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Abstract
[bookmark: _Hlk106186521][bookmark: _Hlk106186608]Nitrogen-vacancy (NV) centers in nanodiamond hold great promise for creating superior biological labels and quantum sensing methods. Yet, inefficient photon generation and extraction from excited NV centers restricts the achievable sensitivity and temporal resolution. While conventional nanophotonic resonators made of either dielectric or plasmonic nanocavities can provide a considerable Purcell enhancement, they prove less effective to enable a broadband optical enhancement mechanism that is needed to accelerate the transition dynamics of NV centers with a broadband fluorescence. Herein, we report a pyramidal hyperbolic metasurface fabricated by nanosphere lithography to modify the spontaneous emission of NV centers. It consists of alternatively stacked silica-silver thin films in a pyramidal fashion and supports both spectrally broadband Purcell enhancement and spatially extended intense local fields owing to the hyperbolic dispersion and plasmonic coupling. The enhanced photophysical properties are manifested as a simultaneous amplification to the spontaneous decay rate and emission intensity of NV centers. We envision that the reported pyramidal metasurface could serve as a versatile platform for creating chip-based ultrafast single-photon sources and spin-enhanced quantum biosensing strategies, as well as further our fundamental understanding of photoexcited species in condensed phases. 
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1. Introduction
        Nitrogen-vacancy (NV) centers in nanodiamond represent a unique type of solid-state quantum emitter owing to their outstanding optical and spin properties.1-5 Exhibiting a broadband and photostable fluorescence, coupled with the chemical stability and low cytotoxicity of nanodiamonds, NV centers can serve as a robust anti-bunched single-photon source and an excellent biological imaging contrast agent.6-8 The distinct spin-preserving and spin-selective optical transitions of NV centers form the basis of optically detected magnetic resonance and have fostered a plethora of interest in developing quantum biosensing methods, as exemplified by the nanoscale magnetometry5, 6 and spin-enhanced ultrasensitive diagnostics1-3. Yet, the achievable sensitivity and temporal resolution are compromised by inefficient photon generation and extraction from excited NV centers owing to their long radiative lifetime, which ranges from 10 to 30 ns depending on the size and refractive index of nanodiamonds. 
        Boosting the efficiency of photon generation hinges on accelerating the spontaneous emission of NV centers.8-11 For conventional quantum emitters such as semiconductor quantum dots and organic dyes, their transition dynamics can be modified by the Purcell effect, which is linearly dependent on the quality factor but inversely scales with the mode volume of an optical cavity.10-17 Owing to the high-Q cavity mode of a dielectric resonator and the subwavelength mode volume of a plasmonic nanocavity, they are both well suited to provide a significant Purcell enhancement to accelerate the transition dynamics of quantum emitters, provided that the optical cavity is tuned to be in resonance with the emission spectrum of quantum emitters. However, as an optical cavity usually supports a much narrower spectral linewidth than the broadband emission spectrum of NV centers, it proves less effective at providing a broadband enhancement mechanism. The lack of a broadband enhancement strategy underscores the challenges in accelerating the spontaneous emission of NV centers by merely using conventional methods.
        Recently, hybrid dielectric-metallic nanostructures that are judiciously structured at the subwavelength scale, known as metamaterials, have unleashed new possibilities for engineering spontaneous emission in nanophotonics.8, 18-22 For example, metamaterials made of alternatively stacked dielectric-metallic thin films have shown great promise for broadband amplification of the local density of optical states (LDOS) and extraordinary light confinement at the deep subwavelength for enhanced light-matter interactions.9, 18 Underpinning such exceptional properties is the highly directional response of free electrons as their motion is spatially constrained to the plane of each constituent thin film, which gives rise to the ultra-anisotropic dielectric tensors.18 When one of the principal components of the dielectric tensors is opposite in sign to the other two, the isofrequency surface (IFS) of TM polarized waves exhibits a hyperbolic dispersion with respect to the corresponding components of the k-vector. One important consequence of the hyperbolic dispersion is the activation of metamaterial modes with a high momentum, or high-k modes, which allows extraordinary light-matter interactions and has formed the basis for realizing quantum nanophotonic functionalities on hyperbolic metamaterials.23-25 Indeed, high-k modes have been found to facilitate lasing actions of quantum emitters26-29 and can significantly enhance the transition dynamics of quantum emitters over an extended wavelength range9, 19-22. Nevertheless, the evanescent nature makes it difficult for high-k modes to couple to the free space, and therefore, the enhanced transition dynamics is mostly manifested as the accelerated non-radiative decay rates, without pronounced fluorescence intensity enhancement. 
        To address the above challenges, in this study, we propose to develop a pyramidal hyperbolic metasurface, which could potentially provide the desired broadband optical enhancement mechanism as well as an effective coupling to the far field. This is because the proposed pyramidal metasurface possesses all the essential attributes of metamaterials, including the hyperbolic dispersion. Importantly, it has been established in plasmonics that the pyramidal geometry serves as an effective scatterer30 and contributes to strong enhancement to both surface-enhanced Raman scattering31-33 and plasmon-enhanced fluorescence34. Therefore, we hypothesize that the pyramidal geometry would similarly facilitate an accelerated radiative decay rate of NV centers, which would also yield enhanced fluorescence brightness. To test the hypothesis, a comprehensive study is launched to first unveil the optical properties of the pyramidal metasurface and its capability in modifying the photophysical properties of NV centers. Nanosphere lithography is then employed to fabricate a (3-cycle, 6-layer) pyramidal metasurface. Finally, the spontaneous emission of NV centers in nanodiamond is measured for the fabricated metasurface using fluorescence lifetime imaging microscopy (FLIM) to provide an experimental validation to the hypothesis. 
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[bookmark: _Hlk100932215]Figure 1 (a) Schematic for the conceptualized nanopyramid array-based hyperbolic metasurface with each individual nanopyramid made of three cycles of alternatively stacked silica (24 nm) and silver (16 nm) thin films on the quartz substrate. The hexagonally patterned nanopyramid array has a periodicity of 1 µm as indicated in the figure. Each nanopyramid has a height of 120 nm and a base edge length of about 310 nm; (b) calculated permittivity parallel ( in the x-y plane) and perpendicular ( in the x-z plane) to the metasurface, i.e., the inset schematic: alternatively stacked silica (24 nm) and silver (16 nm) thin films, as compared to the real  and imaginary part  of the permittivity of silver based on Drude model; (c) IFS at 680 nm for the metasurface in (b) displaying a hyperbolic shape as compared to spherical IFS of air at 680 nm and spherical IFS at 200 nm.
 
2. Results and Discussion     
2.1. Broadband amplification of Purcell effect by hyperbolic dispersion 
        The conceptualized metasurface is a nanopyramid array sitting on the quartz slide with each individual nanopyramid made of three cycles of alternatively stacked silica-silver thin films, as schematically depicted in Fig. 1a. In this study, a cycle is defined to consist of one silica-silver layer. The silica and silver layers each have a thickness of 24 nm and 16 nm. The hexagonally patterned nanopyramid array has a periodicity of 1 µm. Each nanopyramid has a height of 120 nm and a base edge length of about 310 nm. Selection of the layered dielectric-metallic thin films and the parameters is made based on the requirement of the hyperbolic dispersion and by considering the ease of nanofabrication experimentally. Particularly, despite the low filling density of the nanostructured elements on the quartz substrate, previous research has shown that the hyperbolic dispersion for metasurfaces consisting of layered dielectric-metallic thin films is mostly preserved and can be approximated by the effective medium theory in the long-wavelength limit where the periodicity of the alternatively stacked silica-silver thin films, which is 40 nm, is much smaller than the studied wavelength.22, 35. To that goal, we first treated the dielectric function of silver based on Drude model30
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where the high frequency permittivity , the plasma frequency  and the damping constant  in energy unit. Following the convention defined previously,18 the components  and  of the effective permittivity for the metasurface are defined as parallel and perpendicular to the anisotropy axis, i.e. the z-axis, respectively, as shown in Fig. 1b. The permittivity of silica  was modelled with a constant value of . Based on the effective medium theory, the effective permittivity can be obtained as below:
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where f is the filling factor of the metal. The orthogonal components of the effective permittivity are opposite in sign with  and  for a wavelength larger than 390 nm, as shown in Fig. 1b. Given that the dispersion relation for the two corresponding orthogonal wavevectors  and  takes the following form18
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where  is the speed of light, the metasurface as schematically depicted in Fig. 1b thus displays a hyperbolic dispersion for a given isofrequency surface (IFS) if its frequency  falls into the hyperbolic dispersion region as highlighted in light red color in Fig. 1b. Fig. 1c compares the hyperbolic IFS of the metasurface to the spherical IFS of air for a wavelength of 680 nm. Outside the hyperbolic dispersion region, e.g., at a wavelength of 200 nm, the metasurface displays a spherical IFS.
        One important consequence of the hyperbolic dispersion is the broadband amplification to the Purcell effect that underpins modification to the spontaneous emission of quantum emitters. Based on Fermi’s Golden Rule,16 the spontaneous emission rate  for a two-level quantum system is given by
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where  is the transition matrix from the initial state  to the final state  with  as the interaction Hamiltonian. As an approximation, the emission rate  in Eq. (4a) scales with , which demands summing over all the available wavevectors  with polarization  that have a frequency equal to the transition energy . By combining the IFS  in Eq. (3), we have 
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The right term  in Eq. (4b) is the area of the IFS with a frequency  as defined in Eq. (3). Therefore, the spontaneous emission rate  scales with the area enclosed by the IFS at the transition frequency . From Fig. 1c, for a hyperbolic dispersion, Eq. (4b) diverges and practically, it leads to a strong and broadband amplification of the spontaneous emission rate , which is drastically different from a spherical dispersion. Such unique broadband optical amplification has important applications in enhancing spontaneous emission of NV centers in nanodiamond, given the associated broadband emission spectrum. In what follows, a systematic study is launched using finite-different time-domain (FDTD) simulations to first elucidate the optical and photophysical properties of the pyramidal metasurface, followed by an experimental demonstration of an enhanced spontaneous emission of NV centers on the fabricated pyramidal metasurface. 
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Figure 2 Spectral tunability and polarization independence. (a) Definition of the two polarizations,  (along with k in the cross-sectional plane as depicted by the dashed triangle) and  which are orthogonal to each other; (b) Extinction spectral tunability produced by varying the number of cycles for the alternatively stacked silica (24 nm) – Ag (16 nm) pyramidal metasurface. The colored curves were under  polarization while the black dashed curves were under  polarization (curves are arbitrarily offset vertically for clarify of presentation. (c) and (d) The absorption (Abs), scattering (Sca), and extinction (Ext) spectra for the pyramidal metasurface consisting of three cycles of alternatively stacked silica (24 nm) – Ag (16 nm) layers under the two orthogonal polarizations, respectively.

2.2. Spectral tunability
        The number of constituent thin films was varied to study the spectral tunability of the layered pyramidal metasurface as depicted in Fig. 1a. Given the geometrical asymmetry of a pyramid, two orthogonal polarizations were studied. The polarizations are defined in Fig. 2a. By varying the number of silica-silver cycles, the extinction spectra (colored curves are under  polarization while black dashed curves under  polarization in Fig. 2b) were found to be tunable across the visible to the near-infrared wavelength range. For metasurfaces with one and two cycles of silica-silver layers, they displayed polarization-dependent extinction spectra owing to the geometric asymmetry of a pyramid. Interestingly, for metasurfaces with four and five cycles of silica-silver layers, despite the geometric asymmetry, their extinction spectra became polarization-independent on the long-wavelength side (>800 nm, the dashed curves indicating an orthogonal polarization was intentionally vertically shifted for better visualization in Fig. 2b). While the polarization-independent optical response of the metasurfaces hints at a hidden symmetry yet to be unveiled, we tentatively attribute it to the spatial confinement of free electrons whose motion is restricted to the plane perpendicular to the anisotropy axis that aligns with the direction of the incident wavevector , as shown in Fig. 2a. Similar polarization-independent optical properties were observed in our previous studies of a metallic tetrahedronal nanoparticle with geometric asymmetry, but were ascribed to the symmetry breaking.36
        A closer study of the absorption, scattering, and extinction spectra for a pyramidal metasurface consisting of three silica-silver cycles reveals rich spectral features, as shown in Fig. 2c-d.  In addition to the two prominent resonances in the near-infrared wavelength range, i.e., 1113 nm - 1118 nm and 880 nm - 890 nm, it also supports multiple resonances in the visible wavelength range from 560 nm to 750 nm. All these plasmonic cavity modes can be understood based on the Fabry-Pérot-like resonances, as elaborated below. 
2.3. Fabry-Pérot-like cavity mode profiles
        For the pyramidal metasurface, the silica layer imbedded between two thin silver films can support transmission-line types of resonances modified by the plasmonic dispersion of silver.37 Following the interaction between the incident light and the metasurface, a transmission-line type of resonance is formed but is subjected to the boundary conditions imposed by the pyramidal metasurface. Owing to the mismatch of the effective impedance between the metasurface and the surrounding air, most of the confined EM waves in the transmission line interfere with one another before and after reflection at the boundary, which leads to the formation of the Fabry-Pérot-like cavity modes. Those leaking from the metasurface contribute to the far-field scattering. 
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Figure 3 Electric field mode profiles () for the pyramidal metasurface consisting of three cycles of alternatively stacked silica (24 nm) – Ag (16 nm) layers under  polarization.

        The Fabry-Pérot-like cavity modes are manifested as the electric field  distributions in the silica layers of the metasurface. The electric field mode profiles are shown in Fig. 3. The mode profiles under an orthogonal polarization are shown in Fig. S1. On the long-wavelength side, e.g., the 1113 nm - 1118 nm and 880 nm - 890 nm resonances, the electric field  tends to be confined in the silica layer near the vertices and edges. For the cavity modes on the short-wavelength side, e.g., from 560 nm -750 nm, the electric field  spreads to the side surfaces, or the facets of the pyramidal metasurface. The above observations are consistent with previous findings in studying metallic nanocubes, tetrahedronal and pyramidal nanoparticles.30, 34, 36, which suggest that vertex/corner and edge modes occur at a lower frequency while higher-frequency modes are featured by the electric field spreading to the surface/facets.
        Compared to conventional transmission lines, the pyramidal metasurface allows multiple transmission-line types of resonances to occur simultaneously, which enriches the spectral features and underlies the broadband optical enhancement unique to this type of layered metasurface. The pyramidal metasurface also plays the role of an antenna that enhances its interaction with the incident light owing to its almost equally weighted absorption and scattering coefficients (Fig. 2c-d). To understand how these optical modes contribute to modifying the photophysical properties of quantum emitters, in what follows, both the excitation and spontaneous emission enhancement of NV centers in nanodiamond are studied by coupling the nanodiamond to the pyramidal metasurface. 
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Figure 4 Electric field enhancement at an excitation wavelength of 532 nm. (a) and (c) Electric field enhancement  under two orthogonal polarizations with different views for the pyramidal metasurface consisting of three cycles of alternatively stacked silica (24 nm) – Ag (16 nm) layers, as compared to (b) and (d) for solid silver nanopyramid arrays with the same dimension. The excitation rate is proportional to the square of the electric field enhancement. 

2.4. Excitation rate enhancement
        The spontaneous emission can be simplified as a two-step process that includes the excitation and emission, following our previous treatment.34 The NV centers in nanodiamond were modelled as a point dipole-like two-level quantum system represented by . The excitation rate is given by
	
	
	(5)


From Eq. (5), the excitation rate enhancement scales with the local electric field enhancement . Using FDTD simulations, the calculated local field enhancement for the pyramidal metasurface with three cycles of silica-silver layers is shown in Fig. 4a, c under two orthogonal polarizations. As a control, the local field enhancement for a solid silver nanopyramid with the same dimension is shown in Fig. 4b, d. While the solid silver nanopyramid displayed an intense field enhancement at the vertices and edges, the pyramidal metasurface exhibits an electric field that spreads across the vertices, edges, and facets. Such a spatially extended local field distribution with a consistently high magnitude underscores the unique capability of the pyramidal metasurface in enhancing the excitation rates of solid-state quantum emitters including but not limited to the studied NV centers. 
2.5. Spontaneous emission rate enhancement
        To understand how the spontaneous emission of NV centers in nanodiamond was modified by the metasurface, we performed calculation of the photophysical properties following the method we adopted previously.7, 34 The intrinsic quantum efficiency (QE) of NV centers in nanodiamond with a mean diameter of 40 nm was assumed to be 0.7. The NV centers displayed a broadband fluorescence emission from 600 nm to 750 nm as measured on the quartz slide (Fig. 5b), whereas the zero-phonon line is clearly discernible at around 638 nm. To test the broadband optical effects of the pyramidal metasurface on the spontaneous emission of NV centers, the calculated radiative rate, total decay rate, and QE enhancements were integrated over the wavelength range from 650 nm to 720 nm. As the NV centers could orient in any combination of the three depicted orthogonal polarizations as shown in Fig. 5a, the results in Fig. 5c-h were averaged from all the three possible polarizations. The position-dependent modifications to the spontaneous emission were further obtained by moving the point dipole, which modelled the NV centers, along the edge (point A to F in Fig. 5a) and along the facet (point G to L in Fig. 5a). As NV centers are likely to be found near the surface of a nanodiamond, each studied position was modelled to be about 6 nm away from the nearest point of the metasurface and was horizontally aligned to the center of each layer. In the meanwhile, a solid silver nanopyramid with the same dimension was used as a control, with the position-dependent spontaneous emission values similarly calculated and presented in Fig. 5c-h.  
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Figure 5 Spontaneous emission rate enhancement. (a) Left: NV centers in nanodiamond are modelled as an electric dipole with three orthogonal polarizations (, ); right: schematic for spatial variation of the electric dipole along the edge (A to F) and facet (G to L) of the metasurface. (b) Fluorescence spectrum from NV centers in nanodiamond under 532 nm excitation. Results shown in (c-e) and (f-h) correspond to results from the edge and facet, respectively. (c) and (f) Radiative decay rate enhancement , (d) and (g) total decay rate enhancement ,, (e) and (h) quantum efficiency (QE) enhancement  for an electric dipole spatially varied on the metasurface as compared to on the silver nanopyramid arrays with the same dimension. For (c) to (h), all the enhancement factors with arbitrary units were obtained by integrating the enhancement factors in the wavelength range from 650 nm to 720 nm and averaged by the three orthogonal polarizations; red curves for data obtained on the layered pyramidal metasurface while blue curves on the silver nanopyramid arrays. 

        The results in Fig. 5c-d, Fig. f-g suggest that, for the point dipole positioned along either the edge or the facet, the pyramidal metasurface enabled an overall larger radiative and total decay rate. As a comparison, the solid silver nanopyramid allowed a larger radiative and total decay rate only when the dipole was located near either the top vertex or the bottom vertices/edges. If considering the dipole positioned along both the edge and the facet of the pyramid, the metasurface and the solid silver nanopyramid enabled a largely similar QE enhancement, as shown in Fig. 5e, h. The above observations in Fig. 4-5 suggest that, despite the considerable optical enhancement at the vertices and edges for a solid silver nanopyramid, the pyramidal metasurface enabled a spatially extended and broadband amplification to the transition dynamics including both the excitation and spontaneous emission processes for NV centers. Further confirming the superior photophysical properties enabled by the pyramidal metasurface are the calculated radiative rate, total decay rate, and QE enhancements integrated over an extended wavelength range from 550 nm to 1500 nm, as depicted in Fig. S2. Additionally, the pyramidal metasurface was also found to enable a larger non-radiative decay rate, as shown in Fig. S3 for the calculated non-radiative rate integrated over 650 nm to 720 nm and 550 nm to 1500 nm, respectively.  
2.6. Fabrication and characterization of the layered pyramidal metasurface
        To experimentally test the capability of the pyramidal metasurface in accelerating the transition dynamics of NV centers in nanodiamond, we proceeded to conduct nanofabrication using nanosphere lithography and perform spontaneous emission measurements on the fabricated metasurface by FLIM. The protocol for nanosphere lithography was documented previously in both our work and the work of others done to create metallic nanohole38, 39, nanoring40, and nanopyramid arrays30-32, 34. The protocol for fabricating the pyramidal metasurface is schematically shown in Fig. 6a with details in Section S3. Briefly, polystyrene beads with a mean diameter of 1 µm were first hexagonally patterned onto the quartz substrates, forming the template for subsequent materials deposition. E-beam evaporator was used to alternatively deposit silica (24 nm) and silver (16 nm) for three cycles. While a chromium layer of 5 nm was deposited at the very beginning, a chromium layer of 2 nm was also always deposited in the interval of silica and silver deposition to enhance the inter-layer adhesion. Scanning electron microscope (SEM) images for the fabricated pyramidal metasurfaces are shown in Fig. 6b-d. The sharp pyramidal geometry and the layered structures are clearly visible. Optical characterization unveiled two prominent resonances in the near-infrared wavelength range, i.e., 1080 nm and 820 nm, as shown in Fig. 6e, which is largely consistent with the calculated optical spectra where two strong resonances were similarly observed in Fig. 2c-d. The fine spectral features in the visible wavelength range seen in Fig. 2c-d are obscured in the experimental data in Fig. 6e, likely due to the rounded geometry and the less than perfect thin film deposited by e-beam evaporator. 
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Figure 6 Fabrication and characterization of the pyramidal metasurface. (a) Nanosphere lithography for fabricating the pyramidal hyperbolic metasurface consisting of 3 cycles of alternatively stacked silica (24 nm) and silver (16 nm) thin films; (b-d) SEM images of the metasurface with different magnifications. (e) UV-Vis spectra for the fabricated metasurface. 

        To prepare the samples for FLIM measurement, fluorescent nanodiamonds with a mean diameter of 40 nm and a concentration of 1 mg/ml in water were first diluted using deionized water by a factor of 1000 to minimize aggregation prior to being pipetted onto the pyramidal metasurface for overnight incubation under a humid atmosphere and then left to dry in ambient condition. A solid silver nanopyramid and a quartz slide were used as a control with the nanodiamonds similarly drop-coated. The nanodiamonds were expected to be randomly and sparsely distributed on the substrates. For FLIM measurements, an incident wavelength of 532 nm was used to excite the NV centers. The fluorescence signal was collected through a bandpass filter in the wavelength range of 650 nm to 720 nm. By integrating the collected signals over an area of about 14 µm × 14 µm on each studied substrate, both the excited state decay profiles and the fluorescence intensity were obtained and are shown in Fig. 7. A bi-exponential fitting was used to extract the lifetime of NV centers on the pyramidal metasurface and on the solid silver nanopyramid while a single exponential fitting was applied to NV centers on the quartz substrate, as shown in Fig. 7a. The pyramidal metasurface and the solid Ag nanopyramid were found to enable a largely similar relaxation dynamics for the faster component with a lifetime of about 0.23 ns, versus 4.89 ns on the quartz substrate. As a large population of nanodiamonds were likely distributed near the vertices and bottom edges rather than on the facets of the pyramidal geometry, NV centers were likely to have benefited from the vertex- and bottom edge-induced plasmonic effects of the solid silver nanopyramid, which is the primary optical enhancement mechanism to amplify the spontaneous decay dynamics as numerically shown in Fig. 5, S2-S3. The accelerated relaxation dynamics for the faster component of NV centers on the pyramidal metasurface was most likely enabled by a combination of the plasmonic effects and the hyperbolic dispersion-activated broadband enhancement mechanism, as analytically shown in Eq. (4) and numerically shown in Fig. 5, S2-S3. It is noted that the relaxation dynamics of NV centers could be made even faster if they were optimally positioned near/on the facets of the pyramidal metasurface where a much larger decay rates could be activated (Fig. 5, S2-S3). 
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Figure 7 Characterization of photophysical properties for the fabricated pyramidal metasurface. (a) Lifetime (normalized counts in log10 scale) and (b) intensity measured for nanodiamonds (~ 40 nm in diameter) on the metasurface consisting of 3 cycles of alternatively stacked silica (24 nm) – Ag (16 nm) layers as compared to on Ag nanopyramid and quartz substrates. The instrument response function (IRF) is shown as a purple curve in (a-i). (a-ii) and (a-iii) are bi-exponential fitting for the decay curves of NV centers measured on the pyramidal metasurface and the Ag nanopyramid, respectively. (a-iv) is the single exponential fitting for the decay curve of NV centers measured on the quartz substrate. Yellow lines in (a) are the fitted curves. (b-ii) to (b-iv) are the fluorescence intensity images of NV centers measured on the pyramidal metasurface, the Ag nanopyramid, and the quartz substrate, respectively. The fluorescence images in (b) have a dimension of about 14 µm × 14 µm. An incident wavelength of 532 nm was used to excited NV centers with the fluorescence signal collected in the wavelength range of 650 nm to 720 nm.

        The measured fluorescence intensity histogram in Fig. 7b suggests that NV centers on the pyramidal metasurface experienced 10.2 times enhancement with respect to these on the quartz slide by integrating the color-shaded areas in Fig. 7b-i. As a comparison, NV centers on the solid silver nanopyramid experienced 1.6 times enhancement despite the similarly enhanced relaxation dynamics for the faster component as uncovered in Fig. 7a. A comparison of the fluorescence images in Fig. 7b-ii to 7b-iv further establishes the superior fluorescence enhancement on the pyramidal metasurface as compared to the solid silver nanopyramid and the quartz slide. Collectively, the simultaneous enhancement to the transition dynamics, including both the excitation and spontaneous emission rates and the fluorescence intensity of NV centers, corroborate the distinct capabilities and strong potentials of the pyramidal metasurface in modifying the photophysical properties of broadband-emission quantum emitters including but beyond NV centers in nanodiamond.

3. Conclusion
        In this study, a pyramidal hyperbolic metasurface is reported to enhance the spontaneous emission of NV centers in nanodiamond. Through systematic FDTD-based numerical studies, the pyramidal metasurface is found to display highly desired optical properties with spectral tunability and polarization independence. The uncovered mode profiles suggest that the electric field becomes spread towards the facets from the vertices and edges at the shorter wavelength range which overlaps with the emission spectrum of NV centers in nanodiamond. Interrogation of the photophysical properties confirms that in addition to the vertices and edges, the facets of the pyramidal metasurface also provide significant enhancement to both the excitation and radiative decay rate enhancement. The spatially extended enhancement of the local electric fields and the transition dynamics highlights the distinct capability of the pyramidal metasurface in providing a broadband enhancement mechanism in both the spectral and spatial domains to amplify the spontaneous emission of NV centers in nanodiamond. These numerically obtained results have been validated by performing FLIM measurements of NV centers in nanodiamond on the fabricated pyramidal metasurface. Collectively, the reported pyramidal metasurface provides an attractive platform for efficient photon generation and outcoupling to the far field and pave the way for realizing chip-based ultrafast photonic devices, and developing spin-enhanced quantum optical sensing strategies.  
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