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S1 Theory of the combined quantum imaging system

S1.1 Concept and modelling

In this work, we propose and experimentally demonstrate a novel imaging protocol that inte-
grates quantum ghost imaging with all-optical scanning, leveraging spatially entangled photon
pairs generated from a lithium niobate metasurface. Here we present the theoretical framework
underpinning this imaging protocol.

We employ the coupled mode theory formulated in Ref. (S7) to derive the full spatial
emission function =(\,, k:?(f), k), kéi), k() of the photon pairs generated from the metasurface,
where k;s), 3 kzsi), k() are the transverse wave vectors of the signal and idler photons along the
y— and z— directions. The pump beam wavelength ), is included as a variable of the emission
function due to its influence on the photon emission pattern. The explicit expression for = can
be found in the Supplementary Eq. (S19) of Ref. (S7).

To capture a complete description of the imaging protocol, we consider a Gaussian pump

laser whose beam profile in the k-space at the metasurface is described by
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where w,, is the pump beam waist and kz(/p; are its transverse wave vectors. Applying the trans-
verse phase matching conditions k:l(f’g = k‘ﬂ + kﬁ, the photon emission =g can be written

as
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We now analyze the imaging of a binary object, where each pixel transmission value is set

Z(A k) p(s) (9) kg)) (52)

p7y7z7y7

as 0 or 1. Here 0 or 1 represents opaque or transparent regions, respectively. The object is
placed in the signal arm of the setup presented in Fig. 1 of the main paper, and its spatial
profile is denoted as Os(krés),kgs)). In the idler arm, we introduce a completely transparent
object function Oi(k‘g), k() = 1 (every pixel has a value of 1) because there is no object in this
arm. The overall profile function for the object is therefore defined as O(k{), k() k() kD) =
Os (k) kD) @ O;(k{P, k). Then, the spatial function of the biphoton after interacting with
the object becomes:

Uc(Ap, kK, K8 K KDY = O(KS) kD kD kI (A, kS, k), KD K. (S3)

7y7z7y

The photons transmitted through the object are collected with single-photon detectors.
Specifically, the signal photons are collected by a single-pixel bucket detector and the idler
photons are measured by a 1D detector array along the z-direction. We then analyze the
correlations between the bucket detector and the n,-th (where n, = 1,2,3,4...) pixel of the

detector array. The coincidence rate for the n.-th correlation measurement can be obtained

Eigenfrequencies at normal incidence, THz
wy /(2m) wo/(2) ws/(2m) wy/(2m)
188.84 189.23 205.35 206.26
Loss coefficients at normal incidence, THz
m/(2) 2/(2m) | s/(2m) | 7u/(2m)
0 0.18 0.23 0

Coupling coefficients, THz-pm
Viz/(2m) Vaa/(2m) | Cis/(2m) | Cau/(2m)
22.67 22.65 -1.17 -1.28

2

Coupling coefficients, THz-pum
Utay/(2m) | Usay/(2m) | Urae/(2m) | Usaps/(27)

-0.18 -0.69 1.62 1.54
Nonlinear coefficients, (gm?/mW)!/2
m T2 "3 T4
1.98 x 1075 | 1.98 x 107 0 0

Table S1 Coefficients of coupled-mode
theory. The values are obtained through the fitting
of the coupling matrix to the finite-element

simulations of the fabricated metasurface.
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Figure S1 Predicted resolution of all-optical scanning imaging in the y-direction.
a, Optical scanning imaging of an object with one open slit along the y-direction. The object
is placed in the signal arm of Fig. 1a of the main paper. The photon emission scans through
the object along the y-direction as the pump wavelength varies. This measurement exhibits a
peak with a characteristic full width at half maximum (FWHM) of the peak as sketched in the
plot. The FWHM can be used to extract the value of slit width w,. b, FWHM vs. slit width
wy. As the slit width gets narrower, the FWHM of the coincidence peak in panel a decreases.
The minimum resolvable slit width is defined as the slit width at which the FWHM starts to
saturate at its lower limit. ¢, Minimum resolvable slit width vs. pump beam waist wp and Qqpt-
d, Optical scanning imaging of an object with two open slits. The two coincidence peaks at a
separation s, reveal the information of the slit distance d,,. e, Peak separation s, vs. slit distance
d,. For an object containing two slits, the two coincidence peaks become indistinguishable from
each other (i.e., s, ~ 0) as two slits get closer to a certain threshold, which defines the minimum

resolvable distance. f, Minimum resolvable distance vs. the pump beam waist and Qqpt-

by integrating the biphoton function Ug(Ap, k{7, k{9, k(D k@) over k() k), k[ for the whole
collection range and k{9 for the specific range &, covered by the n.-th pixel of the detector

array. This coincidence rate is given by

k'(y‘?r)nax kgsr)nax k( ) kilinm+nz 02 ) )
C(Apnz) = / / / / dk(dk) dk) dkO Ug. (S4)
k;‘?nin k,(zfznln z min +(nz - 1)62

The coincidence function C'(\,, n,) can then be linearly mapped to reconstruct the image of
the object. To ensure the linear mapping, 2 x A, must be set sufficiently far away from the band
edge (i.e., the resonance wavelength at normal incidence) of the optical resonances supported

by the metasurface.
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In the following simulations, we consider a collection angle of 1.5 degree used in our ex-
periments, which corresponds to the transverse wavevectors k?(f), k), kg), k9 € [-0.12,0.12]
rad/pm. The period and width of the metagrating are optimized to support an optical reso-
nance of 1585 nm at normal incidence, enabling linear control of the photon emission direction
across the wavelength tuning range of the pump laser (779-790 nm). The coupled-mode theory
coefficients for the metasurface used in this work, as given in Table S1, differ from those in
Ref. (S1). The estimated quality factor Qop of the bright mode is ~ 500 at normal incidence.
Additionally, the resonance wavelength of the fabricated metasurface is 1584 nm at k, = 0 (see
Fig. 2a of the main paper), which is only 1 nm off from that (= 1585 nm) of the designed

metasurface due to fabrication imperfections.

S1.2 Transverse phase matching for non-degenerate quantum imaging

In Fig. 6 of the main paper, we explore approaches for generating non-degenerate photon pairs
from nonlinear metasurfaces. We anticipate that our quantum imaging protocol combining
optical scanning and ghost imaging can be extended to non-degenerate regimes. Here we provide
additional details about the simulations shown in Figs. 6b and 6d.

For Fig. 6b, non-degenerate photon pairs can be produced by simply tilting the pump
beam. The simulation is performed using the coupled-mode theory with the coefficients listed
in Table S1. The transverse wavenumber k, of the pump beam is set as k, = 0.81 rad/pm. The
points with different color gradients represent different pump wavelengths from 797.5 nm to
812.5 nm (from darker to lighter).

For Fig. 6d, we consider a quasi-periodic metasurface supporting dual optical resonances
at both visible and infrared wavelengths. The infrared band is modeled using the coefficients
provided in Table S1. The visible band is implemented with eigenfrequencies shifted by 200 THz
from the ones in Table S1 while other parameters remain the same. The pump beam is normally
incident on the metasurface, with its wavelength being tuned from 502 nm to 514 nm (points

with colors from darker to lighter).

S2 Imaging resolution

With the theoretical frameworks developed in Sec. S1, we analyze the resolution of all-optical
scanning imaging along y-direction and ghost imaging along z-direction, respectively.

In the y-direction, we first consider an object with an open slit of width w,. The coincidence
counts C(\,,n, = ng) for a specific pixel ny of the detector array are calculated for different
pump wavelengths \,, as shown in Fig. Sla. The full-width half maximum (FWHM) of the
coincidence peak is employed to calibrate the value of the slit width w,. Fig. S1b presents the
dependence of FWHM on the slit width, where the dependence is linear as w, is greater than
a specific threshold w,,.s and reaches a plateau at w, < wyes. The threshold wy . defines
the minimum resolvable slit width that the optical tuning imaging protocol can reach. We find
that w, ,.s can be improved at higher optical quality factors (o, and larger pump beam waists
w,, as displayed in Fig. S1b. The underlying mechanism is that larger (), and w, reduce
the k, range satisfying the transverse phase matching condition, thereby lowering the spatial

bandwidth of the emission and increasing the all-optical scanning imaging resolution.
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Figure S2 Predicted resolution of quantum ghost imaging in the z-direction.
a, Quantum ghost imaging of an object with one open slit along the z-direction. As depicted in
Fig. 1a of the main paper, the signal photons illuminating the object are collected by a bucket
detector. Assuming we have a z-oriented 1D detector array with 200 pixels in the idler arm,
the correlations between the bucket detector and each pixel at wavenumber k. of the detector
array provide information about the the object. The plot of coincidence vs. k, presents a peak
with a finite FWHM that indicates the slit width w,. b, FWHM vs. slit width w,. The FWHM
reaches saturation at its lower bound for a specific slit width, which is defined as the minimum
resolvable slit width. ¢, Minimum resolvable slit width vs. pump beam waist w,. A smaller
minimum resolvable slit width can be realized by increasing the pump beam waist. d, Quan-
tum ghost imaging of an object with two open slits. The separation s, of the two coincidence
peaks reveals the information about the distance d, of the two slits. e, Peak separation s, vs.
slit distance d,. Two coincidence peaks overlap (i.e., s, ~ 0) when the slits approach a certain
minimum resolvable distance. f, Minimum resolvable distance vs. w,. The ghost imaging reso-

lution can be optimized using a larger pump beam waist.

Furthermore, we analyze the imaging resolution of an object containing two open slits. The
calculation of coincidence vs. A\, x 2 (see Fig. S1d) manifests two peaks at a separation s,,
which can be used to extract the information on the distance d, between the two slits. Here
each slit width is set as half of the slit distance, i.e., w, = d,/2. The dependence of s, on the
slit distance for a plane-wave and a Gaussian pump beam is presented in Fig. Sle. The distance
can be linearly determined from d, when the separation is larger than a threshold value d, es,
which is defined as the minimum resolvable distance. Just as the minimum resolvable width
Wy res, We can achieve a smaller d, s by using a larger (o, and w,. In summary, the image of
an object with open slits can be reconstructed from the measurements of coincidences vs. A,

when each slit width is > w, s and the respective slit distance is > dy ;es-
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Figure S3 Experimental setup of the combined quantum imaging. The photon pairs
generated from the metasurface are collimated with a lens at a focal length of 50 pm and are
subsequently split into two optical paths (signal and idler arms) using a "D” shaped mirror.
The object is positioned in the Fourier plane of a 2-f imaging system of the signal arm, followed
by a bucket single-photon detector (SPD). In the idler arm, a scanning slit translated along the
z-axis acts as a tunable detector array. The other SPD collects photons transmitted through the
slit. The photons received by the two detectors are converted to electrical signals and are then
analyzed by a coincidence counter. The object image is reconstructed through the coincidence

measurements at different slit positions and pump laser wavelengths.

We perform a similar resolution analysis for the ghost imaging in the z-direction, as shown
in Fig. S2. We simulate the correlations between the bucket detector in the signal arm and the
z-oriented 1D detector array with 200 pixels placed in the idler arm. We consider objects with
open slits along the z-direction, where the slit width is defined as w, and the distance between
the neighbouring slits denotes d,. The FWHM and separation (s,) of coincidence peaks can
be used to reconstruct the image of the objects, as shown in Fig. S2a,d. We find that the
minimum resolvable width and distance do not depend on the quality factor @), of the optical
resonances, but are determined by the pump beam waist w, just as in conventional quantum

ghost imaging.

S3 Experimental characterization of photon emission

S3.1 Experimental setup

The main paper has briefly described the experimental setup. Here we provide further details
as shown in Fig. S3. The photon emission from the metasurface is collimated with a lens of
focal length 50 mm, followed by a ”D” shaped mirror for splitting the signal and idler photons.
The object is placed in the signal arm at the Fourier plane of the metasurface, where the signal
and idler photons are spatially anti-correlated. For convenience, we achieve the functionality of

the detector array by translating a narrow slit. The signal photons passing through the object



and the idler photons transmitting through the slit are received by two single-photon detectors

respectively and analyzed by a coincidence counter.

S3.2 SPDC enhancement with the lithium niobate metasurface
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Figure S4 The coincidence rate of photon pairs generated from lithium niobate nonlinear
metasurface and from unpatterned lithium niobate thin film. The metasurface provides 65

times enhancement to the SPDC rate and high signal-to-noise ratio.

The measurement indicates SPDC efficiencies of 75 mHz/mW and 1.15 mHz/mW for meta-
surface and unpatterned thin film, respectively, as shown in Fig. S4. As a result, the SPDC rate
of the lithium niobate metasurface is found to be ~65 times higher compared to an unpatterned
thin film of the same size. This improvement is observed for a collection angle of 1.5 degrees

and a spectral bandwidth of approximately 50 nm.

S3.3 Characteristics of the pump beam
Here we use a laser diode (FPL785P, Thorlabs) with a tunable wavelength from 779 nm to

791 nm to pump the nonlinear metasurface. The wavelength tuning is realized through the
diode temperature, as shown in Fig. S5. The discontinuous dependence on the temperature is
due to the mode-hopping of the laser diode. The yellow lines mark the diode temperatures of
-5 deg, 14 deg and 36 deg, corresponding to the three wavelengths we have chosen for the all-
optical scanning imaging, i.e., 780 nm, 784 nm, 790 nm. Due to the mode hopping, the selected
wavelengths are unevenly distributed but ensure sufficient tuning range of the photon emission.

As we have discussed above, the larger beam diameter of the pump beam on the metasurface
offers better imaging resolution. Since the size of the fabricated metasurface is 400 pm, we
consider a beam diameter of 200 pm such that the whole area of the pump beam overlaps with
the metasurface. It is feasible to fabricate a bigger metasurface and employ a larger pump beam

size, which would further improve the imaging resolution.
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Figure S5 Pump beam wavelength as a function of laser temperature. The tuning
of the pump beam wavelength is achieved by controlling the laser diode temperature. The
yellow lines indicate the laser wavelengths we have selected for all-optical scanning imaging,
i.e., 780 nm, 784 nm, and 790 nm. The wavelengths are extracted from the Gaussian fit of laser

spectra measured with a spectrometer.
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Figure S6 a, Measured coincidences of photon pairs from the nonlinear metasurface. The dots
in different colors present five independent measurements used to calibrate the second-order
correlation function and photon-pair rate shown in Fig. 2b of the main paper. The histogram
illustrates the average coincidence values. b, Second-order correlation function ¢®(7) calibrated

from the coincidence measurements.

S3.4 Coincidence measurement of photon pairs

The second-order correlation function ¢‘®(7) and photon-pair rate presented in Fig. 2b of the
main paper are calibrated from five independent coincidence measurements, each lasting 2

minutes. Individual measurements are shown in Fig. S6 (dots in different colors).
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Figure S7 a, Experimental setup for optical scanning. The two single-photon detectors regis-
ter the coincidence counts of the photon pairs from the metasurface, by translating a slit along
the y-direction in the signal arm. The measurements are repeated at various pump wavelengths.
b, Photon emission vs. pump wavelength. The emission pattern of photon pairs is calibrated

from the coincidence measurements as a function of the slit position.

S3.5 Characterization of tunable emission

To achieve all-optical scanning imaging, we first experimentally characterize the tunable emis-
sion of the photon pairs from the nonlinear metasurface, as shown in Fig. S7a. After splitting
the photon emission into signal and idler arms, a narrow slit is placed in the signal arm and is
translated along the y-direction. The signal and idler photons are then collected with two single-
photon detectors. We measure the coincidences of the photon pairs as a function of slit position
at different pump wavelengths, with the measurement time of 2 minutes for each position.

To reconstruct the emission pattern from the coincidence measurement, we assume that the
normalized emission profile P, along the y-direction is Lorentzian, i.e., P, = a®/(a® + (y — yo)?)
(where a is a free parameter and y, denotes the peak position of the emission). The integral of

P, corresponds to the measured coincidence rate of the photon pairs, which is

Cm = /Pydy =atan™' (y - yo) . (S5)

a

We perform a nonlinear fitting of the coincidence using Eq. (S5), allowing us to extract the
parameters for the Lorentzian function of the emission. The calibrated emission pattern vs.
pump wavelength is shown in Fig. S7b, where the emission shifts along the y-direction as the

pump wavelength varies.

S4 Quantum object tracking

We propose a concept called “quantum object tracking”, in which a moving object can be
actively tracked using entangled photon pairs from the metasurface, as shown in the sketch in
Fig. S8. Pumping the metasurface with a monochromatic laser triggers the emission of photon

pairs at a specific direction along the y-axis. A moving object is illuminated with signal photons,
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Figure S8 Concept of object tracking with photon-pair steering. The signal photons
emitted from the metasurface are bounced back from a moving object and are then reflected by
the same metasurface. The reflected signal photons combined with idler photons are collected
with a fiber collimator and are then split into two optical paths using a fiber beam splitter
(FBS). The signal and idler photons are collected by a pair of SPD. The real coincidence of
the photon pairs is analyzed using the coincidence counter, which is further processed with a
PID controller and fed to the tunable laser for controlling the laser wavelength and thereby the

photon emission. Tracking the object is realized by finding the maximum of coincidence counts.

part of which are bounced back from the object and are then reflected by the same metasurface
due to the optical resonances. The correlation of reflected signal photons and the idler photons
is measured with single photon detectors and the coincidence counter. The coincidence signal
processed with a PID controller is sent back to control the laser wavelength and thus the
emission direction. If the object is moving away from the original position, the coincidence drops
and the laser wavelength is automatically tuned to change the photon emission direction until
maximum coincidence counts are achieved, thereby realizing the object tracking. The tracking
speed is primarily limited by the rate of collected photon pairs, which can be substantially
improved using detectors with better efficiency, metasurface materials with larger second-order

nonlinearity, and improved metasurface design supporting higher optical quality factors.

S5 Comparison with a Fabry—Pérot cavity

To the best of our knowledge, the concept of quantum optical scanning imaging using the
angular dispersion of optical resonances has not yet been proposed and demonstrated in previous
works. Furthermore, we note that the dispersion in our metasurfaces is fundamentally different
from that of a Fabry—Pérot cavity or any simple 2D optical resonator. The imaging protocol
developed in this work with metasurfaces cannot be achieved with a Fabry—Pérot cavity.

To elaborate on this aspect, we consider a Fabry—Pérot cavity filled with a lithium niobate

film. The angular dispersion for this system is described by A = 2n;xLcos(6)/m (52), where
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Figure S9 Angular dispersion of a Fabry—Pérot cavity and the metasurface devel-
oped in this work. a, Resonance wavelength of a Fabry-Pérot cavity vs. k, at k., = 0. b,
Resonance wavelength of a Fabry-Pérot cavity vs. k. at k, = 0. ¢, Resonance wavelength of
the metasurface vs. k, at k, = 0. d, Resonance wavelength of the metasurface vs. k, at k, = 0.

The shaded areas represent the linewidth of resonance bands.

0 = arcsin(ngsin(fp)/nLy) is the refraction angle inside the cavity. Here A is the resonance
wavelength, 6, is the incident angle, nyx and ng are the refractive indices of lithium niobate and
air, L is the length of the cavity, and m is a positive integer. This expression can be simplified to
A = Ao cos(f), where \g = 2ny,xL/m is the resonance wavelength at normal incidence and is set
to 1584 nm for comparison with our work. This angular dispersion is fundamentally different
from the one of our metasurface. First, the dispersion in a Fabry—Pérot cavity is identical for
both transverse directions due to the symmetry, as shown in Figs. S9a-b. Additionally, the
resonance is nearly flat within the linewidth in both directions, assuming an optical Q of ~ 500
similar to that of our metasurface. This leads to a broad biphoton emission in k-space in both
directions, significantly limiting the tunability of optical scanning imaging.

In contrast, the dispersion manifested in our metasurface is nearly linear in the y-direction
and is close to flat in the z-direction (see Figs. S9c¢-d). As a result, the spatial correlations
in the two directions are different (see Figs. 1d and le). It is these unique dispersion features
and spatial correlations that enable the developed imaging protocol combining optical scanning

imaging (y-direction) and quantum ghost imaging (z-direction).
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S6 Comparison of different imaging techniques

In Table S2, we compare the imaging protocol developed in this work with established quantum
ghost imaging and single-pixel computational ghost imaging.

Quantum ghost imaging (second column) allows low-dose illumination, high sensitivity in
noisy environments, and imaging at non-degenerate wavelengths (S3-57). Its resolution is
determined by the spatial bandwidth of the pump beam since the measurement is based on the
spatial correlation of entangled photon pairs.

Computational ghost imaging (third column) requires only one single-pixel detector and the
image is reconstructed with computational algorithms based on the patterns of the incident
light (S8, S9). The setup can be simple and flexible.

In this work, we develop a quantum optical scanning imaging protocol (first column) using
photon pairs from a metasurface supporting optical resonances with a unique angular disper-
sion, where the emission direction of photon pairs can be tuned optically by changing the pump
wavelength. Unprecedented imaging resolution can be potentially achieved with a million-Q
metasurface (S10). Pumping the metasurface with a frequency comb may facilitate ultra-
fast scanning. Additionally, we combine this scanning protocol with traditional ghost imaging,

facilitating novel quantum imaging with unique benefits.

S-13



Characteristic

Optical Scanning
Imaging (this

work)

Quantum Ghost
Imaging

(Refs. (S3—S7)
and this work)

Single-Pixel
Computational
Ghost

Imaging (S8, S9)

Imaging Scan a focused light [luminate the object | Illuminate the object

Method beam across the with the signal with structured light
object point by point | photon and collect the | patterns, collect
by adjusting the photon with a single- | photons with a
pump wavelength. pixel detector. Collect | single-pixel detector,

the idler photon with | and reconstruct the
a detector array and | image with the
reconstruct the image | computational
based on the spatial algorithm.
correlations of

signal /idler photons.

Complexity Straightforward with | Require correlation Moderate complexity
pump wavelength detection. (simpler hardware,
tuning. computationally

intensive).

Resolution Determined by the Q | Determined by Dependent on the
of metasurface spatial correlations, number of structured
resonances. as determined by the | patterns used and
Unprecedented pump beam radius. computational power.
resolution can be
potentially achieved
with a million-Q
metasurface
demonstrated
recently (S10).

Speed Can be potentially Slow due to photon Slow for high
ultra-fast with a correlation resolution, requires
frequency comb. measurements. multiple illumination

patterns.

Unique Precise Control. Low- | Low-dose Only need a

benefits dose illumination. illumination, avoiding | single-pixel detector.

Potential for high
spatial resolution and

high speed.

damage to samples.
High sensitivity in
noisy environments.
Allow imaging at
non-degenerate

wavelength

Flexible illumination

Table S2 Comparison of Imaging Methods
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