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Abstract

:

High-index dielectrics have recently been regarded as promising building blocks in nanophotonics owing to optical electric and magnetic Mie resonances. In particular, silicon is gaining great interest as the backbone of modern technology. Here, silicon dimer nanocavities with different sizes of silicon nanospheres were constructed using a probe nanomanipulation method and interacted with a few-layered R6G membrane to investigate the enhancement of electric and magnetic mode coupling. The evidence of the enhancement of fluorescence and slightly prolonged lifetime of R6G indicated the existence of nanocavities. In addition, the simulated electric and magnetic field distributions and decomposed mode of nanocavity were used to analyze the contribution of electric and magnetic modes to the R6G enhanced fluorescence. Such silicon dimer is a flexible nanocavity with electric and magnetic mode enhancement and has promising applications in sensing and all-dielectric metamaterials or nanophotonic devices.
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1. Introduction


Nanocavities are gaining great interest owing to their extraordinary properties in light confinement and manipulation [1,2]. Nowadays, plasmonic nanocavities, such as metal-insulator-metal systems, nanoparticle-on-a-mirror configurations, and so on, have been demonstrated to provide an outstanding performance in light manipulation, such as sensing, enhanced spectroscopy, and meta-surface and Fano resonance [3,4,5,6,7,8]. Additionally, low-loss and high-index dielectric nanostructures have been regarded as a promising platform for nanophotonic applications owing to optical electric and magnetic Mie resonances [9]. After cooperating with plasmonic nanostructures, the hybrid metal-dielectric nanostructures also show remarkable enhancement in light–matter interactions [10]. In contrast to plasmonic nano-resonators, all-dielectric nano-resonators can exhibit similar electric counterparts to metallic nanostructures [11]. Although the energy localization in a dielectric nanocavity shows less intense near-field strength, it can support larger far-field scattering cross-sections [12]. In addition, strong optically induced magnetic resonances provide a new designing strategy for more complex all-dielectric nanostructures such as nano-antennas, meta-surfaces, and metamaterials, and can create better radiation efficiency by comparing plasmonic nanostructures [13,14,15,16,17,18]. Although the electric and magnetic modes can be achieved in some plasmonic metal-based nanostructures [4,5,6], the intrinsic electric and magnetic modes in all-dielectric nanostructures give us a more convenient way to apply a more compact design. Moreover, the interaction between inherent multipolar electric and magnetic eigenmodes in dielectric nanoparticles is also useful in tailoring the scattering resonance for the enhanced local density of electromagnetic states and offers additional routes to achieve multimodal resonant modes [19]. These features have made dielectric nanoparticles become promising building blocks in nonlinear optics, sensing, and strong optical activity [20,21,22,23].



In particular, silicon is constantly gaining significance as the backbone of modern technology. The concept of “magnetic light” was firstly proposed in 2012 by using silicon nanoparticles, and the magnetic Mie resonance has been intriguing great attention [24]. Then, the fluorescence of a single emitter located in the silicon dimer gap was theoretically analyzed and its promising application in field-enhanced spectroscopy of optical magnetism was confirmed [12]. Several years later, the hotspot of the magnetic field in silicon dimer was experimentally observed at visible wavelengths, indicating the possibility of the ultimate controlling of the magnetic field response on the subwavelength scale [13]. Herein, silicon-based nanostructures have been demonstrated to possess many novel properties in nano-photonics, such as Fano resonance, directional scattering, and nano-lens [21,25,26,27,28,29,30]. In previous works, the nanocavities in symmetric silicon dimers were the main focused [12,13,31,32,33], but the interaction between the electric and magnetic modes excited in each nanoparticle of the dimer and each mode coupling contribution in size-mismatched silicon dimer nanocavity still lack considerable concern in experiments. Rhodamine 6G (R6G) is a widely used emitter because of its stability, high fluorescence quantum efficiency, and low cost [34,35,36]. Therefore, R6G is a great candidate to serve as an efficient acceptor to detect nano-scaled local fields.



Different from plasmonic metal nanoparticles, dielectric silicon nanoparticles with sizes of tens to hundreds of nanometers are difficult to synthesize by chemical methods, and thus most silicon dimers used in previous experimental works were prepared using etching and deposition methods [13,32,33], which cause some optical loss due to the poor surface optical quality of dimers. Here, we created a nanocavity by constructing a size-mismatched silicon nanosphere dimer with different electric and magnetic mode coupling through probe nanomanipulation method. Silicon nanospheres with good optical quality were fabricated by femtosecond laser ablation in solution [27,37,38]. A few-layered R6G membrane with a monolayer thickness of approximately 0.3 nm was thermally evaporated on the silicon dimer in the vacuum chamber and served as an emitter to determine the coupling effectiveness of the silicon dimer and the energy localization of the nanocavity. The dark-field scattering spectra of silicon dimers show a great resonance overlapping between the nanocavity and excitation in 532 nm. Although the experimental enhancement is quite small, the luminescence of R6G@dimer is still stronger than that of free R6G, and the lifetime of R6G coupled with nanocavity is slightly prolonged. These results indicate the formation of the nanocavity in silicon dimers. We simulated electric and magnetic field distributions to obtain a deeper understanding of mode enhancement. Moreover, the mode decomposition was used to gain insight into the mode-coupling effect on R6G. We found that the electric and magnetic modes in nanocavities are responsible for the enhancement of R6G luminescence under longitudinal and transverse excitation relative to the dimer axis, respectively.




2. Materials and Methods


2.1. Sample Fabrication


Silicon nanospheres were fabricated using femtosecond laser ablation of a silicon wafer in deionized (DI) water [27,37,38]. The laser beam passed through the glass tube and ablated silicon surface. After fast cooling in water, the yellow suspension with spherical silicon nanoparticles was collected. We used the femtosecond laser at 1030 nm with a pulse duration of 250 fs and a repetition rate of 1 kHz. The single pulse energy was 700 μJ. Laser pulses were focused by a lens with a focal length of 100 mm. We transferred the silicon nanoparticles from the DI water into ethanol and removed the ultrasmall-sized nanoparticles by centrifugation with 1000 rpm/s for 30 min. Next, in order to obtain nanoparticles with diameters below 200 nm, multi-stage filtering with filter pore sizes of 0.8 μm, 0.45 μm, and 0.22 μm was executed. The yellow suspension became a transparent solution showing the successful filtering of large-scaled particles. After that, the monodispersed silicon nanospheres were spin-coated on a clean glass substrate with an average distribution density of 0.05 μm−2. The silicon dimer was assembled by a commercial atomic force microscope (AFM, Nanowizard II, JPK Instruments, Berlin, Germany) using nanomanipulation mode. The AFM probe in contact mode was controlled to move predetermined particles together. Once the movement was completed, the AFM was switched from the nanomanipulation mode to the image mode, and imaging particles in tapping mode were then used to examine the manipulation result. The steps were repeated until the silicon dimers were tightly compacted against each other. The few-layered R6G membrane was thermally evaporated on the substrate in the vacuum chamber. Thoroughly degassed R6G molecules (bought from Acros Organics, Waltham, MA, USA) in a homemade Knudsen cell were thermally evaporated onto the substrate in a 10−8 mbar vacuum at room temperature. The evaporation rate and the molecular coverage on a gold substrate (Figure 1a) were calibrated several times using a scanning tunneling microscope (STM) at 80 K, which demonstrated that the thickness of one monolayer is about 0.3 nm (Figure 1b). Then, an R6G membrane with a thickness of about four monolayers (~1.2 nm) was sublimated onto the silicon dimer by extending the deposition time appropriately under the same condition (0.8 V, 0.6 A).




2.2. Structural and Optical Characterization


Transmission electron microscope (TEM) images and element analysis were taken on a JEM-2100F microscopy. AFM images were acquired using the tapping mode of 1 Hz scanning speed and a resolution of 2 nm/pixel. The luminescence properties of a few-layered R6G membrane on a silicon dimer at room temperature were studied in a homemade scanning microscope. Figure 2a shows the schematic of the R6G membrane on the silicon dimer excited by a polarized laser. Here, when laser polarization is parallel or perpendicular to the dimer axis, it is defined as longitudinal (0°, //) or transverse (90°, ⊥) excitation. As illustrated in Figure 2b, a continuous-wave laser at 532 nm was used as the excitation source in the homemade scanning microscope. At the output of the laser, a Glan–Taylor prism combined with a half-wave plate was used to control the polarization direction of the excitation. The linear polarized laser was reflected by a dichroic mirror and focused using a microscope objective (×60, N.A. =0.7, LUCPlanFLN, Olympus, Tokyo, Japan) with a focal spot size of ~0.9 μm. The photoluminescence (PL) spectra, after passing through a notch filter to remove the excitation laser, were collected by a spectrometer (SpectraPro-300i, Acton Research Corporation, Acton, MA, USA) for spectrum analysis. The silicon dimers were illuminated by a white light integrated with a condenser (IX-ADUCD, Olympus), and their dark-field scattering signals were collected through the same objective and sent to the same spectrometer to record the scattering spectra.




2.3. Numerical Simulation


Numerical simulations were performed using commercial FDTD software (FDTD Solutions, Lumerical Solution, Inc. Vancouver, BC, Canada). The silicon nanosphere sizes were estimated by AFM images with diameters of 80 nm, 100 nm, 120 nm, and 160 nm. The optical constants of silicon were reported by Palik [39]. The refractive index of the surrounding medium and glass substrate were set at 1.0 and 1.5, respectively. The refractive index of R6G was not considered in the simulation because of the discontinuous coverage of R6G molecules on silicon dimers and possible energy convergence problems in such a thin membrane. A total-field scattered field (TFSF) plane–wave source ranging from 400 to 900 nm was used to illuminate the dimers with longitudinal and transverse polarization. A 3D nonuniform meshing with a grid size of 0.5 nm was applied in the total field domain, with perfectly matched layer (PML) absorption boundary conditions. The scattering cross-section was estimated by calculating the summation of net power flowing into the total and scattered field simulation domains in a set of power monitors. The electric field enhancement maps were collected using the frequency domain field profile monitors. For radiative and nonradiative rate enhancement simulations, a dipole source was located near the gap region, which was 1 nm away from the silicon sphere. Moreover, a quantum efficiency analysis group was placed 300 nm away from the dimers to obtain radiative and nonradiative rate enhancements.




2.4. Multipole Decomposition


The multipole decomposition was accomplished by calculating the displacement current contributions from different multipole moments [40]. When a resonator is illuminated by a plane wave with an electric field amplitude |Ein|= E0 at the frequency f, the induced electric current density J(r) can be expressed as:   J  ( r )  = − i ω  ε 0   (   n 2  − 1  )  E  ( r )   , where ω is the angular frequency, ε0 is the permittivity of free space, and n is the refractive indices of the resonator. Under the long-wavelength approximation, the electric dipole p, magnetic dipole m, electric quadrupole Qe, and magnetic quadrupole Qm can be derived using J(r). In addition, the total scattering cross-section can be obtained by the sum of the contributions from different multipole moments [41]:


           C   sca       total      =  C  sca  p  +  C  sca  m  +  C  sca    Q e    +  C  sca    Q m    =    k 4    6 π  ε 0 2   |   E 0   |     [   ∑   (    | p |  2  +    |   m c   |   2   )  +  1  120    ∑   (     |   Q e   |   2  +    |    k  Q m   c   |   2   )  + ⋯  ]      ,      



(1)




where p, m are electric and magnetic dipole moments, respectively, Qe and Qm are the electric and magnetic quadrupole moments, respectively, k is the wavenumber, and 𝑐 is the speed of light.





3. Results and Discussion


As depicted in Figure 3a, the representative TEM images of the silicon nanoparticles show great monodispersion and spherical shape with an average diameter of 92 nm. Additionally, the high-resolution TEM image of a silicon nanosphere in Figure 3b indicates that the silicon nanospheres are amorphous. The element analysis shows that the surface of the silicon nanospheres is partly oxidized. Figure 3c shows a typically assembled silicon dimer with nanosphere diameters of about 128.5 nm and 95.9 nm. The diameters of the silicon nanospheres were estimated by extracting the average values from the AFM cross-section analysis. The R6G molecules were thermally evaporated on the substrate in the vacuum chamber, and the thickness of R6G membrane on silicon dimers was approximately 1.2 nm.



To investigate the electric and magnetic enhancement of dimer nanocavity on the PL of R6G membrane, one of the silicon nanospheres with a diameter of approximately 120 nm (D120) was chosen, because of the good resonance overlapping of its magnetic dipolar mode to the excitation laser wavelength. Another one was tuned from 80 nm to 160 nm (D80, D100 and D160). Their measured dark-field scattering spectra are shown in Figure 4a–c. All silicon dimers show an intense resonance at 532 nm. In the dimer of 119.3&77.7, both the electric and magnetic modes of the silicon sphere with a diameter of 77.7 nm are far away from the excitation wavelength. When the diameter of the other silicon sphere is enlarged to 95.9 nm, its magnetic dipolar mode gradually approaches the excitation wavelength. The largest diameter of the silicon sphere is approximately 157.3 nm, and it has a broad electric dipolar mode at the excitation wavelength and can be used to couple with the magnetic resonant mode of the silicon sphere D120. The simulated scattering spectra of three dimers under longitudinal excitation in Figure 4d–f exhibit a great agreement with the experimental results. Additionally, the absorption intensities of all the dimers are much smaller than their scattering intensities.



After four monolayers of R6G molecules were deposited on these three silicon dimers, the laser at 532 nm was used to excite the samples under longitudinal and transverse polarizations. We tried to measure the luminescence for single silicon nanospheres and dimers, but no signal was detected when the same laser power was used to excite the R6G membrane on the dimers. Compared with the PL intensity of the R6G molecules on glass without dimers, the PL of R6G molecules on three dimers are all enhanced. Figure 5a shows the typical PL spectra of the R6G molecules with and without the silicon dimer (128.5&95.9) under longitudinal and transverse excitation, and the enhancement factors of the molecular fluorescence by the three silicon dimers in two polarizations are listed in Table 1. The enhancement factors of the samples under two excitation polarizations are quite small, but the R6G@dimer under longitudinal excitation shows a larger enhancement compared with that under transverse excitation. The enhanced fluorescence of R6G is mainly attributed to the strong scattering ability of the dimers, because of their larger scattering relative to their absorption (Figure 4d–f). This phenomenon expresses the successful formation of silicon nanocavity. In addition, the lifetime of the R6G membrane with and without dimers does not change significantly, and is only slightly prolonged, as shown in Figure 5b. It is known that various plasmonic nanocavities with a strong local enhancement field have been developed and studied, such as hybrid metal-dielectric nanostructures, hybrid plasmonic-photonic systems, and nanoparticle-on-a-mirror configurations, etc. [8,10,42,43]. Compared with these plasmonic nanocavities, the size-mismatched silicon dimer nanocavities have much weaker fluorescence enhancement effects on R6G molecules, which can be attributed to the high fluorescent quenching effect of the R6G molecules adhering to the surface of silicon dimers, which will be discussed below.



To obtain an insight of the mode coupling effect on the excitation of R6G molecules, the near-field profiles of the electric field and magnetic field under longitudinal and transverse light polarization relative to the dimer axis at 532 nm were simulated in Figure 6. Under the longitudinal excitation in Figure 6a, the electric field is extremely compressed in the gap region and produces an electric ‘hot spot’. D120&100 shows the largest electric field enhancement. However, when the incident light is along the transverse direction of the dimer axis, the electric ‘hot spot’ disappeared and there were almost no electric enhancements. This electric polarized property is similar to plasmonic metal dimers and offers a promising route towards efficient controlling in emission. Apart from the electric field enhancement, the magnetic field enhancement in all-dielectric nanostructures is another good candidate for enhancing fluorescence, and the emitter for any orientation can be efficiently excited by the magnetic dipolar resonance due to the circulation of a displacement current [44]. As illustrated in Figure 6b, under longitudinal excitation, the magnetic enhancement is mostly confined inside the silicon sphere with a diameter of 120 nm in D120&100 and D120&80. As for D120&160, high-order magnetic resonance from D160 cannot be neglected, owing to its enhancement for emitters. For the case of transverse excitation in Figure 6c, d, the magnetic dipolar resonance in D120&100 shows the largest enhancement and higher magnetic coupling effectiveness compared to longitudinal excitation and produces a magnetic-type nanocavity. Other dimers exhibit obvious weak interactions, especially for the D120&160. It is well known that the coexistence of electric and magnetic modes can be easily obtained in metal-insulator multilayer nanostructures [4,5,6], and, compared with them, size-mismatched silicon dimers are characterized by the ability to switch the electrical and magnetic mode enhancement in the nanocavities by changing the polarization of the incident light. Combining the scattering spectra in Figure 4 and experimental R6G fluorescence enhancement factors in Table 1, it can be found that, as the size of one silicon nanosphere of dimer gradually increases, when the magnetic modes of two silicon nanospheres can be coupled, the strongest electric and magnetic field enhancements are obtained in the dimer nanocavity. Meanwhile, the dimer nanocavity produces better enhancement of R6G molecules under both longitudinal and transverse polarization excitation.



From Figure 6, it can be found that the electric field enhancement in silicon dimer nanocavities under longitudinal excitation is much stronger than their magnetic field enhancements under transverse excitation. However, the PL enhancement factors of R6G molecules excited along these two polarization directions are not much different (Table 1). To clarify this puzzle and the quenching effect of silicon dimers on R6G fluorescence, the nonradiative and radiative rate enhancements of silicon dimers as a function of emission wavelength under longitudinal and transverse excitation were numerically simulated, as shown in Figure 7. The extremely high nonradiative rate under two excitation polarization directions in Figure 7a,c indicate the strong losses of silicon dimers to R6G fluorescence, which dramatically reduces the fluorescence intensity, leading to a small PL enhancement [45,46]. The radiation rate enhancement of a silicon dimer nanocavity under longitudinal excitation is much stronger than that under transverse excitation (Figure 7b,d). However, the electric mode of dimers is dipolar, and usually the electric dipole mode is radiative, resulting in significant radiation losses. This, coupled with the higher nonradiative rate enhancement of the electric mode relative to the magnetic mode, results in large R6G fluorescence quenching by the electric mode, and little difference in the fluorescence enhancement factors of R6G molecules between the electrical and magnetic modes. To achieve substantial fluorescence enhancement, it is suggested that the nonradiative quadrupole mode of silicon dimers be used [47].



Furthermore, to gain a deeper insight into the different modes’ contributions to the R6G fluorescence enhancement, the multipole decomposition approach is employed in Figure 8 [40]. The exact multipole moments are used to analyze the electric and magnetic dipolar and quadrupole mode contributions to local-field enhancement at 532 nm in dimers. Under the longitudinal excitation, a broadened electric dipolar mode is produced and shows a dominant contribution compared to the suppressed magnetic dipolar mode (Figure 8a–c). The high-order modes in D120&80 and D120&100 have little contribution and can be ignored, but the electric quadrupole in D120&160 shows a considerable enhancement at the excitation wavelength. As for transverse excitation, the electric coupling between the two silicon nanospheres in D120&100 and D120&80 is very weak, and a suppressed electric dipolar mode is obtained in D120&160 (Figure 8d–f). However, the magnetic dipolar mode is dominant, and the high-order magnetic mode becomes a considerable enhancement element at 532 nm. Due to the fact that the electric mode of D160 is resonant with excitation, the electric enhancement and the magnetic enhancement show a comparable strength. Consequently, under longitudinal excitation, the dimer exhibits a nanoscale nanocavity and the electric mode shows a stronger enhancement compared with the magnetic mode. While under transverse excitation, the primary enhancement originates from the magnetic mode.




4. Conclusions


Size-mismatched silicon dimer nanocavities were constructed and interacted with a R6G membrane to investigate the enhancement of electric and magnetic-mode coupling. The R6G fluorescence under both longitudinal excitation and transverse excitation exhibits a stronger enhancement compared with that without silicon dimers. Additionally, the lifetime of a nanocavity coupled R6G is slightly prolonged. These pieces of evidence express the successful formation of nanocavities. The simulated electric and magnetic field distributions and decomposed mode of nanocavity show primary electric mode enhancement under longitudinal excitation and dominate magnetic mode enhancement under transverse excitation. Such a silicon dimer is a promising nanocavity with flexible interaction and electric and magnetic mode enhancement and can be used in sensing and all-dielectric metamaterials or nanophotonic devices.
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Figure 1. (a) STM image of monolayer R6G. The blue line marks the location of the cross-section analysis. (b) Corresponding cross-section analysis result for line in (a). 
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Figure 2. (a) Schematic of silicon dimer excited by a continuous-wave laser at 532 nm with controlled polarization. The straight arrows indicate the direction and polarization of the incident laser, and the curved arrow indicates the emission of R6G. (b) Schematic of the experimental setup. A homemade scanning microscope was used. GP: Glan prism, HWP: half-wave plate, M: silver mirror, DM: dichroic mirror, F: filter, L: lens. 
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Figure 3. (a) TEM image of silicon nanospheres with an average diameter of 92 nm. (b) High-resolution TEM image of a silicon nanosphere. (c) Typical AFM topographic image of the silicon dimer with diameters of about 128.5 nm and 95.9 nm and corresponding cross-section analysis along the longitudinal axis of silicon dimer. 
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Figure 4. (a–c) The experimental dark-field scattering spectra of three silicon dimers. Inset: AFM topographic images of the silicon dimers and corresponding diameters. Scale bar: 100 nm. (d–f) The simulated scattering and absorption spectra of the corresponding nanostructures under longitudinal excitation and related dimers in simulation. 
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Figure 5. (a) Typical PL spectra of the R6G molecules with and without the silicon dimer under longitudinal and transverse excitation. (b) Decay curves of R6G@dimers under longitudinally polarized laser excitation. 
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Figure 6. Simulated electric and magnetic field enhancement distributions of silicon dimers under (a,b) longitudinal and (c,d) transverse excitation at 532 nm. 
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Figure 7. (a,c) nonradiative and (b,d) radiative rate enhancements of silicon dimers as a function of emission wavelength under longitudinal and transverse excitation. 
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Figure 8. Simulated light-scattering spectra with mode decomposition under (a–c) longitudinal excitation and (d–f) transverse excitation. (a,d) D120&80, (b,e) D120&&100, (c,f) D120&160. ED: electric dipole; MD: magnetic dipole; EQ: electric quadrupole; MQ: magnetic quadrupole. 
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Table 1. Enhancement Factors of R6G@Dimers under Longitudinally and Transversely Polarized Laser Excitation.
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Sample

	
Enhancement Factors




	
//

	
⊥






	
R6G@119.3&77.7

	
2.46

	
1.02




	
R6G@128.5&95.9

	
2.09

	
1.58




	
R6G@123.9&157.3

	
2.32

	
1.21
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