplifies the optical
setup but also enhances the system’s portability, making it suitable for applications where space
and efficiency are paramount. Another notable feature of the system is its switchable operation
between quantum phase-gradient imaging with the Si metasurface and amplitude imaging without
the Si metasurface.

Our experimental results validate the theoretical framework, showing that the system can
resolve phase gradients up to 25 rad/mm with high fidelity. The proof-of-principle experiment,
using a calibration-based reconstruction method, achieves a similarity of 89% with the target
phase gradient. This lays the groundwork for further optimisation, including improvements in
resolution and contrast through large-area LiNbO3 metasurface fabrication and enhancement of
the resonance quality factor.

In conclusion, this work establishes a new paradigm for compact and switchable quantum
phase-gradient imaging, leveraging the dual functionality of metasurfaces. The integration of
generation and detection within a single platform opens up exciting possibilities for applications
in quantum imaging, sensing, biomedical metrology, and beyond. In particular, all-optical
scanning of the photon emission direction can underpin LiDAR-like fast tracking and imaging of
transparent phase-only objects in complex and dynamic environments.

5. Methods

The experimental setup is detailed as follows. A tunable pump laser for spontaneous parametric
down-conversion (FPL785P, Thorlabs) operates within a wavelength range of 779 to 791 nm.
The laser beam is passed through a 200 mm focal length lens and an 850 nm short-pass filter
before being projected onto the LiNbO3 metasurface. The beam is focused to a waist of 200 𝜇m
on the metasurface, which is mounted on a 3D translation stage for precise positioning. A 50 mm
lens is then used to collimate the emitted photons.

The photons generated through SPDC are initially 𝑧-polarized. Since the z-oriented optical
transfer function supported by the Si metasurface is functional for only the 𝑦-polarized light, a
half-wave plate oriented at 45 degrees is introduced to rotate the polarization of the photon pairs
generated from the LiNbO3 metasurface. Both photons are passed through a long pass filter at
1100 nm and a band-pass filter centered at 1570 nm with a bandwidth of ±50 nm to suppress the
pump, and then a D-shaped mirror is used to split the signal and idler photons.

One optical path includes a scanning slit moving along 𝑧, which mimics a 1D detector array,
while the other path incorporates an SLM (PLUTO 2.1, HOLOEYE) to produce the phase pattern,
followed by the Si metasurface. The orientation of the SLM panel and the projected phase
pattern is aligned with the signal photon polarization. The Si metasurface and the scanning slit
are positioned at equal distances from the D-shaped mirror to ensure high-precision correlation
measurements. The photons are directed to single-photon detectors based on InGaAs/InP
avalanche photodiodes (ID230, ID Quantique) via multimode fibers.

Coincidence events are characterized using a time-to-digital converter (ID801, ID Quantique),
with a coincidence window set to 0.42 ns for precise timing correlation analysis.

6. Fabrication

The 400 𝜇m × 400 𝜇𝑚 LiNbO3 metasurface was fabricated on a 303.7 nm thin film on a quartz
substrate (NANOLN). The fabrication process began with depositing a 180 nm SiO2 layer via



plasma-enhanced chemical vapour deposition. A nickel hard mask was then patterned using
electron beam lithography with a PMMA resist and a lift-off process. This mask was used to
etch the SiO2 layer with inductively coupled plasma, after which the nickel was chemically
removed [38].

The silicon metasurface was fabricated using electron beam lithography (EBL) combined
with reactive ion etching (RIE). First, commercially available amorphous silicon thin films on
glass substrates (Tafelmaier Dünnschicht Technik GmbH) were cleaned in a specialised machine
(OPTIwet SB 30). The silicon thickness was adjusted to the target value by argon-ion beam
etching, followed by the deposition of a conductive chromium layer and a 100 nm negative
electron-beam resist (EN038, Tokyo Ohka Kogyo Co., Ltd.). The resist was then patterned using
a variable-shaped beam electron-beam lithography system (Vistec SB 350).

After exposure, the resist was developed in a developer (OPD 4262), and the pattern was
transferred to the chromium layer by ion beam etching (Oxford Ionfab 300). The underlying
silicon layer was then etched to the desired trench depth using reactive ion etching (RIE-ICP,
Sentech SI-500 C). Finally, the residual resist and chromium layer were removed in acetone and a
ceric ammonium nitrate-based solution, respectively.
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