EPJ Appl. Metamat. 13, 2 (2026)DOI: 10.1051/epjam/2025013© S. Wu et al., Published by EDP Sciences, 2026
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Original ArticleAn angular dispersion-free resonant metasurface for quantum photon pair generation
Shuhao Wu* [image: orcid], Vincenzo Pusino [image: orcid] and David R.S. Cumming [image: orcid]

School of Engineering, University of Glasgow,  G12 8LT,  UK 


* e-mail: 2704879w@student.gla.ac.uk

Received: 
10 
November 
2025
Accepted: 
2 
December 
2025
Published online: 22 January 2026
Abstract

Metasurfaces supporting high quality factor resonances have shown the ability to enhance spontaneous parametric down-conversion (SPDC) process and are therefore seen as a promising platform for entangled quantum photon pair generation. We propose a high quality (Q) factor flat-band optical metasurface for efficient quantum light generation via SPDC. The structure consisting of periodic GaAs nano-resonators on SiO2 was numerically optimised to realise a metasurface that is dispersionless along the Γ–Y axis near the telecommunications band (∼1550 nm). Our simulations show that the metasurface hosts two quasi–bound-states-in-the-continuum (q-BIC) modes with quality factors exceeding 109; the intentional merging of the BICs results in high-Q (>105) across a finite in-plane wave-vector range. This combination of angle-independent resonance frequency with persistently high Q mitigates the off-Γ degradation typical of symmetry-broken q-BICs. The design increases the optical density of states and allows for efficient collection of the generated photons using a high numerical aperture. It is anticipated that the resulting devices could be used for both quantum photon pair generation and for classical nonlinear second-harmonic generation. Our results demonstrate flat-band, high-Q metasurfaces that can be fabricated as a compact route to on-chip nonlinear and quantum photonics.
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1 Introduction
Optical metasurfaces are quasi-two-dimensional micro-nano structures that have attracted widespread interest because of their ability to flexibly control the optical wavefront and high level of compactness [1–5]. In recent years, optical metasurfaces have been successfully applied to photon manipulation in linear and classical optics, including focusing [6–10], polarisation detection [11–14], edge-enhanced imaging [15–18] and spectral filtering [19–22]. The next generation of metasurfaces will naturally extend to the fields of nonlinear optics and quantum optics [1,23–33]. As an ultra-thin quasi-planar structure, a metasurface has a unique advantage in optical nonlinear processes in that it has relaxed phase-matching requirements in frequency conversion. Leveraging the potential of metasurfaces combined with optical nonlinear effects could lead to application in “imaging without detection” at wavelengths where cameras are not widely available.
The observation and operation of various optical quantum effects involving complex quantum states rely on nonlinear optical processes. Spontaneous parametric down-conversion (SPDC) is an ideal candidate to generate single photons and quantum-entangled photon pairs because it has high indistinguishability, room-temperature operation, simple signal filtering, coherent emission, and multi degree-of-freedom entanglement [27,34]. In SPDC, a pump photon with a higher frequency (ωp) splits into a signal photon (ωs) and an idler photon (ωi), satisfying energy conservation ωp = ωs + ωi. The key to highly efficient generation of SPDC is to increase vacuum field fluctuations to amplify the spontaneous emission process. Owing to their intrinsic compact nature and their relaxed phase-matching condition requirements, metasurfaces are regarded as suitable candidates for the SPDC process. Another topic that has been reported in a series of works in recent years [24,25,27,29] is resonant metasurfaces as a platform for photon pair generation, where high quality-factor resonances at the signal and idler frequencies are generated by amplifying the vacuum field fluctuations. A classical optical path layout of a resonant metasurface used for photon-pair generation through SPDC is shown in Figure 1a. Light from a continuous-wave (CW) laser at a higher frequency (ωp) propagates through half-wave plates and polarising beam splitter configuration for polarisation control and unidirectional isolation, before being focused by a lens onto the resonant metasurface. The lens is also used to collect the generated photon pairs. The resonance frequency of the resonant metasurface is designed to be equal to the idler or signal frequency to increase the vacuum field fluctuation strength. The rate of this type of spontaneous process depends only on the pump power [26,29], so the improvement from using short-pulse lasers commonly employed in classical nonlinear processes has limited benefits for SPDC generation. Instead, the quality factor of the resonance is a more important factor for efficient photon pair generation via SPDC using resonant metasurfaces.
Bound states in the continuum (BIC) in electromagnetics are regarded as non-radiation eigenstates embedded in the continuum and therefore theoretically yield an infinite quality (Q) factor. Optical metasurfaces are considered a good platform to support and operate BICs [30,35]. In practice, intrinsic material loss/fabrication errors, or deliberately introduced symmetry breaking, can convert a BIC mode with infinite Q into a quasi-BIC (q-BIC) mode with an observable finite high Q factor. Combining q-BICs with SPDC on a metasurface platform has therefore recently begun to call attention. During the collection of generated photons through SPDC, the lens collects photons generated in various directions, so photons in the directions both normal to metasurface plane and with oblique angles are present. However, in previous reports [23,25–29], the resonant frequency of the q-BIC is designed to equal the signal/idler frequency only at the Γ point, while non-zero group-velocity dispersion leads to a mismatch between the mode resonance frequency and ωs/ωi at off-Γ points, as shown in Figure 1b. At the same time, q-BICs originated from symmetry-breaking are commonly designed to have a high Q factor only at the Γ point, which decreases significantly as k∥ increases [36,37]. These two effects greatly reduce the generation efficiency of ωs/ωi photons due to the decreased Q factor. A metasurface structure that supports both low group-velocity dispersion (a flat-band structure) and high-Q factor resonances within a certain range of incidence angles is therefore a more ideal platform. Recent studies have achieved enhancements in properties such as bandwidth and angular range of emission by applying geometric perturbations to the periodic structure of metasurfaces [38,39], while the resonant modes didn't show high Q-factor property. Maintaining a high Q-factor for the mode while enabling wide-angle excitation still needs further research.
Here, we propose a flat-band optical metasurface composed of GaAs nano-resonators on a SiO2 substrate, the design of which we optimised through numerical simulations. After careful geometrical optimisation, the device is designed to support an all-band flat band along the Γ − Y direction near the telecommunications band (∼1550 nm), which is commonly used in signal/idler photons generation. The structure supports a band that contains two q-BIC modes whose Q factors are both >109, and owing to the merging of the two BIC modes, the Q factor across the entire band is larger than 105. Such a structure that simultaneously supports a flat band and uniformly high Q factors along the band shows both angle-independent resonance frequency and high Q factor features, supports a much higher density of states, and has the potential to enhance classical and quantum nonlinear processes such as second harmonic generation (SHG) and SPDC.
	[image: thumbnail]	Fig. 1 (a) Conventional optical path for photon pair generation using resonant metasurface. HWP = Half Wave Plate, CW = Continuous Wave, LP filter = Long Pass filter, SNSPD = Superconducting Nanowire Single-Photon Detector. (b) Conceptual illustration of a flatband resonant metasurface versus a dispersive resonant metasurface.



2 Design and results
The proposed metasurface is a periodic array of GaAs nanobricks on a SiO₂ substrate, as shown in Figure 2a. GaAs is chosen because of its excellent second-order nonlinear effects [40,41], while the SiO₂ substrate has a low refractive index (∼1.4), so as to give as small an impact on the system as possible. We propose the use of [110]-cut GaAs as the resonator material to support the BIC modes. Recent studies indicate that [110]- or [111]-cut III-V wafers can support a larger second-order nonlinearity χ (2) and higher overlap integrals of interacting modes compared to the [100]-crystal orientation [25,42,43], particularly for modes possessing out-of-plane components. The high-Q mode supporting BIC-merging investigated in this work is a quasi-TE mode, which features a substantial out-of-plane electric field component, therefore [110]-cut GaAs offers significant advantages. The period in x-direction is P, while the period in y-direction is set to be P multiplied by a scaling factor S (i.e., S × P).
To realise both high-Q over a wide k∥ range and angular dispersion free (flatband) features, we conducted two types of geometry engineering, namely high-Q engineering and flatband engineering, as illustrated in Figures 2b and 2c.
High-Q engineering is achieved by introducing periodic-doubling perturbations (PDPs) to realise a period doubling effect. If we consider a periodic array of nanobrick-like structures with the dimensions W0 × L0 so that it has an effective period of P/2, when a width variation or a length variation is introduced to adjacent elements, the effective period of the array will be doubled to P, as shown in Figure 2b. The metasurface design can therefore be seen as two overlaid periodic structures made up of nanobricks with dimensions W1 × L1 and W2 × L2, where W1 = W0 − δ1, W2 = W0 + δ1, L1 = L0 − δ2, L2 = L0 + δ2. In combination these structures form an effective periodic element consists of two different nano-bricks with a period of P in an array. Such period doubling effects lead to the folding of the bands supported by the metasurface that will be discussed later. Specifically, doubling the effective period along the x-direction in real space can symmetrically fold the bands along the X − M direction in momentum space on to the Γ − Y direction, forming a series of new bands, as illustrated in Figure 3. These new bands exhibit novel physical effects; for example, guided modes originally below the light line are folded above the light line to form quasi-guided modes (QGM), which shows high Q factors while still lying in the radiation continuum. The high-Q modes on these bands and the original modes along the Γ − Y direction undergo mode coupling; new BIC modes can therefore be generated through interference and energy exchange [44]. The width variation δ1 and length variation δ2 that we have introduced makes it possible to have 2-axis (double) PDP instead of single PDP as seen in previous reports [45,46]. We have found that by tuning the magnitudes of both PDPs it can help to merge multiple BICs, maintaining high Q factors over a wider k∥ range. In addition, a scaling factor S has been introduced to modify the duty-cycle along y-direction so as to engineer the angular dispersion of the designed high-Q band, as shown in Figure 2c.
We first show Q-factor engineering achieved through tuning the relative magnitude of the two PDPs. As shown in Figures 4a–4d, a single PDP (taking δ1 = 0, δ2 = 16 nm as an example, i.e. δ1/δ2 = 0.) will introduce a single BIC on the designed band, while a double PDP (non-zero δ1/δ2) will introduce two BICs that can either overlap in k-space or be separated from each other. By finely adjusting the value of δ/δ, the positions of the two BICs in k-space can be tuned. From Figures 4e and 4f   it can be observed that different BIC spacings will have an effect on the Q values of the modes located between the two BICs, and it is no longer the traditional inverse-square decay of Q with respect to k∥. The Q value can therefore be maintained at a relatively high level within a specific range. For the optimised PDP ratio [δ1/δ2 = 3.25 here], as shown in Figures 4h, the corresponding minimum Q-factor (marked with a red dashed line) within the range ky ≤ 0.8 (π/P) exceeds the minimum Q-factors of the eigenmodes associated with other PDP ratios in the same interval. Specifically, the minimum Q-factor achievable here can only be obtained within the range ky ≤ 0.064 in Figure 4e (δ1/δ2 = 0). For the design wavelength of 1550 nm and P = 672 nm, ky = 0.8 and ky = 0.064 respectively, corresponding to approximately 67° and 4° following equation (1):
[image: equation](1)
Consequently, the calculated results show that the designed metasurface has increased high-Q range from 4° to 67°, significantly expanding the availability of high Q through a wider range of angle of incidence.
Next, we show how to control the flatness of the designed high-Q band by tuning the value of the S parameter in Figure 2c (i.e. the duty cycle in the y direction). By increasing the period size in the y direction, the coupling strength between adjacent unit cells can be weakened [47]. The reduction of this nonlocal interaction increases the band flatness. Here we show the change in band flatness for S = 0.9 to S = 1.5. It can be observed in Figures 5a–5d that S = 0.9 has the largest slope, while the band structure corresponding to S = 1.5 is almost a flat band with no slope.
Combining the dual PDPs and duty cycle engineering shown in Figure 2b, we finally obtain the high-Q band structure shown in Figure 6a at δ1/δ2= 2.28 and S = 1.5. The proposed structure simultaneously shows ultra-high Q values (>10⁵) along the whole band and a nearly flat band structure, which can realise enhancement of the SPDC process within a larger range of incidence angles. Any ωs/ωi photon pair that satisfies k∥ values summing to 0 (momentum conservation in k∥ direction) has almost the same wavelength. Figure 6b illustrates the near-field electric field enhancement distribution in the x−z plane (y = 0) for the eigenmode at ky = 0.66. This demonstrates that the proposed device maintains substantial enhancement, even for high deviations from the Γ point. The generation of photon pairs will therefore be significantly enhanced at a certain design wavelength; for example, the 1550 nm photon pairs shown in this case that may be collected using a high-NA lens.
	[image: thumbnail]	Fig. 2 (a) Geometrical layout of the proposed flatband resonant metasurface. Periodic GaAs (made from [110] cut GaAs) metasurface with a period of P in x-direction and S × P in y-direction and thickness of 300 nm. S represents a non-zero scaling factor, which gives a different pitch in x- and y- directions. The substrate SiO2 is not shown for simplicity. (b) & (c) shows the geometry engineering introduced to respectively generate high-Q and flatband features.



	[image: thumbnail]	Fig. 3 (a) Band structure of the proposed metasurface with period of P in both x-/y- directions and the band structure with period of P/2 in x-direction. The colour of the lines indicated the value of quality factor of the modes, while the area above light-lines represents radiation continuum. The green-dashed lines represent the modes that are folded above the lightline. (b) Illustration of Band-folding effect caused by period doubling.



	[image: thumbnail]	Fig. 4 Q factor engineering. (a-d) Band structure of the proposed metasurface with different PDP ratio δ1/δ2. Each mode is coloured based on the Q factor. (e-h) Q factor value in log scale versus ky corresponding to (a-d) respectively.



	[image: thumbnail]	Fig. 5 Flatband engineering. (a-d) Band structure of designed high-Q band with different S parameters.



	[image: thumbnail]	Fig. 6 Optimised high Q flatband design enabled by dual PDPs and duty cycle engineering. (a) Band structure and Q factors of the corresponding eigenmodes. (b) Near field electric field enhancement distribution of the eigenmode with ky = 0.66 and λ = 1548 nm).



3 Conclusion and discussion
A metasurface that supports a high-Q flat-band structure is proposed through simulation, featuring both a flat band along the Γ–Y direction and high-Q modes across the entire band. Using a technique that we refer to as period doubling perturbation (PDP), the guided modes that were originally below the light line were folded to above the light line. By introducing dual, 2- axis, PDPs, the dynamic control two BICs in k-space was achieved, which helped obtain modes with Q factors maintained above 10⁶ along the whole band. The flat band is achieved by tuning the relative period size in the y direction: by reducing the duty cycle of the metasurface unit cell along y, a flat band across the entire Γ–Y direction was obtained. The proposed metasurface has the potential to serve as a platform for efficient spontaneous parametric down-conversion (SPDC) generation of quantum photon pairs, and it supports collection of the photon pairs using a high-NA lens. All the proposed structures are normalised with respect to the period, which means that by changing the period size (and scaling all geometrical parameters accordingly), the design wavelength of this example (1550 nm) can be shifted to any wavelength. In future work, we plan to conduct experiments using the setup illustrated in Figure 1. Recent reports have experimentally highlighted the directionality of photon pair emission [48–50]—a factor that has frequently been overlooked. Consequently, determining whether to employ a transmissive or reflective configuration, or to perform coincidence detection across counter direction (forward-backward directions) will be a critical aspect of our experimental investigation.
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	[image: thumbnail]	Fig. 1 (a) Conventional optical path for photon pair generation using resonant metasurface. HWP = Half Wave Plate, CW = Continuous Wave, LP filter = Long Pass filter, SNSPD = Superconducting Nanowire Single-Photon Detector. (b) Conceptual illustration of a flatband resonant metasurface versus a dispersive resonant metasurface.
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	[image: thumbnail]	Fig. 2 (a) Geometrical layout of the proposed flatband resonant metasurface. Periodic GaAs (made from [110] cut GaAs) metasurface with a period of P in x-direction and S × P in y-direction and thickness of 300 nm. S represents a non-zero scaling factor, which gives a different pitch in x- and y- directions. The substrate SiO2 is not shown for simplicity. (b) & (c) shows the geometry engineering introduced to respectively generate high-Q and flatband features.
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	[image: thumbnail]	Fig. 3 (a) Band structure of the proposed metasurface with period of P in both x-/y- directions and the band structure with period of P/2 in x-direction. The colour of the lines indicated the value of quality factor of the modes, while the area above light-lines represents radiation continuum. The green-dashed lines represent the modes that are folded above the lightline. (b) Illustration of Band-folding effect caused by period doubling.
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