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1. Details of sample fabrication

The advantage of Pancharatnam-Berry (PB) phase-based metasurface lies in their broad spectral response and high transmission efficiency,
along with consistent geometric sizes, making the fabrication easier. We adopt the procedure in Methods in main text and improve the
precision of metasurface fabrication in electron beam lithography (EBL) by reducing the spin-coating layer thickness and lowering the de-
velopment temperature. Additionally, we enhance the accuracy of pattern transfer by reducing the thickness of the chromium mask. To
ensure process repeatability, scanning electron microscopy (SEM) characterization is performed after each essential step. Also, we develop
an SEM image recognition program based on the Hough Transform1 to measure the angles and size of the rectangular structures on the
metasurface. By iteratively optimizing the process with feedback parameters among steps, we manufacture high-quality metasurface nanos-
tructures, with angular errors and structure size variances less than 1.5◦ and 2.5%.

2. The design and simulation of vectorial meta-holography

To achieve the ability to produce arbitrary polarization distributions in the far-field, the sum of the intensities after the polarizer for designed
vectorial holographic images is equal when any polarization state is incident. Fig. S1a depicts the holographic images on the imaging plane
after the incidence with superposition of left (LCP) and right circularly polarized (RCP) states.

The two images both features an inner Tai Chi Symbol and an outer ring in saddle red representing |RTJ⟩ = UReiφR |R⟩ and |LTJ⟩ =

ULeiφL |L⟩ for LCP and RCP incidence, respectively. Their amplitudes are binary distributed, while φL and φR are randomly distributed in
the far-field. When only |Ls⟩ or |Rs⟩ component is incident on the PB-phase based metasurface, it is converted into the Tai Chi Symbol with
RCP or LCP state, accompanied by an unconverted zero-order output retaining LCP or RCP state. Because the cross-polarization conversion
ratios for |Ls⟩ or |Rs⟩ state are identical and the bright area of both |RTJ⟩ or |LTJ⟩ images are equal. Their power and the average intensities
IR and IL of the red area in the inner Tai Chi Symbol region are proportional to the incident intensities, leading to aL/aR =

√
IR/IL. After

the polarizer, the average intensities will be U2
L/2 and U2

R/2, respectively.
The arbitrary incidence state can be decomposed into |ψ+

s ⟩ = aLei∆φin |Ls⟩+ aR |Rs⟩. Additionally, a phase difference ∆φ = ∆φring = 2θ

(θ ∈ [0, 2π)) with the steel blue in the ring is set between the |RTJ⟩ = ei(φ f −∆φ/2) |R⟩ and |LTJ⟩ = ei(φ f +∆φ/2) |L⟩ with same binary amplitude
on the imaging plane. When |ψ+

s ⟩ state is incident, the polarization distribution |PDring(θ)⟩ along the ring is,

|PDring(θ)⟩ = URei∆φin ei(φ f −∆φ/2) |R⟩+ ULei(φ f +∆φ/2) |L⟩

= ULei(φ f +∆φin/2)(
√

η̃eiφ̃ |R⟩+ e−iφ̃ |L⟩), where φ̃ = (∆φin − ∆φ)/2, η̃ = (UR/UL)
2.

After an angle of α oriented polarizer |P⟩ = cos α |H⟩+ sin α |V⟩, according to Malüs’s Law I(α) = I0 cos2(α), the corresponding intensity
along the ring will be,

Iring(α, θ) = | ⟨P|PDring⟩|2 = |UL(
√

η̃eiφ̃⟨P |R⟩+ e−iφ̃⟨P |L⟩)|2

= |UL(
√

η̃eiφ̃eiα + e−iφ̃e−iα)|2/2

= (UR − UL)
2/2 + 2URUL cos2(−α − ∆φin/2 + θ),

where the LCP (RCP) state is a superposition of |H⟩ and |V⟩, defined as |L⟩ = 1√
2
(|H⟩ − i |V⟩) and |Rs⟩ = 1√

2
(|H⟩+ i |V⟩). Then ∆φin can

be retrieved by the angle for the maximum intensity along the ring through θM = ∆φin/2 + α. In particular, when aL = aR, the polarization
states is linear polarization (LP) state along the ring, with its polarization angle varying with the azimuth angle θ. The distribution of LPθ

along the ring is the angle between the ring and the radius for the center of Tai Chi Symbol.
The light modulation of a metasurface’s unit cell, which acts as a π-phase retarder, can be represented as Jones matrix. Four unit cells

combine to form a subwavelength metamolecule, each with a different rotation angle Θi (i = L, R), corresponding to "L" and "R" in main text
Fig. 2b. The incident |Hs⟩ and |Vs⟩ undergoes modulation by the Jones matrix Ji, resulting in an output state written as:(

Hs
Vs

)
out

= Ji

(
Hs
Vs

)
in
=

(
cos Θi − sin Θi
sin Θi cos Θi

)(
eiπ 0
0 1

)(
cos Θi sin Θi
− sin Θi cos Θi

)(
Hs
Vs

)
in

.

Since the metamolecule is smaller than one wavelength, the complex amplitude modulation of the metamolecule is the sum of phase modu-
lation of the unit cell for "L" and "R" structure. The output using the circular polarization states can be expressed as:(

Ls
Rs

)
out

=

(
0 cos (ΘL − ΘR)ei(ΘL+ΘR)

cos (ΘL − ΘR)e−i(ΘL+ΘR) 0

)(
Ls
Rs

)
in
=

(
0 cos ΘAeiΘD

cos ΘAe−iΘD 0

)(
Ls
Rs

)
in

,

where ΘD = ΘL + ΘR and ΘA = ΘL − ΘR are to the diagonal (D) and anti-diagonal (A) angles between ΘL and ΘR. In this way, the
metamolecule can modulate both the phase (ΘD) and amplitude (cos ΘA) of the incident state, which are so-called double-phase method2.

To achieve high-quality vectorial holography, we employ a modified Gerchberg-Saxton (GS) algorithm for the phase retrieval and a typical
global optimization algorithm - simulated annealing (SA) to optimize the phase distribution on the metahologram, resulting in the desired
holographic images, as shown in Fig. S1b. The SA is inspired by the principles of solid-state annealing, whose loop starts at a relatively high
initial temperature T0 and gradually decreases the temperature T until it reaches a level that satisfies the thermal equilibrium condition (thus
optimize the energy E to global minimum). At each TN , several rounds of searching are performed. In each round, the method is introduced
the random perturbations to the current solution to generate a new solution, and accept the solution according to specific rules, then decreases
the temperature to TN+1. Since the GS iteration can sometimes result in the holographic phase being trapped in a local minimum. For
reaching the global minimum, simulated annealing is introduced to optimize the holographic phase values more effectively by randomly
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introducing perturbations and gradually lowering the temperature3. During high temperatures, we use an exponential decay factor; and at
lower ones, a Cauchy decay factor is employed, allowing for enough perturbations even in this condition. Here, the sum of squared errors
(SSE) is used to measure the similarity between theoretical and simulated holographic images (SSEσ = ∑ij(|Ũ′

σ,ij| − Uσ,ij)
2/ ∑ij U2

σ,ij); as the
Nth of iterations changes, the change of SSE is denoted as ∆Eσ(N) = SSEσ(N + 1)− SSEσ(N), where σ = L(R) for LCP (RCP) incidence.

The GS iteration workflow is as follows: First, randomly generate the initial phase distributions ũR (ũL) on the metahologram. After
applying fast Fourier transform (FFT), transform them into far-field amplitudes ŨR (ŨL) and replace them with the amplitudes of the preset
images UR (UL). Sum the ŨR and ŨL, then add the preset phase difference ∆φ with a random phase distribution φrand(TN) related to the
temperature of the SA as a perturbation. This phase is respectively mapped onto the LCP (RCP), resulting in complex amplitudes Ũ′

R (Ũ′
L).

At this point, check whether SSEσ(N + 1) is smaller than SSEσ(N), which means ∆Eσ(N) ≤ 0. If it is true, regenerate the corresponding
random phase and recalculate; otherwise, continue the process (TN will decrease as the number of iteration loops N increases). After applying
iFFT (inverse fast Fourier transform), obtain the intensity of the metahologram in PB phase (note that the PB phase-designed metasurface
will change the output chiral of polarization states), extract the phases to use as ũ′

R (ũ′
L) for the next iteration. Then repeat for N times.

Finally, extract the phase of ũR (ũL) after N iterations then calculate the Fresnel diffraction. Under the incidence |ψ+
s ⟩, capturing the

horizontal component α = 0 of Jones matrix to obtain the corresponding holographic images. Fig. S1c presents the simulated holography
based on Fresnel diffraction appears in the upper left of the image plane, while its conjugate image is in the lower right (clear at the distance
of −L, see Supplementary Information 3), forming a centrally symmetric image. By employing less speckle noise design of computer
generated holography (CGH) with compressed sensing (CS) imaging algorithms, it is possible to obtain holographic images using fewer
time and improve the measurement accuracy of reconstructed images4,5.

Fig. S1 The design principle and simulation. a, Design principle to generate vectorial meta-holography. The |RTJ⟩ and |LTJ⟩ contains an inner Tai Chi
Symbol and an outer ring designed for LCP and RCP incidence, respectively. The incident amplitudes are binary, and its phase difference of the ∆φin are set
to 0-2π. After a horizontally oriented polarizer, the meta-holography exhibits spatially distinct distributions of intensity. b, Schematic of the modified GS
algorithm combined with SA. c, Simulated mete-holography with LCP incidence.
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3. Field of view of vectorial meta-holography

When designing holographic images, it is important to consider the field of view (FoV). A too large FoV can make it difficult for the light field
to be collected by objective lens (OL) and finally imaged on the camera. After the metasurface, the light propagates a distance L, and forms
meta-holography in the far-field, shown in Fig. S2a. Considering the Fresnel diffraction, the maximum diffraction angle from metasurface
can be defined as βmax = 2 tan−1(1.43λ/ϵ), where λ is wavelength and ϵ is spatial frequency of the phase sampling (with the largest value
equal to twice the period P of the phase pixels, ϵ ≈ 2P)6. Therefore, the maximum size of holographic image is:

Dmax = 2L · tan
βmax

2
− H,

where L corresponds to the distance from the metasurface (hologram plane) to the meta-holography (holographic imaging plane), and
H = n × P represents the size of the metahologram (n is the number of metamolecules). Based on the analysis of Fresnel diffraction by
rectangular apertures, the FoV (θFoV) can be expressed as:

θFoV = 2 tan−1 Dmax

2L
= 2 tan−1(

1.43λ

2P
− nP

2L
).

As shown in the far-field, the rectangular period P increases, and the FoV decreases drastically. We place the imaging plane at a distance of
L = 5 cm, where nP/2L ≈ 0; then θFoV ≈ βmax. When the wavelength λ is 808 nm, the calculated θFoV based on P = 350 nm and n = 999
pixels is: θFoV = 117.6◦. A too large FoV is not conducive to the collection of light by the objective lens. Therefore, a multiplexed "X" pattern
is adopted, doubling the period in both directions, so that θFoV = 78.6◦.

In Fig. S2b, we measure the relationship between the sizes of the meta-holography and the distances for sets of visible lights (red, green,
and blue). According to the calculation and measurement, the FoVs are as follows: Red (65.2◦, 61.3 ± 2.5◦), Green (56.4◦, 53.1◦ ± 2.7◦), Blue
(50.9◦, 50.1◦ ± 2.8◦). Therefore, we extrapolate the measured FoV for invisible 808 nm, which are close to the calculation.

At the same time, the original minimum numerical aperture (NA) requires for the latter OL represented by: NAmin = sin−1( θFoV
2 ) = 0.855

(in the air); then NAmin = 0.636 in "X" pattern, which meets the requirements of OL with NA = 0.75.

Fig. S2 Analysis of the field of view. a, Schematic of the principle of FoV. After passing through the metasurface, the incident light undergoes diffraction.
Its corresponding maximum diffraction angle at each point determines the meta-holography size in the far-field. b, The relationship between holographic
images and distance for incidence of different visible wavelengths. These wavelengths include red (633 nm), green (532 nm), and blue (473 nm) generated
by a supercontinuum laser. The dashed line represents the comparison of holographic size when the imaging plane is set at 5 cm from the metasurface.

4. Polarization state reconstruction from the vectorial meta-holography

The extracted amplitude ratio and phase difference from vectorial holographic image can reconstruct the encoded polarization state. Facing
the direction of incidence, if define the orientation of the fast axis as the rotation angle. On the Poincaré sphere, the red dot in Fig. S3a is
as the starting point (horizontal polarization |H⟩). While the photon passing through a HWP with a rotation angle of β, the trajectory on
the sphere is a closed circle running counterclockwise along the equator in red, with a angle of 4β. While passing through a QWP of β, the
trajectory is a closed loop in blue, running along the "8" shape, with the absolute values of the slopes of both longitude and latitude changing
by 2β. When β undergoes π, the polarization will be back to the origin under both of the manipulation. The north (south) pole corresponds
to RCP (LCP).

To generate arbitrary |ψ+
s ⟩, we rotate the HWP (QWP) in equal steps of β = π

12 (ranging [0, π
2 ] ([−π

2 , π
2 ])) to measure the holographic

images. This results in 7× 13 = 91 data points. At each angle of HWP, the HWP is the same at 0 and π, and then each QWP forms a complete
"8" shape. The QWP only needs to be moved from −π

4 to π
4 to cover half of the "8" shape over the entire Poincaré plane. Each pole point is

measured 5 times, so the independent data points are 91 − 13 − 6 × 6 − 5 × 2 = 32.
As for sufficient precision of state reconstruction, we have mildly reduced range of the rings for analysis. In Fig. S3b, after background

subtraction, we perform the angular integration of intensity for the ring. Subsequently, we apply one-dimensional Fourier filtering, followed
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by fitting with cosine functions to obtain the phase difference between incident LCP and RCP (∆φin = 2θM − 2α, where α ̸= 0, in this case,
the measurement angle value can be shifted by α). For the Tai Chi Symbol, we collect the intensity values corresponding to LCP and RCP
incidence separately. Utilizing an iterative method with activation function to reduce sensitivity to speckle noise, we obtain the square of
amplitude ratio (intensity ratio) between RCP and LCP (η−1 = IR/IL).

Then, we calculate the angles of polarization ellipse using formulas: ψ = 1
2 ∆φin, χ = 1

2 arcsin η−1
η+1 . Subsequently, we transform the angles

to Stokes parameters (s0, s1, s2, s3) on the Poincaré sphere. The (ψ, χ) can represent the Stokes parameters (s0, s1, s2, s3) as the coordinates on
the sphere: s0 = I, s1 = I cos 2ψ cos 2χ, s2 = I sin 2ψ cos 2χ, and s3 = I sin 2χ, where I = a2

L + a2
R = 1. The five sets namely (1,0,0,-1), (1,0,0,1),

(1,1,0,0), (1,− 1
2 ,

√
3

2 ,0), (1,0,
√

3
2 ,− 1

2 ) in Stokes parameters, are displayed in main text Fig. 3c. Through the analysis of input and extraction, we
map the capability of polarization state reconstruction distributed across the entire polarization Poincaré sphere. The fidelity, representing
the similarity between the vectors on the Poincaré Sphere, exceeded 88.84% at lowest (red dashed line) and 94.78% on average.

Fig. S3 The principle of polarization state reconstruction. a, Effect of half-wave plate (HWP) and quarter-wave plate (QWP) for horizontally polarized |H⟩
state incidence: When |H⟩ state is incident, the polarization state undergoes a trajectory on the Poincaré sphere after passing through the HWP and QWP.
b, Method for extraction of polarization states from vectorial meta-holography. The ring is extracted to differentiate the phase difference between LCP and
RCP, while the Tai Chi Symbol is analyzed for the intensity ratio between LCP and RCP, which can be converted into points on the Poincaré sphere. c, The
fidelity of state reconstruction in up to 32 distinct polarization states on the Poincaré sphere. The coordinates are shown as [s1, s2, s3], where s0 = 1.

5. Determining the ϕq from the spontaneous parametric down-conversion (SPDC)

Focusing on the interface of two orthogonal β-barium borate (BBO) crystals, we identify the entangled photon-pairs generated by Type-I
SPDC, with the same amplitudes triggered in different states. Thus the wave function can be written as |Φ+⟩ = 1√

2
(|Hs Hi⟩+ eiϕq |VsVi⟩).

We select a new pair of orthogonal states (|+⟩ , |−⟩) both for measurements at the idler and signal terminals. These measurement states are
located on the equator of the Poincaré sphere (LPs), and the transformation relationship between them is:

|H⟩ = cos ξ |−⟩ − sin ξ |+⟩ , |V⟩ = sin ξ |−⟩+ cos ξ |+⟩ ,

where ξ is the angle between the new state and the horizontal polarization state. Then the wave function becomes:

|Φ+⟩ = (cos2 ξ + eiϕq sin2 ξ) |−s−i⟩+ (eiϕq − 1) cos ξ sin ξ |+s−i⟩+ (eiϕq − 1) cos ξ sin ξ |−s+i⟩+ (sin2 ξ + eiϕq cos2 ξ) |+s+i⟩ .

The intensity when triggering to the same or different polarization states at both terminals respectively is: Isame = 1
2 (cos4 ξ + sin4 ξ +

1
2 sin2 2ξ), Idiff =

1
4 (1 − cos ϕq) sin2 2ξ. When expressed as sin ζ = sin ϕq

2 sin 2α, their ratio can be denoted as Idiff
Isame

= tan ζ. When ϕq is 0◦,
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tan ζ = 0, indicating complete extinction; and when ξ is ±45◦ (i.e., when the HWP is set to ±22.5◦), tan ζ = ± sin ϕq
2 , implying that when ϕq

is sufficiently large, the ratio between the two sets of measurement results can undergo arbitrary changes.
The quartz zero-order QWP manipulates the polarization based on the birefringence of quartz crystal for ordinary (o) and extraordinary

(e) light. When the incident wavelength is 404 nm, their refractive indices are respectively: no = 1.5572, ne = 1.5668. We directly connect
the signal and idler photons to SPCM1 and SPCM2 via SMFs, single photon count module (SPCM). According to the coincidence counts in
state |+s+i⟩ with ξ = 45◦, while rotating the extraordinary axis of QWP to be horizontal and tilting it around the vertical axis, we observe a
continuous induced phase ϕdelay, as shown in the Fig. S4. At approximately 3.0°, 10.0°, and 13.0°, we achieve ϕq = 0; while at around 7.0°
and 12.4°, ϕq = π is obtained7. This method is also used in Ref. [8] for reconstructing the phase profile.

Fig. S4 ϕq is related to the tilted angle of the zero-order QWP. The red diamonds represent the coincidence counts per second measured under |+s+i⟩ for
each 0.2◦ steps in counterclockwise, while the blue line represents the induced phase delay ϕdelay.

6. Comparison of imaging by using raster scanning system and electron-multiplying charge coupled device
(EMCCD)

When the photons is incident, the zero-order output occupies fewer pixels, resulting in significant intensity differences compared to indi-
vidual pixels in the holographic image area. Captured by a charge coupled device (CCD), the zero-order output tends to saturate due to
insufficient pixel depth, while the image is significantly affected by readout noise. Therefore, it is challenging to simultaneously measure the
intensity values between the zero-order output and the holographic image.

In the single frame case, the EMCCD is well-suited for single photon meta-holography benefited from its high pixel density, high signal-
to-noise ratio (SNR) and low readout electronic noise at the 808 nm wavelength approximately 75% high quantum efficiency9. We set the
parameters of the EMCCD to the electron-multiplying (EM) gain of 1000, the working temperature of -40◦C, with a pixel pitch of 13 µm. At
the focus of the zero-order spot, both the coupling efficiency and the clarity of holographic image are highest. In the experiment, we take the
image size of 200×200 pixels on EMCCD with the dimensions of 2.6×2.6 mm2. Through low-noise integration of dim light field incidence, we
obtain photon counts for holographic images and zero-order output as 2.68×107 and 2.59×107 in 0.5 s, yielding the experimental diffraction
efficiency of 50.9%.

Long-term operation of EMCCD results in heat accumulation, causing an increase in the temperature of the camera, amplifying electrical
noise, and affecting the required counts for imaging due to exceeding a single electron threshold. Moreover, due to serial readout, over-
saturation of a single pixel may propagate to an entire row of pixels, leading to the smearing effect. While using built-in water cooling can
alleviate the issue, smearing effect and salt-and-pepper noise are still observable.

For correlation holography of vectorial quantum meta-holography (VQMH), the required nanosecond resolution is not achievable with
EMCCD. The multi-mode fiber (MMF)-based raster scanning system (RSS) primarily comprises of two orthogonal fixed motorized linear
translation stages, two SPCMs, and an MMF imaging fiber, providing a nanosecond-scale time resolution, which is notably superior to the
former (millisecond-range). It features an approximate minimum pixel pitch of 25 µm (equivalent to the radius of the MMF core) and boasts
a higher quantum efficiency of 80% with lower readout noise. On the one hand, the increased pixel area reduces the FoV (see Supplementary
Information 3) for environmental noise entering the detector’s pixel units. On the other hand, the simultaneity of entangled photon-pairs
allows for coincidence counting, which effectively filters out noise photons and enhances the SNR through quantum entanglement.

7. The entanglement correlation of SPDC source and the zero-order output

First, we use the RSS to locate the position of the zero-order spot to certain the imaging plane. By collecting the zero-order output, the coinci-
dence counts can be maximized through rotating the HWP and QWP. The resulting vectorial meta-holography is consistent the polarization
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of the incident states in the experiment. With future design, only a small portion of energy is used for VQMH, leaving the remaining part
available for quantum information applications. Thus we measure the properties of the entangled photon-pairs |Φ+⟩ = 1√

2
(|Hs Hi⟩+ |VsVi⟩).

After scanning, we obtain the correlation holographic image with 10 nm interference filter (IF) as shown in Fig. S5a. After 20 s integration,
the zero-order output coincidence for |Hs Hi⟩ and |HsVi⟩ are 8518 and 89, respectively (approximately 96:1 extinction ratio).

Next, we measure the two-photon coincidence counts of SPDC source and zero-order output to characterize the entangled state under
different measurement states (3 nm IF), as shown in Fig. S5b and c, respectively. We characterize the quantum properties between the
signal and idler photons using the Clauser-Horne-Shimony-Holt (CHSH) Bell-type inequality, which typically assesses the input polarization
entanglement state. In experiment, the correlation coefficients E(α′, β′) values are obtained by measuring joint coincidences as:

E
(
α′, β′

)
=

C(α′, β′) + C(α′⊥, β′⊥)− C(α′⊥, β′)− C(α′, β′⊥)

C(α′, β′) + C(α′⊥, β′⊥) + C(α′⊥, β′) + C(α′, β′⊥)
,

where C(α′, β′) is the measured coincidences for the projective measurement in the polarization states of (HWPs(α′/2), HWPi(β′/2)), where
α′ (α′⊥) and β′ (β′⊥) are the polarization angles of HWP, α′⊥ = α′ + 90◦ and β′⊥ = β′ + 90◦. We chose α′1 = −45◦, α′2 = 0◦, β′1 = −22.5◦, β′2 =
22.5◦. we perform a Bell test using CHSH inequality (S ≤ 2) with original SPDC source, and obtain the CHSH value of S = 2.644 ± 0.058
(violates the local hidden variable bound by 11.1 σstd), which for idler and zero-order photons is S = 2.703 ± 0.019 (37.0 σstd).

With the same configuration as described above, the angle α′ of HWP1 is set to -22.5◦, 22.5◦, 0◦ and 45◦. Then, the angle β′ of HWP2
is rotated to obtain the coincidence measurement C(α′, β′) at each point in 5 s. It can be observed that the zero-order output generated
by the signal photon passing through the metasurface still preserves the entanglement. We collect the photon from the zero-order output
using the MMF without the polarizer, and correlating them with the idler photon, whose trend is consistent with the pattern observed in
Fig. S5b. We measure the correspond interference visibility of 0.886± 0.007, 0.916± 0.006, 0.986± 0.003, 0.994± 0.002 (for SPDC source), and
0.820 ± 0.043, 0.892 ± 0.036, 0.889 ± 0.046, 0.912 ± 0.033 (for zero-order output).

We reconstruct the density matrix of quantum source and zero-order output with the maximum likelihood estimation method based on

36 two-photon coincidence counts. The fidelity is defined as F(ρ, ρ̃) = [Tr(
√√

ρ̃ρ
√

ρ̃)]2, where ρ̃ is the reconstructed density matrix as
shown in Fig. S5d and e, and ρ is the density matrix of the expected entangled state. The fidelities between the reconstructed and expected
entangled state of quantum source and zero-order output are 0.933± 0.002 and 0.929± 0.006, respectively. Therefore, owing to the sensitivity
enhancement and improved imaging quality of quantum holography, fewer photons are required for the extraction, while the excess photons
passing through the zero-order output, remain a quantum entangled source.

Fig. S5 The preservation of entanglement correlation after metasurface. a, Correlation of entangled photon-pairs under a set of measurement basis of
zero-order output. b, and c, The two-photon polarization interference fringes for original SPDC source or with idler and zero-order photons, respectively.
The joint coincidences (points) are fitted with cosine function (solid line) with the LP states of -45◦, 45◦, 0◦, and 90◦, and the signal LP state ranges from 0◦
to 360◦. d, and e, Reconstructed density matrices for original SPDC source or with idler and zero-order photons, respectively.

8. The imaging SNR of single photon holography and correlation holography

Given the significant difference in the counts of idler and signal photons, the primary source of noise arises from the random coincidences
between idler photons and noise photons at the signal terminal. Entangled photon-pairs are generated through two orthogonal oriented
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BBO crystals, with the probabilities of SPDC processes in two crystals being pI and pII respectively. SPCM1(2) is located at the signal (idler)
terminal, and the qauntum efficiencies of paths are ηs(i). Therefore, the single photon counts are Ds(i) = (pI + pII)ηs(i), and the coincidence
counts are D = (pI + pII)ηsηi. While measuring the background, the counting probability of SPCM1 is pb, and the single photon counts are
Db,s = pbηs, the coincidence counts are Db = (

√
pb pI +

√
pb pII)ηsηi. While triggering the idler photon to different polarization states, Db,s

remains unchanged, while Db,H(V) =
√pb pI(II)ηsηi. Typically, we ensure pI ≈ pII to achieve the desired entangled state, thus Db,H(V) ≈ 1

2 Db.
We assume that the total intensities of the signal and idler photons are given by Is = ηs Is

coin + Is
b and Ii = ηi Ii

coin + Ii
b, where the

total intensities are related to the coincidence intensity of the bi-photons Is(i)
coin and the background intensity Is(i)

b . The covariance between

the intensities is cov(Is, Ii) = 1
N−1 ∑N

k (Is
k − Is

k)(Ii
k − Ii

k), where N is the number of frames (which can be considered as N time bins), the
superscript k is frame index, and I is the average intensity of I in such time bin. Given that the number of imaging pixels (33 × 33) is

much greater than one, the signal photon intensity Is of each pixel is much lower than Ii, and Ii ≫ Is(i)
b . We now expand and simplify the

covariance as follows:

cov(Is, Ii) =
1

N − 1

k

∑
N
(Ik

s − Ik
s )(Ik

i − Ik
i ) ≈ (Is − Is)(Ii − Ii) = Is Ii − Is · Ii

= (ηs Icoin
s + Ib

s )(ηi Icoin
i + Ib

i )− (ηs Icoin
s + Ib

s ) · (ηi Icoin
i + Ib

i )

= (ηs Icoin
s + Ib

s )(ηi Icoin
i + Ib

i )− ((ηs Icoin
s + Ib

s ) · (ηi Icoin
i + Ib

i ))

≈ ηsηi Icoin
s Icoin

i + ηi Icoin
i Ib

s + Ib
s Ib

i − ηsηi Icoin
s · Icoin

i − ηi Icoin
i · Ib

s − Ib
i · Ib

s .

Since the background noise is uncorrelated between these relatively distant regions, and both the coincidence intensity and the background
noise follow a Poisson distribution (where the variance equals the mean), we obtain:

cov(Is, Ii) ≈ ηsηi Icoin
s Icoin

i − ηsηi Icoin
s · Icoin

i + ηi Icoin
i Ib

s − ηi Icoin
i · Ib

s

= ηsηicov(Icoin
s , Icoin

i ) + ηicov(Icoin
i , Ib

s )

≤ ηsηi Icoin + ηi

√
Icoin · Ib

s , while the equality holds when Icoin and Ib
s are identically distributed, evidently it is hard.

Thus, the lower-bound of the SNR of coincidence counts is:

SNRcoin = 10 log10
Isignal

Ibackground
≥ 5 log10

ηs Icoin

Ib
s

,

In the experiment, the covariance between Icoin
i and Ib

s can be assume to be a constant Caccidental, termed as accidental coincidence, which is

smaller than either of them. Thus, the SNR is: SNRcoin ≈ 10 log10
ηs Icoin

Caccidental
. The SNR of the image for a single signal photon is:

SNRs = 10 log10
Isignal

Ibackground
= 10 log10

ηs Icoin

Ib
s

.

To estimate the upper-bound of SNR enhancement, we use data from Fig. S6b (600s integration), shown in Table S1. The theoretical

maximum enhancement is ∆SNR = 10 log10
Ib
s

Caccidental
≈ 23.35 dB. The relatively high error arises from accidental coincidences, which

can be mitigated by increasing the integration time. Calculating the SNR for the image of a single signal photon is challenging because the
distributed intensity ηs Icoin is much smaller than Ib

s in each pixel. Based on empirical estimation, the single-photon counting is approximately
five times greater than the coincidence counts in our setup. This suggests that the high SNR enhancement is due to the quantum correlation
effectively preserving the signal despite the background noise.

The intensities distribution of holographic images after the polarizer is complementary, when the orthogonal polarization states is in-
cident. When the signal photon collapses to the maximally mixed (MM) state, the resulting correlation holography matches the theoret-
ical simulations, as shown in Fig. S6a. Quantum correlation can significantly enhance the SNR. We perform with photon-pairs |Φ+

LR⟩ =

1/
√

2(|Ls Hi⟩+ |RsVi⟩) to demonstrate VQMH. From Fig. S6b and c, we scan a line across the center of the Tai Chi Symbol of the LCP (RCP)
based VQMH, which needs almost 12 hours. It is evident that the SNR between the single photon and correlation holography is significantly
enhanced (almost 10 dB). For comparison, the SNR obtained from simulation is 11.69 dB, with 0.72 dB for single photon holography and
10.78 dB for correlation holography with an enhancement of 14.97 times from the LCP results. At the right side, the RCP results are 10.87 dB,
0.01 dB, and 9.08 dB, respectively. The experimental enhancement is lower than estimated because extracting the signal from single-photon
holography is challenging.

Now, moving on to the RSS system, this scanning concept is already utilized in Light Detection and Ranging (LiDAR) technology10.
The core of the MMF (50/125) has a corresponding numerical aperture (NA) of 0.20, while the EMCCD with 13 µm pixels has an NA of
0.59, calculated based on the C-mount and a focus depth of 0.69 inches, resulting in a higher Is

b. In comparison to the RSS system, the
salt-and-pepper noise and electrical noise from the camera also increase Is

b, thereby reducing the SNR11. The integration time required by
the RSS system to achieve the same level of SNR is 1-2 orders of magnitude shorter than other remarkable works in quantum imaging using
different types of quantum cameras, including intensified CCD (ICCD)12, EMCCD8, timepix3 ASIC cameras (TPX3CAMs)13, single-photon
avalanche detectors (SPAD) camera14 and qCMOS camera11. With improvements in the brightness of the quantum source, the RSS system
for its simplicity, economy and flexibility could become even more advantageous for quantum imaging.
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Table S1 The measured imaging SNR.

Counts in 600s ηs Icoin
i Caccidental Ib

s SNRcoin (dB) ∆SNR (dB) SNRs (dB, estimated)

LCP 352.50±18.77 29.43±5.42 6371.70±79.82 10.78±4.41 23.35±4.25 -5.58
RCP 315.30±17.75 38.93±6.24 6387.52±79.92 9.08±3.91 22.15±3.70 -6.08

Fig. S6 The VQMH of MM state and the SNR enhancement. a, The VQMH result of MM state incidence. The VQMH is acquired with 40 s integration
time, 33×33 pixels, and 50 µm scanning step, including Fig. 4b and c in main text. b, and c, Scanning a line across the center of the Tai Chi Symbol between
the single photon and correlation holography. Trigger the idler photon to |Hi⟩ and |Vi⟩ state, thus signal photon is in |Ls⟩ and |Rs⟩ state, with scanning steps
of 25 µm and an integration time of 600 s.

9. The conversion between two quantum entanglement states

To demonstrate the polarization measurement results under different entangled states after polarization conversion, we continue to use
the amplitude ratio and phase difference extracted from the holographic images for analysis. We generate the entangle state is |Φ+

LR⟩ =

1/
√

2(|Ls Hi⟩+ |RsVi⟩) in experiment, converting it to the eigenstates |ψ±
s ⟩ (the signal photon changes) and |ϕ±

i ⟩ (the idler photon remains)
of new observable15, such that: (

ψ+
s

ψ−
s

)
= A

(
Ls
Rs

)
=

(
a b
c d

)(
Ls
Rs

)
,
(

ϕ+
i

ϕ−
i

)
=

(
Hi
Vi

)
,

where A is unitary (A∗A = I, "∗" is conjugate transpose and I is identity), with the definition |ψ±
s ⟩ of in main text, A can be written as:

A =

(
a b
c d

)
=

(
aLei∆φin aR
−aR aLe−i∆φin

)
,

where aL,aR, and ∆φin denote the amplitudes of LCP, RCP components and their relative phase, respectively. Neglecting decoherence of
polarization state and inherent losses from metasurface thus to a2

L + a2
R = 1, the entangle state can be written as (ignore the 1/

√
2):

|Φ+
LR⟩ = (a2

Le−2i∆φin + a2
R) |ψ+

s ϕ+
i ⟩+ aLaR(ei∆φin − e−i∆φin ) |ψ−

s ϕ+
i ⟩+ aLaR(ei∆φin − e−i∆φin ) |ψ+

s ϕ−
i ⟩+ (a2

Le2i∆φin + a2
R) |ψ−

s ϕ−
i ⟩

= (1 − 2ia2
Le−i∆φin sin ∆φin) |ψ+

s ϕ+
i ⟩+ 2iaLaR sin ∆φin |ψ−

s ϕ+
i ⟩+ 2iaLaR sin ∆φin |ψ+

s ϕ−
i ⟩+ (1 + 2ia2

Lei∆φin sin ∆φin) |ψ−
s ϕ−

i ⟩

= |ψ+
s ϕ+

i ⟩+ |ψ−
s ϕ−

i ⟩+ 2i sin ∆φin(−a2
Le−i∆φin |ψ+

s ϕ+
i ⟩+ aLaR |ψ−

s ϕ+
i ⟩+ aLaR |ψ+

s ϕ−
i ⟩+ a2

Lei∆φin |ψ−
s ϕ−

i ⟩) ≡ |Φψ⟩ .

While ∆φin = 0, we get |Φψ⟩ = 1/
√

2(|ψ+
s ϕ+

i ⟩+ |ψ−
s ϕ−

i ⟩) ≡ |Φ+
ψ ⟩; while ∆φin = ±π/2 and a2

L = a2
R = 1/2, we get |Φψ⟩ = ±i/

√
2(|ψ−

s ϕ+
i ⟩+

|ψ+
s ϕ−

i ⟩) ≡ |Ψ+
ψ ⟩; otherwise, we get |Φψ⟩ as the combination of those four eigenstates (|ψ±

s ϕ±
i ⟩).
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