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Abstract

:

In this study, the sensitivity to the refractive index changes of the ambient was studied on the uniform gold film (~50 nm) with a 1D photonic crystal (PC) from periodic five TiO2 (~110 nm)/SiO2 (~200 nm) bilayers and gold nano-bumps array produced by direct laser writing on the same sample. The optical signal sensitivity of hybrid plasmonic resonances was compared with traditional surface plasmon resonance (SPR) on a single gold layer. The influence of the strong coupling regime between Tamm plasmon polariton (TPP) and propagated plasmon polaritons in the hybrid plasmonic modes on the sensitivity of the optical was discussed. Recent studies have shown very high hybrid plasmonic mode sensitivity SHSPP ≈ 26,000 nm/RIU to the refractive index on the uniform gold layer; meanwhile, the introduction of gold lattice reduces the signal sensitivity, but increases the Q-factor of the plasmonic resonances. Despite this, the sensitivity to the ellipsometric parameters Ψ and Δ on the gold lattice was rather high due to the increased Q-factor of the resonances. The comparison of plasmonic resonance sensitivity to the refractive index changes of hybrid TPP-SPP mode on the uniform gold layer and traditional SPR have shown that hybrid plasmonic mode, due to a strong coupling effect, overcomes the SPR by about 27%.
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1. Introduction


Light interaction with metals at the nanoscale demonstrates enhancement of local electromagnetic field at the metal-dielectric interfaces [1] and is generally known as plasmonics. Plasmons are collective oscillations of conduction electrons in the metal and can couple with light photons, forming the polariton state. The generation of plasmon polaritons leads to high localization and enhancement of the electric field of light at the optical frequencies. More than three decades ago, surface plasmon resonance was successfully applied for optical biosensors studying protein interaction [2]. Later various structures based on plasmonic effects were studied for different possible applications, such as label-free single molecule and optical sensing [3,4], perfect absorbers [5], fast switching [6], as well as novel plasmonic lasing [7] in room temperature. These applications of various plasmonic resonances under certain conditions could be achieved in structures such as metallic nanoparticles [8], thin metal layers [9], or metallic nanostructures [10]. One of the excitations that has been widely used for biosensing applications is the propagating surface plasmon resonance, generated on the thin metal layer (up to 50 nm). The SPR has greater wave-vector than a photon in the free space for the same frequency due to the wave-vector matching optical elements, such as prism or grating [9]. The Kretschmann (prism) configuration is one of the most popular, p-polarized light incidents to a glass prism, which is then reflected from the thin metal layer deposited on the prism base. The surface plasmon polariton wave is excited at the outer side of the metal film for a specific wavelength and angle of incidence (AOI). The SPR resonance manifested themselves as a dip in the reflection spectra. The localized surface plasmons (LSP) are the oscillations of free electrons on the metallic nanoparticles. The resonance frequency of LSP depends on size, shape, and local dielectric function of the media. Such plasmonic resonances mostly occur from optical to near-infrared region and do not require wave vector matching couplers (prism, grating, or waveguide) or periodic photonic structures (Bragg reflector). However, LSPR usually has a wider width of the resonances than SPR, which indicates lower losses of the latter.



Another plasmonic excitation generated in a 1D photonic crystal structure with a thin metal layer on top is the Tamm plasmons polariton (TPP), which were applied for narrow band tunable filters [11] and biosensors [12,13]. The Tamm plasmon polaritons are non-propagating optical states that exist at the metal and photonic crystal boundary. The confined optical state of TPP in the metal is formed due to the negative dielectric permittivity of the metal that is the same as the SPP; meanwhile, the electric field confinement in the periodic structure of the Bragg mirror is achieved because of the photonic stop band of the 1D photonic crystal. One of the main features of TPP is its in-plane wave-vector, which is smaller than the wave vector of light in a vacuum; thus, the TPPs can be directly excited with incident light without a prism coupler, contrary to the SPPs, which have a wave vector larger than the one of the incident light [14]. However, the plasmonic excitations, such as SPPs or randomly distributed nanoparticles have high energy losses due to metal. In order to minimize the energy losses or in cases when metal surfaces cannot be used, the periodic dielectric structures of Bragg reflectors can be used in total internal reflection (TIR) configuration for excitation of Bloch surface waves (BSW). The optical dispersion of these surface waves are below the light cone which is similar to the SPP. Thus, BSW share some of the optical features [15] as the SPP, and therefore they are used widely for optical biosensing in TIR configuration as SPR biosensors [16,17]. It has been shown that spectral sensitivity of the BSW biosensors is lower than SPR; however, due to lower losses in periodic dielectric structures the angular sensitivity of reflected polarized intensity or ellipsometric parameters was better than for SPR [16]. Moreover, the energy density of the BSW in dielectric periodic structures were theoretically modelled by applying the zero admittance approach [18] and further changes in the spatial profile of the reflected laser beam intensity were experimentally measured [19]. The sensitivity of Δn ≈ 10−5 for refractive index measurements was achieved, which is typical for commercially available SPR devices. Recently, it has been shown that using various metallic nanostructures (grating arrays) arranged in a periodic manner allows us to minimize losses in the metals. As a result, such metallic arrays compared with randomly distributed nanoparticles or SPPs exhibit narrow plasmonic resonances [20] with an increased quality factor Q. It was shown that the surface lattice arrays influence the propagation length of the hybrid Tamm surface plasmon polaritons modes under strong coupling [21]. The decreasing losses were also achieved in hybrid Tamm plasmon polariton modes due to strong coupling between them [22]. By achieving the conditions needed for both plasmonic excitations, a new state of hybrid TPP-SPP mode appears [23]. These hybrid TPP-SPP modes can be realized in structures consisting of PC with a thin metal layer on the top by optically connecting a glass prism to the PC. The light-matter interaction in such structures can lead to strong coupling between the TPP and SPP components in the hybrid mode and the components become inextricably linked with each other [24,25]. If the strong coupling regime is achieved, the energy exchange between the TPP and SPP modes occur during a coherent time that is about tens of fs.



As mentioned above, narrow plasmonic resonances with lower energy losses have been demonstrated on periodically arranged metallic nanostructure arrays [26]. The current lithography and direct laser writing [27] methods enable the production of complex nanostructures supporting multiple plasmonic modes, which can be analyzed as the interaction of elementary plasmons supported by the nanostructures. The most popular nanostructures of complex plasmonic systems used are the arrays of metallic nanoparticles with a period that is by size comparable with the wavelength of the incident light [28]. Such nanostructures exhibit a hybridization effect of the plasmonic resonances where different localized surface plasmons (LSPs) of the nanoparticles interact with each other [29]. The damping of the localized plasmon resonance is compensated by the scattered field of light [10] in the individual particles; as a result this led to a significant narrowing of the plasmonic resonance. For surface plasmon resonance biosensors the Kretschmann configuration with glass prism was applied for most cases [3,30,31]. The attempts to increase the sensitivity of the SPR sensors led to employing the phase measurements by using ellipsometry [32], where the amplitude (Ψ) and phase (Δ) of ellipsometric parameters for light reflected from the sample can be obtained. The ratio of reflected polarized amplitudes p- and s- polarization gives ellipsometric parameter Ψ, meanwhile the difference between them describes phase shift Δ. The combination of an ellipsometric optical scheme with a glass prism gives ellipsometric measurements under a total internal reflection [33]. Such total internal reflection ellipsometry (TIRE) gives more sensitive phase measurements, and ellipsometric parameter Ψ for SPR resonance has a narrower FWHM width compared with conventional intensity measurements, which also give better sensitivity characteristics. It was shown that an abrupt phase jump occurs at the plasmonic resonances when reflection intensity drops to zero (or so-called topological darkness); however, it is difficult to achieve it experimentally due to the surface roughness and other non-idealities of the sample [3]. TIRE method was also widely tested for the study of protein interactions [34,35].



The optical dispersion features of 1D PC with a uniform gold layer and nano-bumps array were analyzed and compared by using total internal reflection ellipsometry (TIRE). In this study, the sensitivity to the refractive index changes of the ambient was studied on the uniform gold film with 1D PC with periodic five TiO2/SiO2 bilayers and gold nano-bumps array produced by direct laser writing on the same sample. The optical signal sensitivity of hybrid plasmonic resonances was compared with traditional surface plasmon resonance (SPR) on a single gold layer. The influence of the strong coupling regime between Tamm and propagated plasmon polaritons in the hybrid plasmonic modes on the sensitivity of the optical sensors was discussed. In addition, the contribution of gold nano-bumps to the Q-factor of plasmonic resonances was estimated.




2. Materials and Methods


The Au film was deposited on PC using the magnetron sputtering method and then the gold micro bumps were produced by using second-harmonic (515 nm) of 300-fs laser pulses generated by Yb:KGW based fs-laser (Pharos, Light Conversion Ltd. Vilnius, Lithuania). The femtosecond laser beam was tightly focused in ~1 µm spot with an objective having the numerical aperture (NA) of 0.5. The sample translation speed and pulse repetition rate were selected 2.8 mm s−1 and 4 kHz, respectively, to keep a 0.7 μm distance between bumps in the scanning direction (x-axis). The distance between bumps in the y-axis direction (perpendicular to beam scanning) was selected 0.7 μm by moving the translation stage. Each gold bump was fabricated using a single laser pulse with 0.5 nJ energy. The nano-bumps were formed using a lower pulse energy than in our previous work [27], as they were formed on a photonic crystal rather than a glass substrate. The early works of the metallic films modification by laser pulses studied the influence of various substrates for the formed microstructure’s quality [36]. The quality of micro-bumps produced by laser pulses on the nickel film deposited by evaporation and sputtered technique were compared and the electrical properties were analysed [37].



The penetration depth of the TPP and SPP at the optical wavelengths is about 25–30 nm; thus, the thickness of the metal had to be thin enough (≈40–50 nm) for the TPP and the SLPP components to couple in a hybrid mode. The sample used for the hybrid surface lattice propagated plasmon (HSLPP) mode excitation consisted of a 1D PC and a thin metal layer of gold bumps (~50 nm) produced by direct laser writing (DLW). The PC used was made of 5 alternating TiO2 (~110 nm) and SiO2 (~200 nm) bilayers deposited onto a BK-7 glass substrate by means of ion beam sputtering (Figure 1). The thickness of the TiO2 and SiO2 layers is chosen in such a way that a forbidden photonic band (FPB) would be formed in the visible range where the SPP component of the hybrid mode is generated. The total thickness of the Bragg mirror (1D photonic crystal) determines the position of the FPB in the spectra, so that thicker layers move FPB to the IR region. The differences of the refractive indexes of the materials influence the width of the FPB. The number of layers of alternating materials with varying refractive index influence the quality of the photonic stop band. The wavelengths, which are close to four times the optical thickness of the bilayers, and the multiple reflections from these bilayers gives constructive interference. Therefore, multilayer structure works as a highly reflective mirror for the range of wavelengths which lies in the forbidden band.



The measurements of the structure described above were performed using spectroscopic ellipsometry (SE). The ellipsometer used for obtaining the optical response of the structures was a J. A. Woollam RC-2 model with two rotating compensators. The light source of the RC-2 ellipsometer was a Xe lamp with a spectral range of 210–1700 nm. The total internal reflection (TIR) configuration with a 70° prism coupler for the excitation of the hybrid TPP-SPP and TPP-SLPR modes was used.



The experiment was conducted in two different areas of the same sample: PC with gold film without laser modification and PC with thin gold film modified by direct laser writing. Both the spectra of the PC structure with the gold film without laser modification and the PC structure with gold micro bumps produced by the DLW technique were measured by TIRE. In order to investigate the optical response of the plasmonic resonances due to refractive index changes, a liquid handling system with a custom-built Teflon chamber was used. First, the chamber was filled with deionized water and the TIRE spectra of the ellipsometric parameters Ψ(λ) and Δ(λ) were measured, and then the liquid ambient was changed to ethanol, whose refractive index is higher than that of the pure deionized water. The measured experimental data were expressed as the map of the ellipsometric parameters Ψ(λ, θ) and Δ(λ, θ) dependence on the wavelength (λ) and angle of incidence (θ) (Figure 2). These maps correspond to the dispersion relation of the studied hybrid plasmonic excitations. Furthermore, in order to demonstrate the reduced Ohmic losses of the hybrid TPP-SLPP in TIRE spectra a fixed AOI was chosen.




3. Results


The TIRE method was used for the analysis of the optical properties and sensitivity features of the TPP-SPP hybrid modes. As was noted above, two different areas of a sample were investigated: one with a uniform gold layer and another with a nano-bumps array produced by DLW. The TIRE spectra of ellipsometric parameters Ψ and Δ were measured on the sample with non-modified thin metal film and maps presented as wavelength dependence on the AOI (θ = 64–72°). Figure 2 shows the hybrid TPP-SPP mode excitation generated on 1D PC and uniform thin gold film on the top when ambient was deionized water and ethanol. As can be seen from the dispersion maps λ (θ) of ellipsometric parameters Ψ and Δ, the strong coupling effect between the Tamm plasmons and the surface plasmon at the zero detuning point excited at 784 nm and 820 nm in water, and 770 nm and 804 nm in ethanol, respectively. For the hybrid TPP-SPP modes, the SPP component of ellipsometric parameter Ψ become narrower due to the anti-crossing which lies in the λ = 780–800 nm spectral range for the angle of incidence θ = 67–69°. It has been shown that this narrowing of resonance is related to decreased losses of the hybrid plasmonic modes and strong coupling between Tamm and the propagated surface plasmon polaritons, described reasonably well by the simple two coupled oscillators model [22]. The maps of the ellipsometric parameter Δ show sharper dispersion lines of the resonances (Figure 2b,d). The hybrid plasmonic excitation of the TPP and SPP at a fixed angle of incidence (θ = 67.6°) was λTPP = 783 nm and λSPP = 843 nm for the deionized water and was λTPP = 801 nm and λSPP = 1401 nm for the ethanol at the same AOI. The shifts were δλTPP = 18.2 nm and δλSPP = 559.7 nm in the different ambient. The spectral shift of TPP and SPP resonances was caused by the refractive index change of the ambient δn(λ=783nm) = 1.3495 − 1.3286 = 0.0209 and δn(λ=843nm) = 1.3486 − 1.3276 = 0.021, respectively. The refractive index values for deionized water and ethanol were taken for CompleteEase ellipsometric software database [38]. Spectral shift of these resonances gave the corresponding sensitivities to the refractive index unit (RIU) δλTPP/δn = 18.2/0.0209 ≈ 871 nm/RIU and δλSPP/δn = 559.7/0.021≈26 600 nm/RIU. It should be noted that the sensitivity of the conventional SPR sensor with a single thin (~50 nm) gold layer on the glass prism base to refractive index of the ambient was about 19,000 nm/RIU when the ambient was changed from deionized water to ethanol (the results not shown). This number is higher than earlier reported for wavelength investigation (13 800 nm/RIU) [9].



The TIRE spectra of ellipsometric parameters Ψ and Δ (θ = 64–72°) were also measured in the area with nano-bumps grating formed by the DLW method. As can be seen from Figure 3, the ellipsometric parameters Ψ and Δ optical dispersion maps λ(θ), the anti-crossing effect remains at the same energies as the uniform layer; however, an additional dispersion line appears between the TPP and SPP components (λTPP = 805 nm and λSPP = 813 nm in water, λTPP = 778 nm and λSPP = 798 nm in ethanol, for TPP and SPP, respectively). These optical dispersion features were related to the presence of a surface lattice array on the gold layer. In fact, the introduction of the surface lattice grating array generates a new hybrid plasmonic mode where the propagated surface plasmons from the ambient side are coupled with Bragg reflections on the nano-bumps and simultaneously coupled with Tamm plasmons from the 1D photonic crystal side. Compared to the surface lattice resonances excited from the grating side, the internal reflection configuration on the surface lattice array works as hot spots, leading to an increased electric field intensity at the interface [28]. This periodic surface nanostructure generates a new type of hybrid plasmonic excitation related to propagated surface plasmons, localized plasmons, and Bragg reflections from the surface grating array-propagated surface lattice plasmonic resonance (PSLPR).



The same ellipsometric measurements for the uniform gold layer were performed on the area with gold lattice. The TPP and HSLPP components of the hybrid plasmonic excitation were at fixed AOI (θ = 70.5°), and the dispersion relation lies in λTPP = 667 nm and λHSLPP = 783 nm for the deionized water and was λTPP = 683 nm and λHSLPP = 787 nm for the ethanol at the same AOI. The shifts were δλTPP = 15.5 nm and δλHSLPP = 4.5 nm in both ambient (Figure 4c,d). For the TPP resonance, such spectral shift corresponds for refractive index change δn(λ=667nm) = 1.3512 − 1.331 = 0.0202 and for the HSLPP resonance shift corresponds for δn(λ=783) = 1.3494 − 1.3286 = 0.0208 refractive index change. Thus, this leads to the corresponding spectral sensitivity of these resonances to refractive index unit δλTPP/δn = 15.5/0.0202 = 767 nm/RIU and δλHSLPP/δn = 4.5/0.0208 = 215 nm/RIU.



It should be noted that a much wider full width at half maximum (FWHM) was registered for the SPP excitation in the hybrid mode with a uniform gold layer: in the deionized water δλFWHM(SPP) = 29.6 nm and in ethanol δλFWHM(SPP) = 124.5 nm. As a result, the Q-factor in the experimental hybrid (film) structure were QSPP = 28.4 in deionized water and QSPP = 11.3 in ethanol (Figure 4c,d). For the hybrid mode with nano-bumps array FWHM was registered: δλFWHM(HSLPP) = 63.6 nm in the deionized water and δλFWHM(HSLPP) = 46.3 nm in ethanol. The Q-factor in the experimental hybrid mode for the lattice SLPR: QHSLPP = 63.6 deionized water and QHSLPP = 46.3 in ethanol. As can be seen, the Q-factor was better for the hybrid structure with a lattice of gold nano-bumps than on the uniform gold layer. It can be explained by the lower losses of such lattice mode in which Bragg reflection compensates the phase changes of SPP on the lattice. The presence of nano-bumps lattice on the gold surface significantly decreased optical signal sensitivity to the changes of the refractive index of the ambient compared with the uniform gold layer. However, at the same time, the Q-factor increased for the sample area with lattice, which indicates decreasing losses in the metal layer for such plasmonic modes. It should be noted that high Q-factors (~150) were achieved with surface lattice plasmonic resonances (SLR) generated on ordered gold nanoparticles also with prism coupler in the deep red spectral range [20]. Even higher Q-factors for SLR were demonstrated on indium tin oxide in the infrared region (λ~5µm) [39]. The better Q-factor for plasmonic resonances with gold nano-bumps lattice increases the sensitivity of ellipsometric parameters Ψ and Δ to the refractive index changes. The ellipsometric parameter Ψ changes about ~11° meanwhile Δ changes ~105° for δn = 0.0205, which gives sensitivity SΨ ≈ 537°/RIU and SΔ ≈ 5122°/RIU.




4. Conclusions


Summarizing the TIRE method in the Krescthmann configuration was used for the excitation of strong coupling between TPP and SPP in nanophotonic structures with 1D PC and gold layer on the top. The sensitivity properties of the uniform gold layer and modified area forming a lattice of gold nano-bumps by direct laser writing were compared. Recent studies have shown very high hybrid plasmonic mode sensitivity SHSPP ≈ 26,000 nm/RIU to the refractive index on the uniform gold layer; meanwhile, the introduction of gold lattice decreases the spectral signal sensitivity but increases the Q-factor of the plasmonic resonances and also induces the generation of additional Bragg mode related to lattice period, which is not involved in the strong coupling of the hybrid TPP-SPP polaritonic mode. Despite this, the sensitivity to the ellipsometric parameters Ψ and Δ was rather high due to the increased Q-factor of the resonances. The comparison of plasmonic resonance sensitivity to the refractive index changes of hybrid TPP-SPP mode on the uniform gold layer and traditional surface plasmon resonance (SPR) have shown that hybrid plasmonic mode, due to the strong coupling effect, overcomes the SPR by about 27%. The involvement of the strong coupling effect in optical sensing development of plasmonic-based sensors opens new possibilities to the advanced detection of proteins interaction, for instance, a higher sensitivity of the signal, tuning of chemical reaction rates, more than one plasmonic mode monitoring in real-time, and others.
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Figure 1. Scheme of excitation configurations of the PC(TiO2/SiO2)/Au structures for generating the TPP-SPP (a) and TPP-HSLPP (b) modes by spectroscopic ellipsometry in total internal reflection (TIR). 
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Figure 2. The dispersion maps λ (θ) of ellipsometric parameters Ψ(°) (a,c) and Δ(°) (b,d) for structure PC (TiO2/SiO2 (110 nm/200 nm)/Au (50 nm) in water (left side) and in ethanol (right side). The red points show the strong coupling effect between the Tamm plasmons and the surface plasmon at zero detuning. 
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Figure 3. The dispersion maps λ (θ) of ellipsometric parameters Ψ(°) (a,c) and Δ(°) (b,d) for structure PC (TiO2/SiO2 (110 nm/200 nm)/with gold nano-bumps (50 nm) in water (left side) and in ethanol (right side). The red points show the strong coupling effect between the Tamm plasmons and the surface plasmon at zero detuning. 
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Figure 4. Spectra of ellipsometric parameters Ψ(λ) (a,c) and Δ(λ) (b,d) in both ambient, where the blue curve corresponds to water and the red curve to ethanol. The ellipsometric spectra for structure with thin gold layer (a,b), and for structure with gold nano-bumps (c,d). The dashed areas (blue and red) in figure (b) show the ellipsometric parameter Δ at the SPP position and the wavelength shift due to refractive index changes in different ambient. 
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