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Abstract

:

We demonstrate the enhancement of fluorescence emitted from dye molecules coupled with two surface plasmons, i.e., silver nanoparticles (AgNPs)-induced localized surface plasmons (LSP) and thin silver (Ag) film supported surface plasmons. Excitation light is illuminated to a SiO2 layer that contains both rhodamine 110 molecules and AgNPs. AgNPs enhances excitation rates of dye molecules in their close proximity due to LSP-induced enhancement of local electromagnetic fields at dye excitation wavelengths. Moreover, the SiO2 layer on one surface of which a 50 nm-thick Ag film is coated for metal cladding (air on the other surface), acts as a waveguide core at the dye emission wavelengths. The Ag film induces the surface plasmons which couple with the waveguide modes, resulting in a waveguide-modulated version of surface plasmon coupled emission (SPCE) for different SiO2 thicknesses in a reverse Kretschmann configuration. We find that varying the SiO2 thickness modulates the fluorescent signal of SPCE, its modulation behavior being in agreement with the theoretical simulation of thickness dependent properties of the coupled plasmon waveguide resonance. This enables optimization engineering of the waveguide structure for enhancement of fluorescent signals. The combination of LSP enhanced dye excitation and the waveguide-modulated version of SPCE may offer chances of enhancing fluorescent signals for a highly sensitive fluorescent assay of biomedical and chemical substances.
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1. Introduction


Plasmonic metal nanostructures have been intensively explored due to their intrinsic features of the local fields enhancement for strengthened interaction between light and electronic dipoles that scatter or fluoresce. This enhanced interaction may find use in a wide variety of applications across a linear-nonlinear optics boundary, such as plasmonic nano-lenses [1,2], photothermal therapy [3,4], super-continuum generation of light [5,6], surface enhanced Raman spectroscopy [7,8], highly efficient harvest of solar energy [9,10], high-resolution imaging [11,12], label-free optical bio-environmental sensors [13,14,15], and metal-enhanced fluorescence-based diagnosis of biomedical and chemical molecules [16,17,18,19].



Fluorescence, in general, inherently suffers from photo-bleaching and restricted efficiency in collecting all-direction radiated fluorescent light, but these issues can be circumvented via tailoring of plasmonic local fields around dye molecules. Metal nanostructures such as thin metal films can also support the surface plasmon coupled emission (SPCE) of fluorophores that occurs via the non-radiative decay channel of the excited dye molecules into surface plasmons through near field interaction in a reverse Kretschmann configuration [18,20,21]. This in turn reradiates the far-field light into a high refractive index medium as it is p-polarized through the metal film at specific angles at the emission wavelengths (   λ  em    ). Overall, this leads to an enhanced energy transfer from the excitation light source at the excitation wavelengths (   λ  ex    ) to the emission channel at    λ  em     with a highly directional nature of emission radiation that greatly favors the light collection efficiency [22,23]. SPCE eventually results in a net enhancement of detected fluorescence alongside an additional benefit, i.e., the reduction of photo-bleaching [24].



It was reported that the properties of the SPCE (in a reverse Kretschmann configuration) relied on the thickness of the polyvinyl alcohol (PVA) layer that contained dye molecules, coated on a 50 nm silver (Ag) film. Variation of the thickness changed SPCE angle and its polarizations at    λ  em    , as interpreted due possibly to thickness-dependent waveguide modes propagating along the layer [25].



It was also found that surface plasmons (SP) coupled with waveguide modes in the Krestchman configurations [26,27,28]. One of the waveguide coupled modes, the so-called coupled plasmon waveguide resonance (CPWR) [25,29,30,31,32,33], is expected to offer the high quality factor of surface plasmon oscillation with extended penetration depth of the evanescent fields into a dielectric side at an appropriate waveguide core thickness.



Meanwhile, the interaction of light with a metal nanoparticle with its diameter much smaller than the wavelength, leads to the localized surface plasmon resonance (LSPR). LSPR produces the local fields greatly enhanced around the nanoparticles, offering the photonic mode density extraordinarily high in the nanometric volume of space near around the particle surface. Metal nanoparticles have been utilized to generate hot spots to enhance the excitation rates of fluorescent dye molecules [34] or for de-quenching SPCE when combined with a thin metal film to form nano-gap junction [35].



In this paper, we report an approach of combining LSP-induced enhanced excitation of dye molecules and the waveguide-surface plasmon coupling at dye emission wavelengths for waveguide-modulated SPCE. This dual coupling of dye molecules with surface plasmons at both    λ  ex     and    λ  em     leads to a fluorescence enhancement. Ag nanoparticles (AgNP)s embedded in a rhodamine 110 containing SiO2 layer induces LSPR for enhancing the dye excitation rates at    λ  ex    . The SiO2 layer on one surface of which a 50 nm-thick Ag film is coated for a metal cladding [36] (air cladding on the other surface), acts as a waveguide core. This enables SPCE to be coupled with waveguide modes at    λ  em     in a reverse Kretschmann configuration, corresponding to CPWR in a Kretschmann configuration (at    λ  em    ).



Varying the SiO2 layer thickness can modulate the fluorescent signal of SPCE, leading to its optimization at its appropriate thickness where the surface plasmon-dye coupling strength is maximized. We find that the thickness dependence of the fluorescent signal of SPCE qualitatively follows that of the depth-to-width ratio ( Γ ) of the reflectance dip in a Kretschmann configuration that uses the SiO2 layer for CPWR. Considering such  Γ  as proportional to quality factor of surface plasmons [37], this feature enables the SiO2 thickness-dependent fluorescent signal of SPCE to be interpreted as due largely to thickness-dependent interaction of excited dye molecules with surface plasmons whose evanescent fields strength into the SiO2 layer is thickness-dependent at    λ  em    .



Combining an LSP-induced increase in excitation rate and waveguide-enhanced SPCE for fluorescent signal optimization may find use in fluorescence spectroscopy for a highly sensitive assay of biomedical and chemical substances.




2. Experimental Section


2.1. Fabrication of the Plasmonic Chip for Fluorescence Enhancement


A plasmonic fluorescence chip is fabricated by depositing a 50 nm-thick Ag film (Ag: 99.99%, iTASCO, Seoul, Korea) and a 10 nm-thick MgF2 layer (MgF2: 99%, iTASCO, Seoul, Korea) consecutively on a slide glass of an area of 15  ×  15      mm  2    (Marienfeld, Cologne, Germany) using a thermal evaporator system (DAEKI-TECH Co., Ltd., Daejeon, Korea). We take the Ag film thickness to be 50 nm which would produce optimized  Γ  of the calculated reflectance dip in a typical angle-interrogated Kretschmann configuration at    λ  em    , to optimize surface plasmon resonance (SPR) quality factor (see Figure S1 in the Supplementary Materials). This Ag film thickness in a reverse Kretschmann configuration (currently presented) is also expected to optimize the quality factor of the surface plasmons that couple with excited dye molecules at    λ  em    .



We coat a 10 nm-thick MgF2 layer on the Ag film to hinder possible quenching of dye molecules in a close proximity to the Ag film (quenching results from a non-radiative decay of dye molecules into the metal film such as the Föster resonance energy transfer) [38,39].



A waveguide core layer that contains dye molecules is spin-coated on the MgF2 layer as follows: The silica (SiO2) precursor sol-gel is made of tetraethyl orthosilicate (TEOS, 98%, Sigma, Ronkonkoma, NY, USA), ethanol (98%, Sigma, Ronkonkoma, NY, USA), deionized water (Biosesang, Seongnam, Korea), and hydric acid (HCl, 37%, Sigma, Ronkonkoma, NY, USA) with the respective molar ratio of 1:10:2:0.0037. In the first place, the first three constituents are mixed and stirred for 30 min. We then add HCl to it and stir the mixture again for 3 h. We then add the sodium hydroxide (NaOH, Sigma, Ronkonkoma, NY, USA) of 0.05 M for catalytic sol-gel reaction and again stir the mixture for 16 h to obtain the SiO2 precursor. Meanwhile, we dissolve the rhodamine 110 (Rho110, 99%, Sigma, Ronkonkoma, NY, USA) powder in ethanol solvent. Then, we mix the dye solution with the SiO2 precursor to fabricate the dye-embedded SiO2 layer (waveguide core) through a spin-coating technique.



Prior to spin-coating, the surface of the MgF2 layer is modified into a hydrophilic one by oxygen plasma treatment (Cute, Femtoscience, Hwaseong, Korea) for 2 min with O2 gas of 15 sccm. A spin coater (ACE-200, Dong Ah, Seoul, Korea) is used to deposit the dye solution-SiO2 precursor mixture of 30    μ L    volume two times in a row, i.e., with 300 rpm for 10 s and with 2600 rpm for 50 s. We then dry the coated layer in an oven at 60 °C for 30 min, into a solid form as the dye-embedded SiO2 layer.



We vary the thickness of the SiO2 layer by increasing the volumetric portion of the SiO2 precursor in a given mixture of 30    μ L    volume, i.e., from 20% (6    μ L   ) to 50% (15    μ L   ) by steps of 10% with a consequence of thicknesses of 141 ± 8 nm, 159 ± 7 nm, 199 ± 1 nm, and 259 ± 4 nm. An atomic force microscope (Veeco Metrology system, Model No. 920-006-101) is used to determine the thicknesses in the step-height mode.



For coating the SiO2 layer that has both AgNPs and dye molecules embedded in it, we add AgNPs with their average diameters of 75 nm (nanoComposix, Co., Ltd., San Diego, CA, USA) to the mixture comprised of a SiO2 precursor prior-mixed with dye solution mentioned above. The particle concentration is 0.125 mg/mL. We spin-coat a SiO2 layer out of this mixture onto the MgF2 surface. The dimension of the fabricated chips is shown in Figure 1a.



Figure 1(b1–b4) illustrates the four kinds of chips fabricated for comparison in the fluorescence detection. Figure 1(b1) depicts the chip structure that produces fluorescence from rhodamine 110 molecules within the SiO2 layer. This chip is expected to produce fluorescence unaffected by surface plasmons induced by the Ag film or AgNPs, i.e., the control fluorescence signal as the reference to be used for comparison with that of the other chips. Figure 1(b2) shows the structure for the fluorescence altered only by AgNPs embedded in the SiO2 layer. Figure 1(b3) shows the chip structure whereby the dye involving SiO2 layer acts as a waveguide core while both the Ag film and air act as cladding. The Ag film is used not only as a waveguide cladding but also as a plasmonic layer for waveguide-modulated SPCE in a reverse Kretschmann configuration. Finally, the chip structure for fluorescence modified by both AgNPs and waveguide-modulated SPCE is shown in Figure 1(b4).



Scanning electron microscope (SEM) images of the nearly smooth surface of the dye embedded SiO2 layer supports the uniform dye dispersion in it, as shown in Figure S2a. The SEM image of the SiO2 layer that has not only dye molecules but also AgNPs embedded in it shows distribution of a clustered pattern of AgNPs, as shown in Figure S2b. The fact that the inter-particle distance that varies in a certain range may affect the LSPR extinction spectrum into a broader one due to dipole–dipole interaction [40].



Using a spectrometer (USB-2000, Ocean Optics, Orlando, FL, USA), we measured the emission spectrum of the rhodamine 110 embedded in the SiO2 layer under illumination of dye excitation light of a LED centered at 470 nm wavelength (M470L3, Thorlabs, Newton, MA, USA). A spectrum of the emission wavelength peaks at 517 nm are shown by the green solid curve in Figure 2. This confirmed the fact that the emission spectrum is subject to the ambient medium (SiO2) around the dye molecules, given the fact that its peak occurs at 520 nm when they are in an ethanol solvent [41].



A LSPR extinction spectrum of light due to AgNPs embedded in the SiO2 layer is measured using a UV-Vis spectrophotometer (Varian Cary 50, Santa Clara, CA, USA) with its peak at 484 nm as shown by black dashed curve in Figure 2. The broadened spectrum of LSPR extinction with its peak wavelength close to the dye excitation spectrum peak (498 nm) could offer the substantial spectral overlapping between LSPR extinction and dye excitation spectra.




2.2. Fluorescence Detection System


Figure 3a illustrates a schematic of the setup used for detecting optical power of SPCE induced directional radiation, where a LED (centered at 470 nm) is used to excite rhodamine 110 molecules. The LED light spectrally filtered by an excitation filter (EXF) (470 ± 20 nm, Chroma Technology, Bellows Falls, VT, USA) illuminates the fluorescence chip surface through an iris that controls the illumination area. The optical power incident to the chip surface is 17 mW. While part of the fluorescence would then emit back into air, the SPCE can produce directional radiation into a N-BK7 prism at a specific angle    θ s    as shown in Figure 3a.



We minimize the chip-prism index discontinuity with the matching oil index inserted in between. The prism that acts as an internal reflector collects the SPCE light, considering the SPCE angle that ranges from 40° to 45° for different thicknesses of the chip SiO2 layer, with a given critical angle  ~ 41° of total internal reflection at the prism-air interface. The subsequent lens then gathers the prism-collected light into a photomultiplier tube (PMT) (PMM02, Thorlabs, Newton, MA USA). We place an emission spectral filter (EMF) (525 ± 25 nm), Chroma Technology, Atlanta, GA, USA) just prior to the PMT to allow optical power only at    λ  em     to be detected while suppressing that at    λ  ex    .



Figure 3b shows a photo of the ring patterns of fluorescence emission, taken at the PMT position where a camera is tilted to face the prism base surface. This results from the SPCE-induced conical radiation of a given angle    θ S   . Part of the prism-coupled emission directly reaches the detector, whereas others do so after reflection off the prism side surface with a result of the mirrored image as shown by the second ring patterns in Figure 3b.



Appropriate signal analysis should take into account the background signal mainly due to the optical power leaking through the EMF at    λ  ex     and broadband dark noise. A substantial amount of these noise signals including auto-fluorescence can be removed by subtracting the signal measured with the corresponding blank chip (zero dye concentration) from that measured with the chip of a given nonzero dye concentration. This provides the net signal produced solely due to that arising from dye emission at    λ  em    . Error bars are obtained by three independent chips for a given SiO2 thickness for each structure of the four different types of chips while single shot measurement lasts 10 s with 1 Hz sampling record frequency with a PMT-connected multimeter.





3. Result and Discussion


Figure 4 shows the net fluorescent signals (dark solid triangles) detected with the chip of Figure 1(b2) in comparison with control signals (dark empty squares) detected with the chip of Figure 1(b1) installed in the setup of Figure 3a. Use of AgNPs enhances the net fluorescent signal over the control counterpart at each SiO2 thickness due to enhancement of the dye excitation rate by AgNPs-induced LSPR. Moreover, non-negligible dependence of the net signal on SiO2 thickness is found despite the fact that all the SiO2 layers of the four different thickness involve the same number of dye molecules and AgNPs. However, it is unclear how the thickness of SiO2 layer involving dye molecules and AgNPs, affects the LSPR induced enhancement of excitation rates to explain such thickness dependence.



Use of the 50 nm-thick Ag film within the chip as shown in Figure 1(b3) produces SPCE in a reverse Kretschmann configuration, as a result of near field coupling of excited dye molecules with the metallic film into surface plasmons at    λ  em    . The net fluorescent signal clearly exhibits the SiO2 thickness dependence, with its maximum occurring at 199 nm, as shown by black solid circles in Figure 5a. This thickness dependence can be accounted for by SiO2 thickness-induced modulation of strength of coupling between excited dye molecules and the thin metallic film, which can be represented by strength of the evanescent field of resultant surface plasmons at    λ  em    .



In order to understand such SiO2 thickness dependence of surface plasmon evanescent field strength at    λ  em    , we numerically simulate the optical reflectance in an angle-interrogating Kretschmann configuration that encompasses a N-BK7 prism, on the base surface of which the layers of semi-infinite air/SiO2 layer/50 nm-thick Ag film are assumed to be placed. In this setup, light is assumed to be incident on the prism at the SPR angle so its energy can be prism-coupled evanescently into the chip for the four different thicknesses of SiO2 layers.



Figure 5b shows the calculated reflectance at 517 nm (fluorescence spectrum peak mentioned above) using a multi-layer transfer matrix approach with an optical parameter set given in Section S3 of Supplementary Information for p- and s-polarizations. The SiO2 thickness, in this case, governs the  Γ  of the reflectance dip, which is in proportion to the surface plasmon quality factor, as a result of waveguide-surface plasmon coupling, similarly reported as CPWR in [28,29]. Note that, for this calculation, use of the 50 nm-thick Ag film can support the surface plasmon generation for SPCE while simultaneously playing a role as a metal cladding for the SiO2 waveguide core layer at 517 nm.



The SiO2 thickness dependence of  Γ  manifests such coupling between waveguide and surface plasmons as seen in Figure 6 which shows the average of  Γ  over both polarizations at each SiO2 thickness. The average  Γ  peaks at 199 nm while, for p- and s-polarizations,  Γ  peaks at the thickness of 199 and 259 nm, respectively as shown in inset of Figure 6. We find that the thickness dependence of the average  Γ  agrees qualitatively with that of the net fluorescent signal shown by black solid circles in Figure 5a. The waveguide-surface plasmon coupling can lead to larger  Γ  than the case of no SiO2 layer. The SiO2 layer thickness providing larger  Γ  due to CPWR, would lead to larger strength of the plasmonic evanescent fields penetrated into the SiO2 layer in a Kretschmann configuration.



It is also noted that s-polarization would support CPWR modes [28,29] with a certain SiO2 thickness dependence of  Γ  at    λ  em     in a Kretschmann configuration. Furthermore, in a reverse Kretschmann configuration, the presence of waveguide is known to induce the SPCE-like directional emission for s-polarization as well as p-polarization [22]. Therefore, the above-mentioned SiO2 thickness dependence of strength of waveguide-surface plasmon coupling can account for the thickness-dependent fluorescent net signal (black solid circles in Figure 5a), as deriving from the thickness dependent waveguide-modulated SPCE.



The chip structure as depicted by Figure 1(b4) makes additional constructive effects of AgNPs-aided enhancement of the dye excitation rate for the fluorescent net signal produced by the waveguide-modulated SPCE, as shown by red solid stars in Figure 5a. The major dependence of the net signal on the SiO2 thickness, in this case, would be driven by the thickness dependence of the waveguide-modulated SPCE, whether the dye molecule excitation rate is enhanced or not by the AgNPs LSPR. The fact that the chip including both the Ag film and AgNPs produces the signal larger than that having either of them at each SiO2 layer thickness indicates that the combination of AgNPs LSPR-induced local field enhancement and the waveguide-modulated SPCE results in an increase in the net fluorescent signal.



The constructive dual coupling of dye molecules with the metal nanostructures at two distinct wavelengths,    λ  ex    , and    λ  em    , i.e., the coupling of dye molecules with AgNPs at    λ  ex     and that with the Ag-film for waveguide-modulated SPCE    λ  em    , is schematically illustrated in Figure 7. It occurs owing to the spectral overlap between AgNPs LSPR and the dye excitation, and to the spectral overlap between waveguide-modulated SPR and the dye emission.




4. Conclusions


We demonstrate the enhancement of fluorescence signal emitting from rhodamine 110 molecules using AgNPs-induced LSPR and waveguide-modulated SPCE. AgNPs embedded in a SiO2 layer that also involves dye molecules enhances the dye excitation rates due to LSPR at    λ  ex    , provided that the LSPR spectrum significantly overlaps with the dye excitation spectrum. The SiO2 layer bounded by both a 50 nm-thick Ag film and air acts as a waveguide core for light guiding at    λ  em    . Upon the spectral overlap between dye emission and SPR at    λ  em    , the waveguide structure enables excited dye molecules to couple with the thin metallic film for waveguide-modulated SPCE in a reverse Kretschmann configuration where the dye excitation light source of the LED is illuminated through air cladding. It is found that varying the SiO2 thickness changes the net fluorescent signal detected as a result of the thickness-dependent waveguide-modulated SPCE. We find that the theoretical calculation of the SiO2 thickness-dependent properties of surface plasmons associated with waveguide-modulated SPCE is in agreement with the measured fluorescent signal versus SiO2 thickness.



One may achieve an increased enhancement factor of fluorescence via optimizing the AgNPs density and distribution in the SiO2 layer. Though investigating the dye excitation source power and emission light collection optics, the current work focuses on the experimental feasibility of enhancing fluorescence by the dual coupling of dye molecules with localized surface plasmons at    λ  ex     and with waveguide-modulated surface plasmons for SPCE at    λ  em    .



Combining the AgNPs LSPR-enhanced dye excitation rate with the waveguide-modulated SPCE turns out to be constructive to the signal-to-noise ratio in the fluorescent signal. The combined technologies using the dual coupling of dye molecules with metal nanostructures may offer chances of enhancing fluorescent signals for a highly sensitive fluorescent assay of biomedical and chemical substances.
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Figure 1. (a) The chip dimension; (b1–b4) schematic of the side views of the four different fluorescence chips used for fluorescence detection. Rho 110@SiO2 represents the rhodamine 110 molecules dispersed within a SiO2 layer. The structure in (b1) is used for control fluorescence signal. 
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Figure 2. A rhodamine 110 excitation spectrum (blue dotted curve) is taken from the dye manufacturer data. The green solid curve and black dashed curve represent the measured spectra of fluorescence emitting from rhodamine 110 dispersed within a SiO2 layer, and the LSPR-induced extinction due to the AgNPs embedded within the layer, respectively. 
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Figure 3. (a) Schematic of a setup for fluorescence detection. (EXF: excitation filter, EMF: emission filter,    θ s   : the angle for SPCE). (b) A photo of the ring patterns of emission coupled into the prism, taken from the PMT position at an angle tilted to face the prism base surface. The ring pattern image mirrored from the prism side is seen below the main ring pattern. 
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Figure 4. Net fluorescence signals obtained using the chips of Figure 1(b2) installed in the setup of Figure 3a. The thicknesses of the SiO2 layer wherein rhodamine 110 molecules were dispersed were 141, 159, 199, and 259 nm. Error bar = ±SD, n = 3. 
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Figure 5. (a) Net signals obtained from measurement setup of Figure 3a at wavelengths of 525 ± 25 nm using the four different chips seen in Figure 1(b3,b4). The thicknesses of the SiO2 layer wherein rhodamine 110 molecules were dispersed were 141, 159, 199, and 259 nm. Error bar = ±SD, n = 3. (b) Numerical simulation of reflectance versus incident angle in a Kretschmann configuration at    λ  em     for p- and s-polarizations that was assumed to have a SiO2 layer/50 nm Ag film on its prism base. Optical parameters used for calculation are found in Section S3 in Supplementary Information. 
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Figure 6. Average of depth-to-width ratio ( Γ ) of the reflectance dip over two polarizations (p and s) at each SiO2 thickness. Inset shows  Γ  for p- and s-polarizations at each SiO2 thickness. 
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Figure 7. The dual coupling of dye molecules with the metal nanostructures, i.e., AgNPs, and the 50 nm-thick Ag film at two distinct wavelengths,    λ  ex    , and    λ  em    . 
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