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ABSTRACT  

The concept of optical bound states in the continuum (BICs) currently drives the field of dielectric 

resonant nanophotonics, and it provides an important physical mechanism for engineering high-

quality (high-Q) optical resonances in individual high-index dielectric nanoparticles and structured 

dielectric metasurfaces. For structured metallic metasurfaces, realization of BICs remains a 

challenge associated with strong dissipative losses of plasmonic materials. Here, we suggest and 

realize experimentally anisotropic plasmonic metasurfaces supporting high-Q resonances 

governed by quasi-BIC collective resonant modes. Our metasurfaces are composed of arrays of 

vertically oriented double-pillar meta-molecules with high aspect ratio covered by a thin layer of 

gold. We engineer quasi-BIC modes with highly anisotropic dispersion in the reciprocal space and 

observe experimentally sharp resonances in mid-IR reflectance spectra. Our work suggests a direct 

route to boost the resonant field enhancement in plamonic metasurfaces via combining a small 

effective mode volume of plasmonic systems with engineered high-Q resonances provided by the 

BIC physics, with multiple applications to enhance light-matter interaction for nano-optics and 

quantum photonics. 
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Plasmonic nanostructures offer strong subwavelength localisation of light,1 with widespread 

applications that range from single-photon emitters and nanoscale imaging to ultrafast lasing and 

nonlinear optics.2-4  Metal nanoparticle arrays that support surface lattice resonances have emerged 

as an exciting platform for manipulating light–matter interactions at the nanoscale and enabling a 

diverse range of applications.5 In contrast to recently highlighted field of the Mie-resonant 

dielectric nanophotonics6,7 where the field localization occurs mainly inside nanoparticles, the 

plasmonic systems such as arrays of metallic nanoparticles confine energy at the metal-dielectric 

interfaces with surface plasmonic resonances.8  Surface plasmon resoanances are ultra-sensitive to 

a local change of the reflective index and provide strong near-field enhancement of light associated 

with their small mode volume.1  However, the quality factor (Q-factor) of plasmon resonances is 

often limited due to intrinsic dissipative and radiative losses. 9  The plasmonic nanoparticle 

structures with high-Q resonances and suppressed losses would be beneficial for many applications 

that require sharp resonant response and strong enhancement of light-matter interaction.10 

Recent developments of resonant dielectric structures with high-Q resonances have attracted a 

lot of attention to the physics of optical bound states in the continuum11 (BICs) earlier studied 

mainly for photonic crystals and waveguide arrays.12-14 BICs were introduced in quantum 

mechanics almost a hundred years ago, and only in the last decade their rich physics was applied 

to engineer sharp resonances in the form of quasi-BICs in a variety of photonic systems.15 By now, 

optical BICs have been predicted and observed essentially in dielectric structures such as 

individual subwavelength nanoparticles16 and metasurfaces17, and used for various applications 

including lasing18, 19, sensing20 and nonlinear optics21. 

The explorations of BICs in plasmonic structures remain mainly excluded due to their intrinsic 

losses,1 and experimental demonstrations of plasmonic BICs have been restricted to long 
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wavelengths, such as terahertz (THz) regime, where the Ohmic loss is small and metals can be 

studied as perfect electric conductors.22, 23  At shorter wavelengths, such as mid-infrared (mid-IR) 

or visible ranges, noble metals (i.e., gold or silver) exhibit significant metallic losses and thus pose 

a challenge for the realization of BIC modes and the observation of associated resonant effects. 

Recently, the realization of BICs in hybrid plasmonic system at visible frequencies was predicted 

theoretically.24 This was achieved by employing a combination of metallic gratings and dielectric 

slabs to eliminate radiation losses in metals.  

Here, we demonstrate a plasmonic metasurface supporting quasi-BIC modes in the mid-IR 

frequency range manifested as sharp resonances in the reflection spectra. The engineered 

metasurface is composed of a periodic lattice of pairs of connected pillar resonators with high 

aspect ratio. We reveal that the radiative losses in such plasmonic arrays can be entirely eliminated 

by employing the physics of symmetry-protected BICs, and high Q factors limited only by the 

dissipation losses can be achieved. The anisotropy of double-pillar meta-molecules is employed to 

enable highly anisotropic dispersion of the quasi-BIC with the opposite group velocities along the 

principal axes of the reciprocal space. We fabricate a metasurface with the femtosecond laser 

writing technique via two-photon polymerization and cover it by a 100-nm layer of gold. Using 

Fourier transform infrared spectroscopy (FTIR), we observe sharp dips in the spectra associated 

with the plasmonic quasi-BIC. In experiment, we study quasi-BICs in the vicinity of the perfect 

absorption condition, for which the field enhancement is the highest. To enable selective excitation 

of the quasi-BICs beyond the limit of the standard FTIR, we introduce angle selectivity to the 

reflective objective which filters the angular dispersion of the incident beam. By demonstrating 

sharp resonances in the plasmonic metasurface, we have challenged one of the critical limitations 

of plasmonic nanostructures, for which strong field enhancement is associated traditionally with a 
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small mode volume rather than a high Q factor. Our demonstration opens up a new avenue for 

plasmonic metasurfaces as a platform for specific applications in light-matter interaction, 

nonlinear photonics, quantum optics, and spectroscopy. 

 

RESULTS AND DISCUSSION 

Our plasmonic metasurface consists of a  photonresist-base layer covered with a 100-nm film of 

gold, which is patterned with a structured lattice of anisotropic subwavelength meta-molecules 

(see Figure 1a). The metal film is thick enough to prevent transmission at the mid-IR wavelengths. 

25 Each meta-molecule consists of two vertical pillars with a high aspect ratio (~3) connected with 

a narrow bridge, with the geometrical parameters defined in Figure 1b. The parameters are P = 3.2 

μm, H = 1.7 μm, h = 0.6 μm, L = 1.15 μm, w = 0.5 μm, D = 0.6 μm, and t = 0.1 μm. The use of a 

three-dimensional geometry enables an extra degree of freedom for control of mode properties. 26  

 

 

 

 

 

 

 

 

 

Figure 1. Plasmonic metasurface supporting quasi-BIC resonant modes. (a) Schematic of the 

array composed of a lattice of double pillars. (b) Side and top views of the unit cell.  
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The designed metasurface supports several BIC modes, protected by the in-plane inversion 

symmetry of the meta-molecule. 17 Ideal BICs with infinite Q factor only exist in lossless infinite 

structures or in structures with infinite or zero permittivity. 11 In lossy plasmonic structures, the 

total Q factor 𝑄tot is defined by the expression 𝑄tot
−1 = 𝑄rad

−1 + 𝑄dis
−1, where 𝑄rad and 𝑄dis are the 

radiative and dissipative quality factors, respectively. The dissipative losses responsible for 

material absorption transform BICs into quasi-BICs with a high yet finite 𝑄tot.  

Below the diffraction limit, quasi-BICs radiate into a zeroth-order diffraction channel only, 

which determines the rate of 𝑄rad . With an increase of the angle of incidence, 𝑄rad  drops 

drastically while 𝑄dis  can be considered constant. At the resonance, the field enhancement 

|𝐸|2/|𝐸0|2 can be expressed as27 

|𝐸|2

|𝐸0|2
 ∝  

𝑄tot
2

𝑉eff 𝑄rad
.       (1) 

Here, 𝐸0 is the amplitude of the incident field and 𝑉eff is the effective mode volume. For plasmonic 

structures. 𝑉eff is usually deeply subwavelength which guarantees a strong field enhancement at 

the resonance. Equation (1) shows that other two factors which govern the field enhancement are 

(i) the absolute value of the total Q factor 𝑄tot and (ii) the ratio of the radiative and dissipative Q 

factors 𝑄rad/𝑄dis. To increase 𝑄tot and keep 𝑉eff small, we focus on the fundamental (dipolar) 

BIC with both small effective mode volume and high Q factor. To engineer the ratio of radiative 

and dissipative losses, we change the angle of incidence, which affects the value of  𝑄rad 

dramatically. In the BIC regime (for normal incidence), 𝑄rad → ∞ and 𝑄tot = 𝑄dis, while the field 

enhancement vanishes. For very large angles of incidence, 𝑄rad ≪ 𝑄dis, and the field enhancement 

is also small being proportional to the radiative Q factor. Equation (1) shows that the highest field 

enhancement can be achieved for an intermediate regime, when 𝑄dis = 𝑄rad. This condition is 

known as the optimal (or, critical) coupling, and it is widely studied in applications to plasmonics, 

metamaterials, and other areas28,29. Importantly, for plasmonic structures this condition coincides 
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with the condition of perfect absorption (PA).30 Therefore, to achieve the highest field 

enhancement, we need to study the quasi-BIC mode in the regime of the perfect absorption. 

 

Figure 2. Theoretical results for BICs in plasmonics double-pillar metasurfaces. (a) Simulated 

reflection spectra for various oblique incidences (band diagrams) for TE- am TM-polarized wves 

in xz-plane (θ1) and yz-plane (θ2), respectively. BICs are highlighted by dotted circles. The blue 

arrows point to the regime of perfect absorption (PA) for “Dark 1” and “Dark 2” bands. (b) and 

(c) Dependence of the quasi-BIC Q factor and wavelength on the angle of incidence along X 

(θ1 > 0) and X’ (θ2 > 0) principal axes. (d) Field enhancement and absorption at the quasi-BIC 

wavelength for different angles of incidence. (e) and (f) The wavelength cut of the simulated 

reflection map (a) for TM polarization at θ1 = 9° and θ2 = 13.2°, respectively, which correspond 

to the PA condition at the wavelength of the quasi-BIC, labeled as PA1 and PA2. The insets show 

the E- and H-field distributions at the resonance wavelengths of the quasi-BIC mode. The 

instantaneous field directions are represented by the white streamlines. 
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Figure 2a shows the simulated reflection diagrams along the principal axes of the reciprocal 

space Xand X’. For calculations, we use the finite-different time-domain (FDTD) 

simulations and consider a structure of a finite size with periodic boundary conditions to avoid 

edge effects (Supporting Information 1). A plasmonic BIC manifests itself as a dark mode at λ = 

4.977 m for the TM polarized excitation, where λ is the resonance wavelength. For the oblique 

incidence, the BIC transforms into a quasi-BIC with a finite Qrad, which total factor 𝑄tot decreases 

away from the point (Figure 2b). Here, the Q factor is estimated as Qtot = ∆𝜆/𝜆, where Δλ is 

the full width at half-maximum. The quasi-BIC dispersion is strongly anisotropic, and it has 

opposite sign (red-shift or blue-shift) along X and X’ bands, which we denote as  “Dark 1” 

and “Dark 2”, respectively (Figure 2c). Next, we evaluate the resonant field enhancement at the 

quasi-BIC wavelength depending on the angle of incidence (Figure 2d).  The calculations show 

that distinct maxima of the field enhancement |𝐸|2/|𝐸0|2~104 are achieved for 9° (X) and 13.2° 

(X’), which coincide with the PA condition. Reflection spectra at these specific angles show 

narrow dips at the quasi-BIC wavelength with Q~50, (Figures 2e,f), for which the absorption is 

equal to unity. The field profile of the quasi-BIC mode represents an out-of-plane electric dipole 

(Figures 2e,f and Supporting Information 2). Such a dipolar pattern prohibits radiation out of the 

surface plane which is consistent with its BIC origin and predicts its robustness to a change of 

geometrical parameters (Supporting Information 4). The calculated effective mode volume for the 

quasi-BIC mode at PA1 and PA2 is 𝑉eff ~ 510-4 3, which confirms that the plasmonic metasurface 

provides deeply subwavelength localization of energy. In simulations, we also observe the mode 

characterized by an in-plane electric dipolar momentum, which we denote as “Bright” because of 

its radiative nature (Supporting Information 3, 4). 
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We use the target design to fabricate the anisotropic plasmonic metasurface and characterize its 

optical properties. The sample is fabricated by a femtosecond laser via two-photon polymerization, 

followed by physical vapor deposition of 100-nm layer of gold (Figures 3a,b). Fabrication details 

are described in Supporting Information 5. Scanning electric microscope (SEM) images of the 

fabricated sample are shown in Figure 3c.  

 

 

Figure 3. Fabrication approach. (a) Fabrication of dielectric double-pillar resonators using the 

laser writing technique. (b) Metallization of the samples by gold sputtering. The thickness of the 

gold layer is around 100 nm. (c) The top view and 45° angle view of the nanopillar plasmonic 

array under the scanning electric microscope (SEM). 
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Figure 4. Experimental demonstration of quasi-BIC modes in anisotropic plasmonic 

metasurfaces. (a) Schematic of the FTIR system and reflective objective. (b) The light intensity 

distribution at the plane of reflective objective and its decomposition into xz- and yz-contributions. 

(c) and (d) Measured and simulated weighted-average spectra for (i) TM and (ii) TE polarizations. 

The reflective objective is blocked by a piece of tape along (c) y-axis and (d) x-axis, respectively.  

 

We measure the reflection spectra of the fabricated metasurface by using a FTIR spectrometer  

(Bruker Vertex 70) equipped with an infrared microscope (Bruker Hyperion 2000). The collimated 

broadband mid-IR beam passes through a wire-grid polarizer, beam splitter, and then it is focused 

on the sample by a reflective objective (RO) (Figure 4a). After focusing, the light beam has 

isotropic angular distribution in the x-y plane and dispersion of polar angles in the range from 12.5° 

to 29° (Figure 4a and Supporting Information 6). To enable selective excitation of BIC along the 

principal directions X and X’ (x- and y-axes, respectively), we block the central part of the 
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RO in one direction, which partially filters the light coming from the undesired angles. Figure 4b 

shows the decomposition of light intensity in xz- and yz-planes in the RO. For the unblocked 

objective, intensity components Ixz and Iyz are equal (Figure S5d). After applying the opaque tape 

along one of the axes, the percentage of intensity in the orthogonal plane increases to ~72% while 

the other intensity component drops to ~28% (Figure S5e). In experiment, we use two orthogonal 

configurations of the objective blocked with an opaque tape, which helps to improve the selectivity 

of excitation beyond the limit of the standard FTIR.  

Figures 4c,d show experimentally measured reflection spectra for both objective configurations 

and both polarizations. The spectra clearly show the existence of two dark modes in the TM 

polarization associated with two different dispersion bands of the quasi-BIC mode. The resonant 

wavelength of “Dark 1” and “Dark 2” mode is red- and blue-shifted, respectively, in relation to 

the BIC wavelength, confirming the predicted anisotropy of the quasi-BIC dispersion. We notice 

that in numerical simulations the PA condition is realized for the angles of incidence around 9-13° 

(Figures 2e,f) which overlaps with the angular distribution of the pump beam used in experiment. 

Therefore, in experiment we collect the integral reflected intensity over the resonances in the 

vicinity of the PA regime, for which the field enhancement is maximal. 

We also observe a broader feature in reflected TE and TM signal associated with the bright mode 

(Figures 4c,d). We notice that the observed Q factors of two quasi-BIC resonances (Q~17) are 

lower than those predicted in theory (Q~50, see Figures 2e,f), which can be explained by peculiar 

properties of the FTIR excitation scheme, which uses a beam composed of multiple waves with 

different angles of incidence. To provide more fair comparison with the experiment, we calculate 

the simulated weighted-average of the reflected spectra using weight functions of the tape-

enhanced objective configurations (Figures 4c,d and Supporting Information 6). The numerical 
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simulations demonstrate that the angle averaging increases the observed spectral linewidth of the 

quasi-BIC mode in several times.  

The experimentally measured response is in good agreement with the improved simulation 

predictions. However, that the depth of reflection dip in the experiment is, in general, deeper than 

that in simulation predictions while the measured resonances have larger linewidth than that 

predicted. The observed discrepancy is primarily attributed to three reasons. First, the surface 

roughness together with the spatial and geometrical disorder increase the linewidth in experiment. 

Second, there are differences in the light collection between simulations and experiments. In the 

simulation, all the backward scattering light is collected by a monitor. However, in the experiment, 

the reflective objective only collects partial backward scattering light with a specific angular 

distribution (Figure S6a). Third, the simulation is based on the assumption of an infinite array, but 

the finite size of samples in experiments will inevitably introduce deviations in the spectra.  

 

In summary, we have demonstrated, for the first time to our knowledge, how to employ the physics 

of high-Q resonances associated with bound states in the continuum for lossy metallic 

metasurfaces by combining it with the extreme field confinement provided by plasmonic structures.  

We have fabricated and studied experimentally a novel type of anisotropic plasmonic metasurfaces 

supporting high-Q resonances associated with quasi-BIC collective lattice modes. We have 

engineered these quasi-BIC modes with highly anisotropic dispersion in the k-space and have 

identified them through sharp resonances at mid-IR wavelengths. By exciting the quasi-BIC 

resonances in the vicinity of the perfect absorption regime, we have satisfied the optimal coupling 

condition, for which the field enhancement becomes the highest. Our results demonstrate a direct 

and simple way to explore simultaneously the nanostructuring of metallic surfaces to achieve high 
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Q collective resonances due to the BIC physics combined with a small effective mode volume of 

plasmonic systems, with many applications requiring strong field enhancement of light-matter 

interaction such as nonlinear nano-optics, subwavelength lasers, and quantum nanophotonics.   
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TOC image  

 

 

Table of Contents (TOC) graphic. Left: Reflection spectra of the plasmonic metasurface for 

various angles of incidence. Evolution of the quasi-BIC resonance with respect to the angle 

variation is highlighted. Right: Schematic of the unit cell and the SEM image of the fabricated 

metasurface. 

 


