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ABSTRACT
[bookmark: _Hlk149123692]Coherent deep ultra-violet (DUV) light sources are crucial for various applications such as nanolithography, biomedical imaging, and spectroscopy. DUV light sources can be generated using conventional nonlinear optical crystals (NLOs). However, NLOs are limited by their bulky size, inadequate transparency at the DUV regime, and stringent phase-matching requirements for harmonics generation. Recently, dielectric metasurfaces support high Q-factor resonances and offer a promising approach for efficient harmonic generation at short wavelengths. In this study, we demonstrated a crystalline silicon (c-Si) metasurface simultaneously exciting modal phase-matched bound states in the continuum (BICs) resonance at the fundamental wavelength of 840 nm with a higher degree of freedom for precise control of BICs resonance and a plasmonic resonance at the wavelength of 280 nm in the DUV to enhance third harmonic generation (THG). We experimentally achieved a Q-factor of ~180 owing to the relatively large refractive index of the c-Si and the geometric symmetry breaking of the structure. We realized THG at a wavelength of 280 nm with a power of 14.5 nW using a peak power density of 15 GW/cm2 excitation. The measured THG power is 14 times higher than the state-of-the-art THG dielectric metasurfaces using the same peak power density in the DUV regime, and the maximum obtained THG power enhancement factor is up to 48. This approach relies on the significant third-order nonlinear susceptibility of c-Si, the inter-band plasmonic nature of the c-Si in the DUV, and the strong field confinement of BICs resonance to boost overall nonlinear conversion efficiency to 5.2×10-6% in the DUV regime. Our work shows the potential of c-Si BICs metasurfaces for developing efficient and ultracompact DUV light sources using high-efficacy nonlinear optical devices.
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Deep ultraviolet (DUV, 200-300 nm in wavelengths)1-3 coherent light sources play a pivotal role in numerous applications such as photochemistry,4 nanolithography,5 water purification,6 and sterilization.7 However, the limited availability of low-loss optical components and compact coherent sources has hindered the advancement of DUV light sources. Historically, gas and excimer lasers have been used as the primary source of coherent DUV light for various applications, including microprocessing,8 spectroscopy,9, 10 and thin film deposition.11 Nevertheless, these lasers require significant footprints and gas-handling equipment, posing a great challenge for realizing the technologies for applications where compact light sources are often needed.12 On the other hand, coherent light sources have been developed via nonlinear harmonic generation, through which multiple low-energy photons are converted into a single high-energy photon.13 Third harmonic generation (THG) has been adopted for decades in numerous applications, including lasers,14 lithography patterning,15 spectroscopy,16 bioimaging,17 and nonlinear sensors.18 NLOs have been widely employed in high-power solid-state lasers due to their sufficient nonlinear coefficients in the visible and near-infrared regimes. Even though many efforts have been devoted to developing NLOs, quintessential NLOs need to be discovered predominantly because of the stringent requirement of the phase-matching conditions.19 In addition, NLOs are lossy at the DUV regime. The lack of high-quality NLOs has limited the advancement of ultracompact DUV coherent light sources with sufficient efficiency for commercial applications.20-22
The THG can be generated from any material without requiring a nonlinear medium that lacks lattice inversion symmetry.23 THG from plasmonic metasurfaces has been demonstrated in previous studies.24-26 Even though the nonlinear coefficients of metals used in these metasurfaces are relatively high, their inherent optical losses limit the Q-factor and overall conversion efficiency. To overcome the limitations mentioned above, many research groups have put an enormous effort into developing dielectric metasurfaces consisting of low-loss optical nanoantennas, and high-performance THG has been realized across the visible and near-infrared regimes.27-31 Due to their high laser damage threshold, the incident peak power density could reach several gigawatts per square centimeter.32 Crystalline dielectric materials rather than amorphous counterparts can offer a higher third-order susceptibility for nonlinear dielectric metasurfaces.33 In addition, rich optical modes confined within dielectric metasurfaces allow for the coupling and interference between these optical modes, resulting in high Q-factor resonances.34-39 Dielectric metasurfaces supporting magnetic dipole40, 41 and anapole42 resonances have been demonstrated as coherent light sources in the vacuum ultraviolet (VUV) regime. Unfortunately, the quality factors of these resonances are too weak to enable strong light-matter interaction inside the metasurfaces. Enhancing the quality factor of the cavity resonance could be achieved through the interference between optical modes excited inside the dielectric metasurface. Bound states in the continuum (BICs) are a non-radiative mode decoupled from the radiation continuum due to destructive interference between optical modes in the far field. Theoretically, BICs resonance can reach an infinite Q-factor for an infinite area of the metasurface. However, a finite Q-factor BICs resonance is obtained experimentally instead due to the finite size of the fabricated metasurfaces, nanofabrication imperfections, nanostructures surface roughness, and incident light vector mismatch.43-48 BICs modes provide strong field confinement using dielectric metasurfaces for THG.49, 50 THG enhancements with silicon-based BICs metasurfaces have been reported in recent years. 49, 51-57 However, it is noteworthy that these reported studies predominantly concentrated on THG occurring within the visible wavelength range, while the realization of THG in the DUV regime from silicon-based BICs metasurfaces has remained elusive. In recent years, there have been significant advancements in the modal phase-matched dielectric metasurfaces. It can be achieved by tailoring the metasurface geometries to achieve precise overlapping of different optical modes at the fundamental and harmonic wavelengths to boost the nonlinear generation efficiency.58-60 This progress has provided strong solutions to designing compact and efficient nonlinear optical devices. In addition, the inter-band plasmonic nature of the c-Si material near the DUV wavelength regime would enable strong surface plasmon resonance to achieve the modal phase matching in silicon metasurface operating in the DUV.61, 62
In this work, we demonstrate a modal phase-matched BICs metasurface made of a c-Si metasurface fabricated on a sapphire substrate, which can produce a coherent DUV light via THG. Symmetry breaking is introduced in the lattice structure of our design to acquire highly efficient BICs resonance and high Q-factor. Due to the large third-order susceptibility (3) of the c-Si near the fundamental wavelength of 840 nm63, the plasmonic nature of c-Si in the DUV and the efficient Q-factor, the THG signal enhancement and high conversion efficiency are achieved simultaneously. The design parameters have been optimized through rigorous numerical and experimental studies on Q-factor to achieve the highest THG efficiency compared with the state-of-the-art works on dielectric metasurface for DUV light sources.

RESULTS AND DISCUSSION
Figure 1 illustrates the concept of THG from the c-Si metasurface for ultracompact DUV light source, and the schematic of the proposed metasurface is shown in Fig. 1a. Each unit cell consists of two pillars made of c-Si with the shape of a right-angle trapezoid mirrored to each other. Symmetry breaking was induced by this right-angle trapezoid shape due to the length difference (L) between the top (L1) and bottom (L2) sides. Such symmetry breaking enables a high Q-factor BICs resonance in the lattice structure.64 The incident light with a linear polarization in the horizontal direction (x-direction) impinges from the substrate side, and the transmitted THG signals are collected from the top. Figure 1b shows the scanning electron microscope (SEM) image of the fabricated c-Si BICs metasurfaces, which started with the electron beam lithography (EBL) process using hydrogen silsesquioxane (HSQ) resist followed by the inductively coupled plasma reactive ion etching (ICP-RIE) to transfer the nanopatterns to form the c-Si metasurface. Details on the nanofabrication process refer to the Methods Section in the main text and Fig. S1 in the Supporting Information (SI).
Through finite difference time domain (FDTD) simulations, we first optimized a set of geometric parameters of the horizontal period (Px), the vertical period (Py), the horizontal gap (gx), and the length of the bottom side (L2) to control the interference between different resonant optical modes confined within the pillars to excite BICs resonance. Then, we kept those parameters constant but varied the vertical gap (gy) and the top side length (L1) till we obtained the highest Q-factor of BICs resonance. Details on the FDTD simulation setting can be found in the SI Sections 2 and 14. Figure 1c plots the simulated transmission of the metasurface with and without symmetry breaking for a comparison. When L=0 (L1 = L2), it forms a symmetrical shape (rectangle) of the pillar, and the transmission is nearly 100%. It indicates that the BICs resonance is decoupled from the radiation continuum without any radiation leakage channel. In contrast, when a tiny L of 27.5 nm was introduced, the BICs resonance was coupled to the radiation continuum of the metasurface so that a sharp peak was formed at the wavelength of 845 nm, corresponding to a high Q factor of >600. The asymmetric parameter  is L/L2, crucial to changing the Q-factor value of the BICs resonance. Figure 1d shows the measured transmission with symmetry breaking in the lattice structure. A resonant peak of BICs is formed at a wavelength of 840 nm, corresponding to a measured Q-factor of 180 with an asymmetric parameter of  = 0.22 (same as the simulation). Compared to the simulation, the degradation of the measured Q-factor is due to nanofabrication imperfections, such as side wall roughness and round edges, rather than the sharp edges of c-Si rectangles in the design, as shown in Fig. 1b. 
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Figure 1. The concept of THG via the BICs cavity in a c-Si metasurfaces at the DUV regime. (a) The schematic of the c-Si metasurface on a sapphire substrate showing the fundamental pump laser (Eω) at the wavelength (λ1) of 840 nm and the transmitted THG (E3ω) signal at the DUV wavelength (λ2) of 280 nm. The geometric parameters of the unit cell in the inset are kept constant, namely: the horizontal period Px = 550 nm, the vertical period Py = 320 nm, the horizontal gap gx = 155 nm, and the bottom side length L2 = 125 nm. The variables include the vertical gap between two neighboring pillars gy, and the top side length L1. L denotes the difference between L1 and L2.  is defined as a dimensionless ratio between L and L2. The height of the pillars is 400 nm and the thickness of a sapphire substrate is around 500 m. (b) SEM image of the fabricated c-Si metasurface on sapphire with a scale bar of 200 nm. (c) Simulated transmission with (L1 ≠ L2) (i.e., L = 27.5 nm) and without (L1 = L2) symmetry breaking. (d) Measured transmission with symmetry breaking and the normalized fs-laser spectrum used for THG experiment.

To examine the types of confined optical modes at the resonant wavelength of the BICs, we conducted multipolar decomposition (MPD) calculations as illustrated in Fig. 2a. The dominant resonant optical mode of the BICs resonance originated from the coupling between the in-plane electric quadrupole (EQ) mode and the out-of-plane magnetic quadrupole (MQ) mode. Details about the MPD simulation can be found in the Methods Section. To investigate the field distribution of the resonant BICs mode, we simulated the electric (|E|2) and magnetic field intensity (|H|2) profiles at the BICs wavelength. The field intensity distributions along the horizontal (x-y) and the vertical planes (x-z) across the center of the pillar (z = 200 nm) are plotted in Fig. 2b. We used vector field analysis to determine the direction of the fields. The electric field intensity |E|2 oscillates in the horizontal plane while the magnetic field intensity |H|2 in the vertical plane. Additionally, the vectorial components of the MPD plotted in Fig. S3 in SI confirm the formation of the BICs resonance due to the coupling between the in-plane EQ and out-of-plane MQ modes. 
We simulated the linear transmission of the proposed BIC metasurface in the short wavelength regime to optimize the surface plasmon resonance in the DUV and to estimate the transmission efficiency of this metasurface at THG wavelength, as shown in Fig. 2c. Through engineering the metasurface dimensions, we observed a surface plasmon resonance at the THG wavelength with a Q-factor of up to 90. In addition, the transmission efficiency reaches up to 18% around the THG wavelength. This enhancement mainly comes from the inter-band plasmonic nature of the c-Si metasurface near the DUV wavelength regime. We observed an additional resonant near the second order of the fundamental frequency near 400 nm with a calculated Q-factor of 21. The field profile study was performed to examine the plasmonic resonance enhancements, and the results are plotted in Fig. 2d. A strong surface plasmon resonant field confinement |E|2 is excited along the surface of the pillars and aligned with the direction of the incident polarization to increase the field confinement at the THG wavelength. 
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Figure 2. Field simulations of the proposed BICs cavity. (a) Normalized scattering cross section (NSCS) versus wavelength near BICs wavelength for electric dipole (ED), magnetic dipole (MD), toroidal dipole (TD), electric quadrupole (EQ), and magnetic quadrupole (MQ). (b) Electric field intensity (|E|2) and magnetic field intensity (|H|2) profiles of c-Si metasurface at the BICs resonance wavelength in the horizontal (x-y) and vertical planes (x-z) at a distance of z = 200 nm from the bottom of the pillar. (c) Simulated transmission of the BIC metasurface near the THG wavelength. (d) Simulated field profile of the BIC metasurface at the plasmonic resonance wavelength.

In order to gain an insight into the influence of geometric variables such as the  and gy on the BICs resonance, we conducted two separate parametric sweeps and then fabricated several c-Si metasurfaces accordingly for experimental verification. The calculated and experimental results on the effect of  are plotted in Figs. 3a-3c, while the results on the effect of gy are in Figs. 3d-3f. As depicted in Fig. 3a, upon the rise of , the gradual formation of BICs resonance in the transmission spectrum is observed with a blue shift in the BICs resonance wavelength and a broadening of the BICs resonance full-width half maximum (FWHM). The calculated Q-factor versus asymmetry parameter is plotted in Fig. S4. According to the simulation, the Q-factor of an ideal BICs should approach infinity when  becomes smaller and smaller, assuming an infinite and lossless metasurface. However, due to the nonradiative losses of the c-Si material and the finite size of the fabricated metasurface, we observed a BICs resonance with Q-factors (~103) with a very small  = 0.06 (ΔL = 7 nm). The measured transmission is shown in Fig. 3b. A blue shift of the peak resonance of BICs was observed when α is greater than 0.11. Moreover, the transmission of the case of  = 0.06 was too weak to be measurable largely due to the background noise. Broadening of the BICs peaks, i.e., the increase of the FWHM, was also observed with the increase of α. This trend is consistent with the simulation results. The blue shift of the BICs resonance wavelength with increasing the  value was mainly due to the reduction of trapezoidal pillar volume, which resulted in coupling the in-plane EQ and out-of-plane MQ modes at a shorter wavelength. SEM images of the fabricated samples with different α are illustrated in Fig. 3c. 
[image: ]
Figure 3. BICs cavity performance versus parametric sweep on design parameters α and gy. (a) Simulated and (b) measured transmission of c-Si metasurface versus different α. (c) SEM images of the fabricated patterns with different α. Insets: scale bar of 200 nm. (d) The simulated and (e) measured transmission of c-Si metasurface versus different gy; (f) SEM images of fabricated metasurfaces with different gy. Insets: scale bar of 200 nm.

We investigated the effect of changing gy between two neighboring unit cells on the transmission spectrum to get an additional tuning variable to control the BICs resonance. A blue shift of the BICs peak resonance wavelength was observed in the simulated transmission spectrum when gy increases, as plotted in Fig. 3d. This trend agrees well with the measured transmission spectrum, as shown in Fig. 3e. for all five fabricated patterns. This study reveals that the blue shift of the BICs resonance can be acquired at any desired wavelength by just changing the gy. The slight shift in the BICs wavelength between simulation and experiment during both parametric sweep studies is due to the tiny shrink of the final fabricated dimensions compared with dimensions used in simulations. Increasing the gy value resulted in reducing the trapezoidal pillar volume. As a result, the BICs resonance wavelength blue shifted, as the EQ and MQ modes formed at shorter wavelengths. SEM images of the fabricated samples with different gy are depicted in Fig. 3f.
The fabricated samples were characterized by using a customized optical setup. The measured results of THG enhancement are depicted in Fig. 4. The measurement setup is sketched in Fig. 4a. To increase the incident peak power density on metasurfaces, the diameter of the focal spot of a femtosecond (fs)-laser (Mai Tai XF-1) was set around 21 µm. The transmitted THG was collected using a low-loss fused silica plano-convex lens to minimize the absorption of the THG signal at the DUV wavelengths. The THG signal was separated from the pump laser using a prism and detected using a photomultiplier tube (PMT). The THG measurement setup and optical components are detailed in the Methods Section.
The relationship between the measured THG power and the pump power is plotted in Fig. 4b. The highest and the most efficient THG power was obtained using metasurface with α = 0.22, which equals 14.5 nW under an average pump power of 280 mW and a fluence of approximately 1 mJ/cm2. The THG power plot versus other fabricated asymmetry parameters is plotted in Fig. S12. We plotted a line using the formula of , where a and b are fitting parameters for the THG data. The fitting slope equals 2.904, and the R-squared value of the fit equals 0.998. It indicates that THG power increased as a cubic function of the pump power, and the pump power vanished effectively. Additional information on the calculation of THG power can be found in the Methods Section. The THG conversion efficiency was calculated by the following formula, which arrives at:
				(1).
[bookmark: _Hlk149062174][bookmark: _Hlk149123076]There are two ways to increase THG power further. First, improving the experimental Q-factor of the BICs resonance to be close to the simulated Q-factor will enhance the THG power. Second, c-Si exhibits a large laser damage threshold with a fluence threshold of approximately 30 mJ/cm2 under a similar pump power of the fs-laser mentioned above.65 It implies that there is still room to increase the THG power by more than four orders of magnitude via raising the pump power just below the laser damage threshold of c-Si. We measured the THG power of a c-Si thin film with a thickness of 400 nm on sapphire, which served as a reference sample to evaluate the enhancement factor in THG power using the BICs resonance. The measured data is plotted in Fig. 4b, showing an enhancement factor of ~16 times, which could be improved by collecting all higher orders of diffraction using a UV objective lens with a high numerical aperture (NA>0.85). Fig. S16 in the Supporting Information discussed the far-field diffraction plot of the c-Si metasurface at the BICs resonance wavelength. The measured Q-factor of the c-Si BICs metasurface is ~10 times larger than the state-of-the-art value in the reported work at the DUV regime.42 We achieved a higher THG power by ~14 times under the same peak power density, and the maximum obtained THG power enhancement factor is up to 48 due to the strong modal phase matching between the BIC resonance at the fundamental wavelength and the surface plasmon resonance at the THG wavelength. 
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Figure 4. THG measurement results of c-Si metasurface supporting BICs resonance. (a) Schematic of optical setup used for measuring THG power and spectrum. (b) Measured THG power versus pump power for c-Si BICs metasurface and c-Si thin film, and the fitting line with slope of power of 2.904 and 3.064 respectively. (c) Measured normalized THG spectrum versus fundamental wavelength. (d) The polar plot of THG intensity versus pump polarization angle.

We experimentally measured the THG spectrum as a function of the pump laser wavelength using the same optical setup, and we plotted the results in Fig. 4c. The peak THG signal was around the pump laser wavelength of 840 nm, corresponding to a THG peak resonance at a wavelength of 280 nm. We also measured the dependence of the THG signal on the pump power polarization angle, as plotted in Fig. 4d. The pump laser polarization was varied using a half-wave plate (HWP) with a center wavelength of 800 nm. The maximum THG signal obtained for horizontal polarization (x-direction) is consistent with our transmission measurement in Fig. 1d, where the BICs resonance is excited only in the horizontal direction. No BICs resonance was excited along the vertical direction (y-direction), and the THG vanished.

CONCLUSION
In summary, we have demonstrated a modal phase-matched bound state in the continuum resonance in the c-Si metasurface to generate THG signals at the DUV wavelength of 280 nm. Due to the high third-order nonlinearity of the c-Si and the induced symmetry breaking, we experimentally obtained a high Q-factor of 180 with the c-Si metasurface supporting the BICs resonance. The inter-band plasmonic nature of c-Si in the DUV provides additional field confinement to amplify the THG power. The proposed DUV coherent light source can produce a THG power of up to 14.5 nW, yielding a nonlinear conversion efficiency of 5.2×10-6 % under a peak power density of 15 GW/cm2. This work demonstrates the potential of using high Q-factor c-Si metasurfaces for nonlinear photonic devices in applications such as high harmonic generation, entangled triplet photons, and quantum communications in the DUV regime. We note that the Q-factor of BICs resonance can be further improved from fabrication and materials perspectives. Refinement of the nanofabrication process can produce high-accuracy feature sizes and shapes, significantly improving the fabricated Q-factor to be close to the predicted value by simulation. Optical materials with high nonlinear and low extinction coefficients could enhance the THG process significantly. Emerging two-dimensional materials can be explored for ultra-compact and efficient light sources at short wavelengths, especially DUV and VUV regimes.  In addition, the BICs structure presented is not exclusive to the nonlinear optics; we expect to see efficient cavities for applications such as VUV lenses,66 chiral light emission devices, and high harmonic generation.

METHODS
Transmission and Field Profile Simulations
Transmission simulations were performed using a three-dimensional finite-difference-time-domain simulator (Lumerical FDTD Solution).67 The refractive indices of the materials were obtained from the FDTD library. A linearly polarized plane wave was used to pump the BICs cavity, and periodic boundary conditions were applied in the horizontal direction (x-y plane). At the same time, a perfectly matched layer was utilized in the vertical direction (z-axis). The mesh size used was less than 10 nm. A two-dimensional field monitor was placed below the sapphire substrate to calculate the transmission. The field profile plots were generated using a horizontal and a vertical 2D monitor crossing the BICs cavity from the center. All simulations were run with an auto-shutoff of less than 5×10-7 to ensure the high accuracy of the simulation. 

Multipolar decomposition calculations
The multipolar decomposition calculations were performed using FDTD Lumerical.  Two three-dimension monitors centered around the BICs cavity were used: the electric and magnetic field components confined inside the c-Si metasurface at each mesh were calculated by the first monitor while the effective refractive index at each mesh of the BICs cavity volume was calculated by the second monitor. Electric and magnetic scattering cross-sections were calculated using the following equations:
				(2),
						(3), 
					(4),
							(5), 

where CED, CEQ, CMD, and CMQ denote the scattering cross-section of an electric dipole, electric quadrupole, magnetic dipole, and magnetic quadrupole, respectively. The scattering power components pcar, t, mcar, , and   denote the electric dipole, toroidal dipole, magnetic dipole, electric quadrupole, and magnetic quadrupole, respectively. The detailed formulas can be found in the literature.68 

Fabrication of c-Si BICs metasurface
The fabrication process for deep ultraviolet harmonic generation is depicted in Fig. S1. A c-Si film with a thickness of 400 nm on a sapphire substrate with a thickness of 500 µm (University Wafers Inc.) was rinsed with the acetone, then isopropyl alcohol (IPA), and then acetone again. The substrate was soaked in the acetone in an ultrasonic bath for 10 minutes, rinsed with the acetone and IPA. Electron beam lithography was performed using an Elionix ELS-7000. The first step is to spin-coat an e-beam resist of 6 % HSQ at a speed of 2000 rpm for 60 seconds, followed by spin-coating a layer of EZspacer at 1500 rpm for 30 seconds to reduce the charging effect during the exposure. Excess EZspacer was removed by drying the sample with a nitrogen flow for 10 seconds. The second step was to prepare e-beam mask files using Beamer and apply proximity effect correction to obtain a uniform e-beam dose across all metasurface patterns and reduce backscattered electrons during the exposure. The third step was to adjust the e-beam settings to apply an e-beam current of 500 pA with an acceleration voltage of 100 kV during the exposure. The base dose charge density was 9600 µc/cm2, and the exposed field pattern area was 300 x 300 µm2, divided into 60,000 dots. The final step in the e-beam process was to develop the e-beam resist by removing the EZspacer by rinsing the sample with DI water and drying the sample with nitrogen. After that, the sample was soaked in a NaOH/NaCl solution with 25 % concentration in a salty developer for 60 seconds. The sample was directly soaked in DI water for another 60 seconds to stop the development of the e-beam resist. After that, the sample was rinsed with fresh DI water, followed by IPA for a few seconds, and finally dried using a nitrogen flow for 60 seconds to fully clean and dry the sample. After EBL, nanopatterns were transferred to c-Si using a dry etching tool, an ICP-RIE (Oxford OIPT Plasmalab system), with pure chlorine gas at a flow rate of 22 sccm. The Cl2 plasma was ignited using RF power of 200 W and ICP power of 400 W in a chamber pressure of 5 mTorr at room temperature. The etching of c-Si occurred at around 200 nm/min, resulting in a residual HSQ mask thickness of 40 nm after the etching process.

Transmission measurement
Transmission measurements were conducted using a supercontinuum ns-laser (Opera from Leukos laser Inc.) with a repetition rate of 30 kHz. A quarter-wave plate (QWP), half-wave plate (HWP), and linear polarizer (LP) were used to pump the BICs cavity with the x-polarized light to excite the BICs resonance. The collected transmitted light was fiber-coupled to an Ocean Optics (USB4000) spectrometer connected to a computer.

THG power and spectrum measurement
The harmonic generation power and spectrum measurements were performed using the optical setup shown in Fig. 4a. A tunable fs-laser (Mai Tai XF-1) with a wavelength tuning range of 710 nm to 920 nm, a pulse width of approximately 70 fs, and repetition rate of 80 MHz was used. The beam diameter was less than 1.2 mm, and the average peak power was 900 mW at 800 nm. An optical Faraday isolator protected the fs-laser from the back-reflected laser. A variable neutral density filter was used to adjust the fs-laser power and investigate the dependence of the harmonic generation on the pump power. The QWP was used to compensate for the depolarization caused by multiple mirrors and covert the fs-laser back to the linear polarization. The HWP was used to rotate the linear polarization of the fs-laser to maximize the x-polarization. The LP was used to examine the THG emission at different pump polarization. A transparent glass sheet was used to allow the fs-laser to pass through and reflect white light from an LED to illuminate the sample during the positioning of the fs-laser on the metasurface pattern. FL was a B-coated plano-convex lens with a focal length of 25 mm, which focused the fs-laser onto the metasurface pattern. The FL’s numerical aperture was 0.5. CL was a highly transparent (transmission > 80%) fused plano-convex silica lens with minimal absorption down to a wavelength of 200 nm, which collected the DUV signal efficiently with minimal absorption. M1 was a flip mirror used to direct white light to the CCD camera during the alignment of the fs-laser on the metasurface pattern. M2 was another flip mirror used to couple the fs-laser to an Ocean Optics (USB4000) spectrometer connected to a PC to measure the incident fs-laser on the metasurface at the BICs resonance wavelength. A fused silica prism was used to resolve the fs-laser from the harmonic generation at the DUV regime with minimal light absorption. M3 was a VUV aluminum mirror that reflected DUV harmonics with high reflection (> 90%). DUV bandpass filters were used to block any residual light from the fs-laser, and their part numbers are two hot UV hot mirrors, two (FF01-300/80-25), FF01-439/154-25, FF01-403/95-25, and EO- 11-991. In addition, a long pass filter (part number: FGL435) was used to block the DUV signal. The photomultiplier tube (PMT) used in the setup, with a part number of (PMTSS) from Thorlabs, converted the incoming DUV power to current. 
The measured THG power was determined via the following steps: first, fs-laser pumped the c-Si metasurface, and we immediately measured the PMT current reading to avoid any thermal effect. Then we subtracted from the PMT dark current reading and the current reading from the scattered pump light in the background. Second, the current reading was converted to power using the radiant sensitivity spectrum of the PMTSS at the DUV wavelength. Finally, the optical losses from the used optical components were compensated by dividing the amplitude of transmission of the components at the DUV wavelength, including all mirrors, filters, lenses, and prisms in the setup used. 
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