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Entangled photon pair sources are essential for diverse quantum technologies, such as quantum 

communication, computation, and imaging. Currently, most methods for generating and 

manipulating entangled photon pairs rely on bulk nonlinear crystals, with some requiring 

sophisticated engineering. In this work, we propose and experimentally demonstrate a 68-nm-

thick entangled photon pair source using a plasmonic metasurface strongly coupled to an epsilon-

near-zero (ENZ) material. By tailoring dual resonances at both pump and emission wavelengths 

and utilizing the field enhancement induced by the ENZ effect, the photon pair generation 

efficiency is boosted. The coincidences-to-accidentals ratio of the generated photon pairs reaches 

40, well above the limit of classical light radiation. Moreover, the ENZ metasurface platform 

enables versatile manipulation of the system’s anisotropic second-order nonlinear susceptibility 

tensor, allowing for direct control over the polarization states of the generated photon pairs. By 

conducting polarization-resolved second-harmonic generation measurements, we discuss the 

potential to achieve a polarization-entangled Bell state from the identical ENZ metasurface, based 

on the quantum-classical correspondence. Our approach opens a new avenue for simultaneously 

achieving the miniaturization of photon pair sources and quantum state engineering. 
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1. Introduction 
Entangled photon pair source is a fundamental component of modern quantum technologies, such as 

quantum communication1, computation2, imaging3, and sensing4. One of the most common methods for 

generating entangled photon pairs is via the spontaneous parametric down-conversion (SPDC) process 

in birefringent crystals with a nonvanishing second-order nonlinear optical susceptibility5. Through 

coherent superposition of different SPDC processes6 or post-selection methods7, diverse entangled 

quantum states can be generated. However, these methods need to strictly satisfy the phase-matching 

conditions, which typically require additional manufacturing steps such as periodic poling or engineered 

birefringence6-8.  

Recently, metasurfaces composed of sub-wavelength geometry antennas have drawn significant 

attention in the development of compact entangled photon pair sources9-13. They enable the relaxation 

of phase-matching conditions and support resonances at pump or emission wavelengths to effectively 



boost the efficiency of the SPDC processes14. Moreover, metasurfaces offer flexibility in the 

simultaneous multi-dimensional manipulation of the generated photon pairs. By customizing for 

specific wavelength15, emission angle16, 17, direction18, and polarization19, metasurfaces facilitate the 

generation of complex entangled states at sub-wavelength scales. Particularly, plasmonic metasurfaces 

provide a versatile platform for engineering the anisotropic nonlinear susceptibility tensors of 

materials20, 21, which holds the potential to tune the polarization states of the generated photon pairs. 

This may further enable the generation of polarization-entangled quantum states. 

While plasmonic metasurfaces have been widely applied for manipulating various nonlinear 

processes21-23, the experimental demonstration of the photon pair generation from plasmonic 

metasurfaces has not yet been achieved and only theoretically proposed24, 25. The smaller mode volume 

and higher ohmic losses of plasmonic metasurfaces compared to their dielectric counterparts may result 

in a lower nonlinear conversion efficiency20, which impedes their use in the SPDC process.  

One solution to enhance the nonlinearity of plasmonic metasurfaces is to strongly couple them with 

an epsilon-near-zero (ENZ) material. In recent years, ENZ materials, with the real part of the 

permittivity approaching zero26, have been widely used in nonlinear optics27-29. The low group velocity 

of light near its ENZ wavelengths leads to a significant electric field amplification30, which has been 

utilized to enhance various nonlinear frequency conversion processes31-33. Furthermore, it has been 

demonstrated that ENZ material can significantly boost the nonlinear response of plasmonic 

metasurfaces by constructing strongly coupled systems34-36.  

In this work, we experimentally demonstrate the photon pair generation via the SPDC process from 

a 68-nm-thick ENZ metasurface composed of indium tin oxide (ITO) thin film and gold (Au) plasmonic 

resonators, as schematically illustrated in Fig. 1. By strongly coupling to an ENZ material and tailoring 

resonances at both the pump and emission wavelengths, the generation efficiency of photon pairs is 

boosted, and a normalized efficiency of 0.08 Hz/mW/μm is achieved. The coincidences-to-accidentals 

ratio (CAR) of the generated photon pairs is 40, well above the limit for classical light radiation. 

Moreover, we manipulate the polarization states of photon pairs by designing the anisotropic second-

order nonlinear susceptibility tensor of the ENZ metasurface. We further investigate the potential for 

generating a polarization-entangled Bell state37 from one identical ENZ metasurface, as indicated by 

the polarization-resolved second-harmonic generation (SHG) measurements, based on the quantum-

classical correspondence37-40.  

 

 

Figure 1| Schematic illustration of entangled photon pair generation from an ultrathin plasmonic 



metasurface composed of gold (Au) split-ring resonators (SRRs) via the spontaneous parametric down-

conversion (SPDC) process. By strongly coupling to an epsilon-near-zero (ENZ) material indium tin 

oxide (ITO) thin film, the generation efficiency of the photon pair can be significantly enhanced. The 

metasurface exhibits resonances near both the pump (775 nm) and the signal/idler (near 1550 nm) 

wavelengths to boost the SPDC process.  

 

2. Results 
ENZ Metasurface design and characterization 

To enhance the photon pair generation efficiency of the plasmonic metasurface, we strongly couple it 

with an ENZ material. A commercially available ENZ material, a 23-nm-thick indium tin oxide (ITO) 

thin film on a float glass substrate (PGO GmbH), is utilized to support the plasmonic metasurfaces 

composed of gold split-ring resonators (SRRs). The dispersion curve of its permittivity is measured via 

spectroscopic ellipsometry, revealing the real part of its permittivity crossing zero at 1420 nm (see 

Section 1 in the Supplementary Information for details about the linear characteristics of the ITO film).  

The geometric parameters of the SRR are swept to find parameters that experimentally support a 

magnetic dipole resonance near the ENZ wavelength of the underlying ITO film22. This design 

establishes a strongly coupled system and engineers a resonance close to both the signal and idler 

wavelengths near 1550 nm, which is expected to greatly enhance the nonlinear response of the 

plasmonic metasurfaces35. The simulated transmission spectra as a function of the ITO film’s ENZ 

wavelength show the anti-crossing shape resonances near 1200 nm and 1600 nm (Fig. 2a), indicating a 

strong coupling effect between the SRRs and the ENZ film34. Meanwhile, an electric dipole resonance 

is supported at the pump wavelength of 775 nm22, achieving a dual enhancement in the photon pair 

generation. Compared to dielectric metasurfaces, the resonances and the associated field enhancements 

in a plasmonic metasurface can be relatively broadband, which makes it more tolerant to fabrication 

errors. The geometric parameters of the SRRs are illustrated in Fig. 2b. The nanostructure array with a 

size of 200 × 200 μm2 is fabricated via a single-step electron beam lithography and lift-off process, with 

a scanning electron microscope (SEM) image displayed in Fig. 2c. 

The transmittance spectra are measured for two orthogonal polarizations, referred to as x- and y-

polarization, as depicted in Fig. 2d, respectively. The experimental results are in good agreement with 

the simulations, revealing resonances near both the pump and the signal/idler wavelengths. Since gold41 

and ITO31, 42 possess surface second-order nonlinearity, the photon pair generation is expected to 

originate from the gold-ITO interface. To estimate the field confinement and the related SPDC 

enhancement, we simulated the electric field amplitude distribution at this position. As depicted on the 

right side of Fig. 2d, the electric field amplitude is significantly amplified by over two orders of 

magnitude as a result of the strong coupling effect, which can be utilized to enhance the photon pair 

generation efficiency. 

 



 

Figure 2| ENZ Metasurface design and characterization. (a) Simulated linear transmittance spectra 

of the strongly coupled metasurface under x-polarized light as a function of ITO film’s ENZ wavelength. 

The dashed lines indicate the measured ENZ wavelength (white) and the anti-crossing shape resonances 

(grey). The stars mark the pump (775 nm) and signal/idler (near 1550 nm) wavelengths in the following 

SPDC measurements. (b) Schematic of a gold split-ring resonator (SRR) coupled to an ITO film. The 

geometric parameters are as follows: P = 350 nm, W = 248 nm, L = 217 nm, w = 89 nm, and l = 112 

nm. The ITO layer is 23-nm-thick and the gold layer is 40-nm-thick. A 5-nm-thick titanium layer is 

used as the adhesion layer. (c) The scanning electron microscope (SEM) image of the fabricated ENZ 

metasurface. (d) Measured (solid) and simulated (dashed) transmittance spectra of the ENZ metasurface 

for x- (upper panel) and y- (lower panel) polarized light, respectively. The grey markers indicate the 

pump (775 nm) and the signal/idler (near 1550 nm) wavelengths in the following SPDC measurements. 

The electric field amplitude distributions (normalized to the incident field) at the gold-ITO interface (x-

y plane) are shown on the right side. 

 

Photon pair generation measurements 

To characterize the photon pairs generated from the ENZ metasurface, we built a Hanbury-Brown-Twiss 

(HBT) setup, as schematically shown in Fig. 3a and also described in our previous works40, 43. A 

continuous-wave (CW) laser with a wavelength of 775 nm is focused using a high numerical aperture 

lens (NA = 0.5) to pump the ENZ metasurface. The full width at half maximum (FWHM) of the spot’s 

diameter is approximately 5 μm. The generated photon pairs are collected by an identical lens and then 

separated from the pump laser using two long-pass filters and a band-pass filter. After being coupled 

into a fiber, the photon pairs pass through a 50:50 fiber beam splitter and are detected by two isolated 

superconducting nanowire single-photon detectors (SNSPDs). A time-to-digital converter (TDC) is 

utilized to obtain the coincidence histogram from two channels (see Methods for details about the 

experimental setup).  



Figure 3b displays the measured coincidence histogram from the ENZ metasurface with an 

integration time of 2 hours and a pump power of 3 mW, showing a clear peak at zero time delay. To 

further confirm the non-classical nature of the generated photon pairs, we calculate the second-order 

correlation function g(2)(t), as shown in the inset of Fig. 3b. The corresponding CAR = g(2)(0)-1 is 40, 

well above the classical photon radiation limit of 2. The emission rate normalized to the thickness and 

pump power is 0.08 Hz/mW/μm, which is comparable with the recently investigated LiNbO3 

metasurface-based photon pair emitters14, 16, 44. The generation efficiency comparison to other compact 

photon pair sources is discussed in Section 3 in the Supplementary Information. 
To further investigate the mechanism of the photon pair generation, we measure the power 

dependence of the coincident counts, as shown in Fig. 3c. The coincident counts exhibit a linear 

relationship with the pump power, and g(2)(0) is inversely proportional to the pump power, aligning with 

the scaling law of the SPDC process45 (see Section 2 in the Supplementary Information for details about 

g(2)(0) characterization).  
 

 
Figure 3| Photon pair generation and characterization. (a) Schematic illustration of the Hanbury-

Brown-Twiss (HBT) setup. HWP, half-wave plate; Col, fiber collimator; BS, beam splitter; SNSPDs, 

superconducting nanowire single-photon detectors; TDC, time-to-digital converter. (b) Measured 

coincidence histogram from the ENZ metasurface with an integration time of 2 hours and a pump power 

of 3 mW. Inset: the second-order correlation function g(2)(t) showing a coincidences-to-accidentals ratio 

(CAR) of 40. (c) Measured coincidence counts from the ENZ metasurface (dots) and the corresponding 

linear fitting curve (line) as a function of the pump power. 

 

Polarization characterization of photon pairs  

The nonlinear response of the SRR nanostructures originates from the breaking of structural symmetry22. 

SHG measurements could be utilized to characterize the nonlinear response of materials. When excited 

by x-polarized light, the magnetic dipole resonance can induce a continuous nonlinear current around 

the SRR, resulting in the generation of coherent second-order nonlinear polarization along its two bars22, 

46.  This process facilitates the orthogonally polarized type-1 SHG, as schematically depicted in the 

upper panel of Fig. 4a. It can be represented by |𝐻𝐻⟩ , → |𝑉⟩ , where we denote x- and y-polarization 



as H and V, respectively. However, under y-polarized pumping, the nonlinear polarization induced from 

two bars of SRR interferes destructively in the far field, preventing the generation of the second-

harmonic wave22, 46. The nonlinear response of the metasurface can be described using the effective 

second-order nonlinear susceptibility tensor47, which is inferred as follows48: 𝜒 0 , 𝜒 0 , 

𝜒 0 , and 𝜒 0 . Moreover, based on the Kleinman symmetry condition48, we can further 

derive other elements: 𝜒 𝜒 𝜒 0, and 𝜒 𝜒 𝜒 0. 

To further confirm that the nonlinear response of the SRRs follows the derived effective second-

order nonlinear susceptibility tensor, we measure the polarization states of the second-harmonic wave 

under various pump configurations (see Methods for details about the experimental setup). Figure 4b 

depicts the SHG intensity as a function of the pump and detection polarization angles. When pumped 

with x-polarized light, a y-polarized SHG is observed, while no SHG is detected under y-polarized light 

excitation. Our measurements align well with the theoretical calculations based on the effective 

nonlinear susceptibility tensor, as shown in Section 4 in the Supplementary Information. 

The quantum-classical correspondence links the efficiency of SPDC with that of its inverse 

processes, such as sum-frequency generation (SFG) or SHG, indicating the polarization dependency of 

both the excitation and frequency-converted photons37-40. Consequently, the polarization states of both 

the signal and idler photons can be estimated using the effective second-order nonlinear susceptibility 

tensor as well. For instance, when pumped with y-polarized light, both the signal and idler photons are 

expected to be x-polarized following the type-1 SPDC process, as schematically depicted in the middle 

panel of Fig. 4a, which can be represented as |𝑉⟩ ⎯ |𝐻𝐻⟩ , . 

To further characterize the polarization states of the photon pairs, a linear polarizer is set before 

the fiber collimator. We measure the coincident counts as a function of the detection polarization angle 

when pumped with y-polarized light, as shown in Fig. 4c. The coincidence counts reach a maximum 

when the polarizer is set to x-polarized (θ = 0°), while the photon pairs are nearly absent with y-

polarized (θ = ±90°) detection. This result is in agreement with the theoretical detection angle 

dependence 𝑁 ∝ 𝑇 𝜃 cos 𝜃 , where T(θ) is the transmittance of x-polarized light through the 

polarizer, and θ is the transmissive angle of the polarizer with respect to the x-axis. This finding further 

confirms the quantum-classical correspondence between SHG and SPDC in terms of polarization. 

Furthermore, when pumped with x-polarized light, the generated signal and idler photons are 

expected to exhibit orthogonal linear polarizations, as schematically illustrated in the bottom panel of 

Fig. 4a. This type-2 SPDC process occurs through two pathways: |𝐻⟩
 

⎯⎯ |𝐻𝑉⟩ ,   and |𝐻⟩

 
⎯⎯ |𝑉𝐻⟩ , , each with equal probabilities. The resulting state is a coherent superposition of states from 

these two pathways, represented as |𝐻⟩ →
√

|𝐻𝑉⟩ , |𝑉𝐻⟩ , , indicating the generation of a Bell 

state from the identical ENZ metasurface. 

 



 
Figure 4| Polarization characterization of the photon pairs generated from the ENZ metasurface. 

(a) Schematic illustration of the polarization characteristics of the second-harmonic generation (SHG) 

process (upper panel) and the SPDC processes with different pump configurations (middle and bottom 

panels). (b) Measured SHG intensity from the ENZ metasurface as a function of the pump and the 

detection polarization angles. Both the pump and detection polarization states are linearly polarized, as 

indicated by the arrows. (c) Measured coincidence counts from the ENZ metasurface under y-polarized 

pumping (dots) and the fitting curve (line) as a function of the detection polarization angle. The 

coincidence counts fit with the function, 𝑁 ∝ cos 𝜃, where θ is the transmissive angle of the polarizer 

with respect to the x-axis. At θ = 0°, detection is performed with x-polarization, while at θ = ±90°, 

detection is performed with y-polarization. 

 

3. Conclusion 
To summarize, we experimentally demonstrate photon pair generation via the SPDC process from a 68-

nm-thick plasmonic metasurface strongly coupled to an ENZ material. By tailoring resonances at both 

the pump and emission wavelengths and leveraging the field enhancement induced by the ENZ effect, 

we achieve a normalized photon pair generation efficiency of 0.08 Hz/mW/μm, which is comparable 

with the recently investigated LiNbO3 metasurface-based photon pair emitters. The CAR of the photon 

pairs is 40, significantly exceeding the limit of classical light radiation. Furthermore, the polarization 

states of the generated photon pairs are controlled by designing the system’s anisotropic nonlinear 

susceptibility tensor. We lastly discuss the potential of generating a polarization-entangled Bell state 

using the identical ENZ metasurface through polarization-resolved SHG measurements. 

In the future, we could utilize resonances with higher quality factors such as quasi-bound states in 

the continuum resonance49 or surface lattice resonance50 to achieve greater field enhancement. 

Alternatively, integrating metasurfaces with resonant cavities could enable multiple interactions 

between pump light and metasurfaces51, to further boost the photon pair generation efficiency. Moreover, 



ENZ metasurfaces hold the potential for manipulating the polarization state of the photon pairs by 

controlling their rotational symmetry and the pumping polarization, enabling the generation of tunable 

polarization-entangled photon pair sources37, 52. Furthermore, by engineering the orientation and 

geometric parameters of the unit cells, the phase difference between signal and idler photons may be 

controlled flexibly, thus facilitating the generation of hyper-entanglement states53. Our work shows the 

potential of achieving miniaturized and multifunctional entangled photon pair sources using ENZ 

metasurfaces, which provides a platform for developing compact quantum devices capable of 

generating and manipulating quantum states simultaneously. 

 
Methods 
Photon pair generation measurements. A continuous-wave laser at a wavelength of 775 nm (Toptica 

DL pro780) is used as the pump light, which is focused onto the metasurface through a high-NA lens 

(Thorlabs A240TM, f = 8 mm, NA = 0.5). The polarization angle of the pump light can be tuned using 

a half-wave plate (HWP). The photon pairs generated from the ENZ metasurface are collected and 

collimated using an identical lens. Two long-pass filters (Semrock LP1064 and LP1319) and a band-

pass filter with a central wavelength of 1550 nm and a bandwidth of 50 nm (Edmund Optics BP1550) 

are used to block the pump light. The photon pairs are then coupled into the single-mode fiber through 

a fiber collimator (Thorlabs CFC11A-C, f = 11 mm). A linear polarizer is set before the collimator to 

characterize the polarization states of the photon pairs. After passing through a 50:50 beam splitter, the 

photon pairs are detected by two isolated superconducting nanowire single-photon detectors (SNSPDs). 

Finally, we could obtain the coincidence histogram through the time-digital converter (TDC). Since the 

SNSPDs are sensitive to a specific linear polarization state, we first calibrate the setup using a laser 

with a wavelength of 1550 nm and tunable polarization states. Two fiber polarization controllers are 

utilized to maximize the photon detection efficiencies of the SNSPDs. 

 

SHG measurements A Ti: sapphire laser is employed to pump an optical parametric oscillator 

(Coherent Chameleon OPO) for generating femtosecond laser pulses with a wavelength of 1550 nm, a 

pulse duration of 200 fs, and a repetition rate of 80 MHz. A high-NA lens (Thorlabs A240TM, f = 8 

mm, NA = 0.5) is employed to focus the laser onto the ENZ metasurface, resulting in a spot diameter 

with an FWHM of approximately 5 μm. The generated second-harmonic wave is collected by a 100× 

objective (Olympus LMPlanFLN, NA = 0.8) and detected by a visible-range CMOS camera (Andor 

Zyla sCMOS). The pump beam is filtered using two short-pass filters (Thorlabs FESH0900). The pump 

power is set to 0.5 mW, and an HWP is utilized to control the pump polarization states. A linear polarizer 

is employed for characterizing the SHG polarization state. 
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1. Linear characteristics of ITO film 

A commercially available ITO film on a float glass substrate (PGO GmbH) is utilized to construct the 

strongly coupled system with the plasmonic nanostructures. The dispersion curve of ITO film’s 

permittivity is measured via spectroscopic ellipsometry, as shown in Fig. S1, and it follows the Drude 

model1: 

𝜀 𝜔  𝜀
𝜔

𝜔 𝑖𝛾𝜔
 S1  

where ω is the optical frequency, ε∞ = 4.42 is the permittivity at high frequency, ωp = 2.84×1015 rad/s is 

the plasma frequency, and γ = 2.58×1014 rad/s is the damping frequency. The real part of its permittivity 

crosses zero at the wavelength of 1420 nm. 

 

 

Figure S1| Real (red) and imaginary (blue) parts of the permittivity of the ITO film. The ENZ 

wavelength appears at 1420 nm, marked with the grey dashed line. 

 

2. g(2)(0) characterization of the generated photon pairs 

To further confirm the non-classical nature of the photon pairs generated from the ENZ metasurface, 

we calculate the second-order correlation function at zero time delay g(2)(0) following the equation2: 

𝑔 0  
𝑅  

𝑅 𝑅 𝑇
S2  



where Rc is the rate of coincidence counts, Rs and Ri are the rates of signal and idler photon counts, 

respectively, and Tc is the time resolution of the coincidence histogram. As Rc, Rs, and Ri exhibit linear 

dependence of the pump power, g(2)(0) is inversely proportional to the pump power. Our measurements 

align with the theoretical power dependence, as depicted in Fig. S2. 

 

 

Figure S2| Measured second-order correlation function at zero time delay g(2)(0) (dots) and the 

corresponding fitted curve (line) as a function of the pump power, indicating an inversely proportional 

relationship. 

 
3. Generation efficiency comparison with other metasurface-based compact photon pair sources 

To compare the generation efficiency of various compact photon pair sources, for which the SPDC was 

also obtained in different conditions, the emission rate is normalized by the thickness and pump power3. 

The normalized efficiency of the ENZ metasurface is 0.08 Hz/mW/μm, which is comparable with the 

recently investigated LiNbO3, GaAs, and GaP metasurface-based photon pair emitters, as summarized 

in Table S1. 

 

Platform 
Thickness 

(μm) 
Power 
(mW) 

Photon pair rate 
(Hz/mW/μm) 

LiNbO3 metasurface4 0.68 70 0.11 

LiNbO3 + silica metagrating5 0.504 85 0.04 

LiNbO3 + multiplexed silica metagratings6 0.515 85 0.02 

GaAs metasurface7 0.505 9.6 0.02 

GaP metasurface8 0.15 20 0.02 

ENZ metasurface (our work) 0.068 3 0.08 

Table S1| Comparison of metasurface-based compact photon pair sources. 
 

4. Theoretical SHG polarization dependence of the ENZ metasurface 

The nonlinear response of the ENZ metasurface can be described using the effective second-order 

nonlinear susceptibility tensor as follows9, 10: 𝜒 0 , 𝜒 0 , 𝜒 𝜒 𝜒 0 , and 

𝜒 𝜒 𝜒 0 . With this description, we analyze the polarization state of the second-



harmonic wave under different pump configurations. The x and y components of the generated SHG 

are calculated using the equations, 

𝐸  𝜒 𝐸 𝐸 𝜒 𝐸 𝐸 S2  

𝐸  𝜒 𝐸 𝐸 S3  

where 𝐸 𝐸 𝑐𝑜𝑠𝛼  and 𝐸 𝐸 𝑠𝑖𝑛𝛼  are the x and y components of the pump light, α is the 

polarization angle of the pump light with respect to the x-axis, and E0 is the amplitude of the pump light.  

The electric field component with an angle θ to the x-axis of second-harmonic wave is calculated 

following the equation, 

𝐸  𝐸 𝑐𝑜𝑠𝜃 𝐸 𝑠𝑖𝑛𝜃 S4  

To compare the theoretical calculations with the measurements, we calculate the SHG intensity as a 

function of the pump and detection angles following 𝐼 ∝ |𝐸 | , as shown Fig. S3. The consistency 

between theoretical results and measurements (Fig. 4b in the main text) confirms that the nonlinear 

response of the ENZ metasurface adheres to the derived effective second-order nonlinear susceptibility 

tensor. 

 

 
Figure S3| Calculated SHG intensity from the ENZ metasurface as a function of the pump and the 

detection polarization angles based on the derived effective second-order nonlinear susceptibility tensor. 

Both the pump and detection polarization states are linearly polarized, as indicated by the arrows. 
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