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Abstract

:

We proposed a narrowband perfect absorber that was based on dielectric-metal metasurface for wide-band surface-enhanced infrared sensing. It is found that the narrowband perfect absorber can generate the hybrid guided modes with high quality-factor at infrared frequencies, which make the absorber highly sensitive to the surrounded analyte. Moreover, tuning the incident angle can actively modulate the resonant wavelength of absorber. Such an absorber with excellent features is employed to realize both refractive index sensing and infrared vibrational fingerprint sensing on a single substrate. It is demonstrated that a refractive index sensitivity of 1800 nm/RIU and figure of merit of 62 RIU−1 can be obtained as the refractive index sensor. While, as a surface enhanced infrared absorption spectroscopy substrate, two closed vibrational modes of analyte with nanometer thick layers can be effectively identified and selectively detected with 50-folds enhancement by actively tuning the incident angle without any change in the structural parameters (periodicity, width, height, and refractive index of the grating) of the device after fabricating. Our study offers a promising approach for designing high-performance surface-enhanced infrared optical sensors in the infrared region.
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1. Introduction


Surface-enhanced infrared optical sensing technology is powerful for direct label-free analysis with high reliability [1,2]. This technology can detect minute refractive index (RI) change of analyte [3,4,5]; more importantly, it can identify the vibrational mode of target molecules by combining with Fourier Transform Infrared Spectrometer [2,6], which plays an increasingly important role in chemical detection, food safety, and biosensing [7,8,9]. As a kind of fundamental device for surface-enhanced infrared sensing, plasmonic perfect absorbers based on varying metallic structures have been widely employed, such as Metal-Insulator-Metal (MIM) structure [10,11,12], Vertical-Square-Split Ring (VSSR) structure [13], Semiconductor-Metal-Semiconductor (SMS) structure [14], Hybrid metasurface [15], and so on. However, the resonance spectra of these absorbers possess full width of half maximum (FWHM) far larger than tens even hundreds of nanometers, owing to the inevitable Ohmic loss of metals, especially when the working wavelength is extended to the important infrared fingerprint region [16,17,18]. This results in a low figure of merit (FOM) and significantly hampers the engineering of infrared sensor with high performance.



Several strategies have been developed to narrow-down the linewidth of resonance spectra, such as adopting gain media to compensate for the losses of metal material [19,20], designing complex nanostructures for modes hybridization [17,21], and synthesizing alternative low-loss plasmonic materials [22,23], to address this obstacle. However, these approaches usually accompany more complex configurations or synthesizing procedures, which greatly limits the practical application of narrowband absorbers in surface-enhanced infrared sensing. To this end, a promising and simple strategy for realizing the narrowband perfect absorbers is to combine guide mode resonance of the dielectric metasurface with the high absorption features of metal [24,25,26]. In such a strategy, the free loss dielectric metasurface responses for the generation of narrowband guide mode resonance with high quality factor, while the metal can induce a large modulation depth that is beneficial for detecting the minute variations of surrounding media [19,27]. These advantages provide a brand-new opportunity for designing the perfect absorber based optical sensors with high FOM. In the visible ranges, by placing the periodical dielectric disk array on metal film, narrowband perfect absorbers have been obtained to detect refractive index change with impressive performance [28,29]. Whereas, in the important infrared region, narrowband perfect absorbers are still lacking for the systematical investigation, especially in infrared vibrational fingerprint sensing, which is complementary to refractive index sensing and allows for us to achieve more information of the analyte [4,30,31].



Inspired by this idea, here we theoretically present a surface-enhanced infrared sensor employing an absorber based on dielectric-metal metasurface. Such an absorber possesses the features of narrowband and angle-dependent resonant absorption, which enable us to perform refractive index sensing and selectively surface-enhanced infrared absorption spectroscopy in one single substrate simultaneously. Specifically, a narrow resonant absorption peak with high quality factor can be obtained due to the loss-free feature of dielectric and high absorption feature of metal. This feature makes the absorber an outstanding refractive index sensor with high sensitivity and FOM. Additionally, the resonant absorption can be actively tuned by adjusting the incident angle, significantly broadening the working waveband of the absorber. This feature makes the absorber an excellent surface-enhanced infrared absorption spectroscopy (SEIRAS) substrate that can selectively detect multi-vibrational modes of molecules in a wide waveband without any change in the structural parameters.




2. Structure and Methods


Figure 1 illustrates a schematic view of the proposed surface-enhanced infrared sensor employing angle-tunable narrowband absorber, where a patterned dielectric grating strips array is resting on a thick metal (aluminum) film. The material of the dielectric grating can be CaF2, which has no substrate phonon effect in the considered infrared regime, and the material of the substrate is Si. Here, aluminum is used because the small absorption coefficient that leads to a narrower absorption as compared to gold and silver [32]. As a transverse magnetic (TM) polarized light irradiates upon the metasurface with an angle of θ (0° ≤ θ < 90°), dielectric guide mode resonance can be excited at the resonant wavelength, and the energy stored in the excited guided-mode resonance is efficiently absorbed by the metal layer, yielding a peak in the absorption spectra. Such a resonant peak is sensitive to the refractive index change around the dielectric grating. The refractive index change of surrounding analytes would induce a wavelength shift (△λ) in the absorption spectrum, which enables us to detect the refractive index of the surrounding analytes, as shown in the schematic diagram in Figure 1. Moreover, this resonant peak also can be tuned (from λ1 toλ3) to overlap with the molecular vibrational mode by adjusting the incidence angle (from θ1 to θ3), so as to selectively identify the vibrational mode of analyte. The combination of these features exhibits great potential application of our device for the infrared refractive index sensing and surface-enhanced infrared absorption spectroscopy in a single substrate.



Simulations are performed employing finite element software COMSOL Multiphysics to investigate the absorption properties of the dielectric-metal metasurface narrowband absorber and its application in RI sensing and SEIRAS. The periodic boundary condition is used in the x-direction, while the perfectly matched layers and scattering boundary conditions are applied in the z direction at two ends of computational space. The Figure S1 shows the cross-section view of the absorber in COMSOL. A TM polarized light with an electric field intensity of 1V/m vertically irradiates upon the structure. In the simulations, the dielectric grating strip array has a period of P, width of W, height of H, and refractive index of ng. The refractive index of aluminum comes from Ref [33].




3. Results and Discussion


3.1. Absorption Properties of the Absorber


We first investigate the absorption properties of the dielectric-metal metasurface absorber. The absorption (A, red line), and Figure 2a shows the reflection (R, black line) spectra of the absorber with normal incidence. For a thick aluminum plane with thickness larger than the penetration depth of electromagnetic waves in the infrared range, the transmittance of the structure is nearly zero and the absorptance is A = 1 − R. It can be seen that there is a sharp peak in the absorption spectrum with nearly total absorption at the resonant wavelength of 6.134μm, which is caused by the inevitable loss of the aluminum and it is known as perfect absorption at the resonant wavelength [34]. The full width half maximum (FWHM) of the spectrum is 29nm with high quality factor [29] (Q = λ/∆λ) of 212, which can provide impressive performance for infrared optical sensing applications.



We further calculate the mode patterns of electric field, magnetic field, and power loss distribution of the absorber at the resonant wavelength to understand physical mechanism of the narrow linewidth and high absorption of the resonant spectra. Figure 2b obviously shows that one part of electric field is trapped inside the dielectric grating strip, while another part is concentrated at the ends on the topside surface and extended deeply into the surrounding medium. This significantly enhances the light-matter interaction at the dielectric grating strip surface and makes it sensitive to the refractive index change of the surrounding medium. Additionally, the maximum electric field intensity is located at the bottom and top of dielectric grating strip, indicating that the electric dipoles interacting with their images at the dielectric-metal interface. This circular displacement currents lead to the magnetic dipole resonance that is depicted in Figure 2c. The results show that the satisfaction of wavevector matching condition involves the surface lattice resonance mode of the strip array, and the guided mode in the dielectric grating [28]. The power loss pattern in Figure 2d shows that the power loss is distributed in the thin domain under the dielectric-metal interface. This can be attributed to the intrinsic loss of metal and the loss-free guided modes in dielectric strip, which results in the narrow linewidth of absorption spectra.




3.2. RI Sensor Employing High Q-Factor Absorber


The refractive index of the dielectric grating strips (ng) greatly influences the absorption features of the absorber, since the dielectric grating strips are responsible for the generation of the narrow guide mode resonance. As given in Figure 3a, when the refractive index(ng) increases from 1.4 to 2.2, the resonant wavelength redshifts from 6.134 μm to 8.536 μm, and the FWHM rapidly increases from 29 nm to 374 nm, leading to the dramatic decrease of the Q-factor from 212 to only 23. Moreover, the absorptance of the absorber decreases from 0.99 to 0.33. These results suggest that the dielectric grating strips with a smaller refractive index (ng = 1.4) is more favorable for the optical sensing with a larger Q-factor and absorptance.



The structural parameters of the dielectric grating strips are further optimized to obtain the high Q-factor absorber. Figure 3b illustrates the absorption spectra with varying period P when W = 4.3 μm, H = 1.7 μm. One can see that the resonant wavelength exhibits a clear red-shift from 6.134 μm to 6.88 μm as P increased from 5.0 μm to 5.8 μm. The largest Q-factor of 212 can be achieved for P = 5.0 μm. The absorption spectra of the absorber with varying width W is plotted in Figure 3c. It shows that the resonant wavelength red shift from 5.86 μm to 6.134 μm and the absorption increase from 0.75 to 0.99 with the increasing of W. Additionally, it is found that the higher Q-factor can be achieved for the larger W, which can be attributed to the increased electromagnetic confinement that is induced by the strong coupling between the dielectric strips. As for the height H of the dielectric grating strips, it was observed that the absorption spectra of the absorber exhibited a red-shift as H increased from 0.5 μm to 1.7 μm, accompanied with an increased resonant absorption, as shown in Figure 3d. Moreover, the Q-factor is larger for the larger height of the grating. These results indicate that the spectral features of absorber can be tuned by the structural parameters of dielectric strips to achieve a high Q-factor value. Additionally, the absorption spectra with resonant wavelength located in lower fingerprint regime are given in Figure S2. For the experimentalists who want to tune the resonance wavelength to another spectral regime, he (she) can first chose a grating with a proper period to locate the resonant wavelength into the interested spectral regime, and then optimize the width and height of the grating to obtain the devices with high absorption and Q-factor.



The high Q-factor narrowband absorber is firstly employed as a high-performance refractive index sensor in the infrared region. From the electric field distributions depicted in Figure 2b, we can find that the electric field is concentrated on the topside surface ends of the dielectric grating strips, which can be easily accessible to the surrounding analytes and makes it very sensitive to the refractive index change that is induced by the change of the analytes concentration. Such a change in refractive index can be measured by detecting the wavelength shift of the resonant peak. Therefore, the presented metasurface absorber has desirable spectral features for refractive index sensing applications in the infrared region. To evaluate the performance of the sensor, the sensitivity (S) and the Figure of merit (FOM) are defined, as following [16]


  S =   Δ λ   Δ n    



(1)






  F O M =  S  F W H M    



(2)







Δλ is the shift of resonant wavelength due to change Δn of RI in the surrounding. The resonant wavelength has a redshift of 18nm when the refractive index of the surrounding analytes (ns) changes from 1 to 1.01, as shown in Figure 3e. The corresponding resonant wavelength was further extracted and plotted as a function of the refractive index in Figure 3f. The RI sensitivity and the FOM are estimated to be S = 1800 nm/RIU and FOM = 62 RIU−1 for the proposed metasurface absorber with Q-factor of 212, where RIU is Refractive Index Unit and RIU−1 is unit of the FOM, according to Equations (1) and (2). The refractive index sensing performance of this absorber is compared with that of the other kinds of absorber with different structure reported recently, as summarized in Table S1. It can be seen that the sensitivity and FOM of proposed absorber are comparable to or even larger than those of plasmonic sensing devices (such as MIM structure, VSSR Resonator and Hybrid metasurface). When considering that the optic spectrometer has resolution of 1 nm, the detection limit of the sensor is 5.6 × 10−4 RIU, which suggests that the proposed refractive index sensor employing high Q-factor absorber offers a promising platform for surface-enhanced infrared sensing applications.




3.3. SEIRAS Substrate Employing Angle-Tunable Absorber


Besides the refractive index sensing, the narrowband perfect absorber with high electromagnetic field confinement can also be used as the surface-enhanced infrared absorption spectroscopy substrate to identify the target molecules, which is complementary to refractive index sensing, since it can detect molecular vibrational modes. It is worth noting that the absorption spectrum of the present absorber can be actively tuned by the incident angle in a wide waveband, as shown in the absorptance map at oblique incidence in Figure 4a. The absorptance spectra with varying incident angle when θ = 0 deg, θ = 5 deg, and θ = 10 deg are further extracted from Figure 4a and plotted in Figure 4b. We can see that the resonance peak splits into two individual peaks and shift towards the opposite directions as the incident angle increases. One of the resonant peak blue shifts to 5.25 μm and the other one red shift to 6.80 μm when θ = 10 deg, which significantly broadens the working waveband of the absorber for SEIRAS.



We then considered the electromagnetic coupling between the guide modes and infrared vibrational modes of molecules to explore the performance of the proposed SEIRAS substrate. The dielectric constant of the molecules can be described as the Drude-Lorentz type dispersion [35,36]


  ε ( ω ) = 1 +   ∑  n = 1  N      e 2   N n  / (  ε 0   m 0  )    ω n 2  −  ω 2  − i  γ n  ω      



(3)




where m0 is the electron rest mass, ωn is the molecular resonant frequency, Nn is the volume density of molecular dipoles, and γn is the molecular damping. Here, we start by considering a 10 nm-thick molecular film as the analyte with one single vibrational mode located at 6.225 μm, corresponding to vibrational mode of aromatic ring that is commonly seen in many organic matter, such as perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) [37]. Its dielectric constant that is calculated by Equation (3) is plotted in Figure 5a. Figure 5b presents the absorptance spectra of absorber covered with (dashed line) and without (solid line) a molecular film for TM polarization light with θ = 2 deg, respectively. An enlarged (10-fold) absorption spectrum of this molecular vibrational mode is also plotted (blue line). One can see that the direct absorption of the molecule vibrational mode is low (only 0.54 %), which is attributed to the weak interaction between incident infrared light and the molecules. When the molecules are adsorbed on the absorber surface, the weak vibrational modes are significantly enhanced, which feature strong dips over the resonance peaks.



The resonant wavelength of absorber is further dynamically tuned by the incident angle, so that it can overlap with the molecule vibrational mode to achieve the maximum enhancement. Figure 5c shows the absorption spectra of absorber before (dashed lines) and after (solid lines) being adsorbed by the molecules film with varying incident angle. As expected, the enhanced signals vary in strength and line shape, depending on their spectral position relative to the vibrational mode of the molecular film and the dielectric guide mode of the absorber when these two modes are overlapped. Figure 5d stacks the corresponding enhanced vibrational signals (delta absorptance) of molecules film. Obviously, the vibrational signal that is close to the dielectric guide mode resonance peak much larger amplitude than those wing signals. The maximum signal strength of vibrational mode is 26.8% when the incident angle is 2 deg, which is about 50 times with respect to the intrinsic absorption of the molecule film without resonance enhancement. Additionally, this value is comparable to even larger than the enhancement of some reported plasmonic sensors [38,39]. We further investigate the absorption spectra with different thickness of molecules layer to evaluate the confinement, as shown in Figure S3. The enhanced signal strength increases significantly when the thickness is smaller than 80 nm, whereas the signal strength is hardly increased after the thickness is larger than 80 nm, indicating that the electromagnetic energy is mainly confined within 80 nm from the dielectric surface.



The angle-tunable property of the absorber makes it possible to sense the molecular films with two or even more vibration modes while using the same substrate in the wide waveband. We further consider the two chosen individual vibration modes of PTCDA film located at 6.225 μm and 6.355 μm to illustrate the frequency-selective enhancement of molecular vibrational modes (labeled as A mode and B mode shown in Figure 6a). The absorptance of the absorber covering the molecules is mapping as a function of wavelength and incident angle in Figure 6b. It is intuitively observed that the interaction between the molecular vibrational modes and the dielectric guide mode near-field leads to a splitting of the infrared absorption spectra at the position of the molecular absorption lines, which significantly enhances the molecular absorption of A and B modes. This is due to the large energy exchange between the dielectric hybrid guide modes and the molecular vibrational modes when they are spectrally matched by tuning the incident angle [40].



To be more specific, the absorption spectra of the absorber covered with the molecules film having two vibrational modes are further extracted from Figure 6b and illustrated in Figure 6c. It can be seen that the resonant peak exhibits a strong dip at the A mode when the incident angle is 2 deg, while it exhibits a strong dip at the B mode with the θ = 4 deg. The delta absorptances of the two vibrational modes are calculated to further quantitatively evaluate the signal enhancement, as shown in Figure 6d. It is obvious that the maximal differential absorption of A mode at 6.225 μm is 26.8% at the incident angle of 2 deg, thus corresponding to the enhancement of 50-folds. Subsequently, it decreases to 3.03% when the angle increases from 2 deg to 4 deg, which is expected since the guide mode resonant wavelength is tuned away from this mode. However, the signal strength of B mode increases rapidly since the guide mode resonant wavelength is tuned towards B mode at 6.355 μm. At θ = 4 deg, the guide mode resonance is approximately adjusted to the B mode, giving the large signal strength of 26%. Therefore, two even more vibrational modes of molecules can be selectively enhanced in a wide waveband by actively tuning the incident angle.





4. Conclusions


In summary, we proposed a surface-enhanced infrared sensor employing a narrowband perfect absorber based on dielectric-metal metasurface, where a dielectric grating array is resting on an aluminum plane. The excellent features of the narrowband perfect absorber allow for us to realize both refractive index sensing and SEIRAS on a single substrate in the infrared region. It is found that the high sensitivity of 1800 nm/RIU and FOM of 62 RIU−1 can be obtained when the absorber as a refractive index sensor due to the high Q-factor of the perfect absorber. More importantly, it is used as a SEIRAS substrate to enhance the molecular vibration mode with the high enhancement of 50-folds when the hybrid guided modes of absorber and the vibrational mode of molecules are spectrally matched. Finally, the working waveband of the absorber is significantly broadened by tuning the incident angle, which provides a feasible way to selectively detect multi vibrational modes of molecules in broad range without any change in the parameters of periodicity, width, height, and refractive index of the grating after the device was processed. Our study shows that the dielectric-metal metasurface perfect absorber has promising potential in the design of surface-enhanced infrared sensors.
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Figure 1. Schematic of the surface-enhanced infrared sensor employing narrowband perfect absorber based on dielectric-metal metasurface. 
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Figure 2. (a) Absorption and reflection spectra of the absorber. The parameters of the dielectric grating strips are P = 5 μm, W = 4.3 μm, H = 1.7 μm; (b) Electric field distribution; (c) Magnetic field distribution; and, (d) Power loss distribution of the absorber at resonant wavelength of 6.134 μm. 
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Figure 3. (a) Absorption spectra of the absorber with varying RI (ng) of dielectric grating strips. (b) Absorption spectra with varying P when W = 4.3 μm and H = 1.7μm. (c) Absorption spectra with varying W when P = 5 μm and H = 1.7 μm. (d) Absorption spectra with varying H when P = 5μm and W = 4.3 μm. (e) Absorption spectra with different refractive index of the surrounding environment (ns). (f) Resonant wavelength plotted as a function of refractive index ns. The parameters of the dielectric grating strips are P = 5 μm, W = 4.3 μm, H = 1.7 μm, ng = 1.4. 
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Figure 4. (a) Absorptance map of the dielectric-metal metasurface absorber with different incident angle. (b) The absorptance spectra with varying incident angle when θ = 0 deg, θ = 5 deg and θ = 10 deg. 






Figure 4. (a) Absorptance map of the dielectric-metal metasurface absorber with different incident angle. (b) The absorptance spectra with varying incident angle when θ = 0 deg, θ = 5 deg and θ = 10 deg.



[image: Applsci 10 02295 g004]







[image: Applsci 10 02295 g005 550] 





Figure 5. (a) The dielectric permittivity of the molecular film with one vibrational mode at 6.225 μm when Nn = 0.1 mol m-3, γn = 8 ×1011 rad/s. (b) Absorption spectra of the absorber covered with (solid line) and without (dashed line) 10-nm-thick molecules layer for transverse magnetic (TM)-polarized light with θ = 2 deg. (c) Absorption spectra of absorber covered with and without molecules in different incident angle. (d) Delta absorptance of absorber covered with molecules in different incident angle. 
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Figure 6. (a) The dielectric permittivity of the molecular film with two vibrational modes at 6.225 μm and 6.355 μm when NA = NB = 0.1 mol m−3, γA = γB = 8 × 1011 rad/s. (b) Absorptance map of the dielectric-metal absorber covered with molecules film with different incident angle. (c) Absorption spectra of absorber covered with and without molecules film in different incident angle. (d) Delta absorptance of absorber covered with molecules film in different incident angle. 
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