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Abstract

:

A variety of nanostructures capable of generating strong local electromagnetic fields (hot spots) in interaction with radiation have been under intensive investigation towards plasmonic applications in surface-enhanced Raman scattering (SERS), biosensing, broadband absorbers, thermophotovoltaics, photocatalysis, etc. In many cases, these nanostructures are formed on a surface or embedded into a near-surface layer of the dielectric substrate, making some part of the field dissipate into the bulk and not contribute to the desired plasmonic functionality. To reduce such losses, the interface between the metallic nanostructures and the dielectric environment should be engineered. In the current work, Au nanodiscs are fabricated on Si posts of very small diameter (pin-shaped structures), enabling them to decouple the strong optical near fields localized at the nanodiscs from the bulk Si substrate. The Si post diameter is optimized by adjusting the gas flow rates in reactive-ion etching, resulting in a minimum post diameter of 20 nm at the nanodisc interface. The effect of this diameter on the localized surface plasmon resonance of the nanodisc is investigated with linear optical spectroscopic measurements, where a significant spectral blue shift of the resonance band is noticed compared to similar discs formed on bulk Si surface. The experimental results are compared with modelling where a 3-fold increase in the electric field enhancement is demonstrated. The fabricated pin-shaped nanostructures are tested in SERS measurements showing a significant increase in the enhancement factor in the order of 106. Thus, this work suggests a way of engineering 3D morphology to tune the substrate influence on the plasmonic properties of nanostructures and to develop efficient nanofabrication technologies.
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1. Introduction


Localized surface plasmon resonance (LSPR) plays a crucial role in various applications [1], such as bio-sensing, imaging, broadband absorbers, photothermal therapy and integrated circuits [2,3,4,5,6]. LSPR exhibits a high degree of sensitivity to the shape, size, and dielectric environment of the nanostructure [7,8,9,10]. Plasmon resonances cause intense electromagnetic (EM) fields (hot spots) at the corners or edges of the nanostructure [11,12,13,14,15], and achieving a high EM field is the prime factor in numerous applications, including surface-enhanced Raman scattering (SERS), photocatalysis, and more [16,17,18,19,20,21]. So far, a vast number of the reported nanostructures have been fabricated on conventional bulk substrates such as silicon, glass, etc. [22,23,24,25]. In the case of 2D nanostructures, given the direct contact between the nanostructure surface and the substrate, the strong EM field generated by the plasmonic structure interacts intensively with the substrate [25,26,27,28,29]. This interaction increases with the dielectric constant, subsequently diminishing the intensity of the hot spot. For example, Si-based metallic nanostructured substrates are attractive in molecular sensing due to their near-infrared transparency, i.e., in surface-enhanced infrared sensing applications. However, a relatively high dielectric constant of silicon causes a substantial red shift and broadens the plasmon band [30,31]. Hence, it is highly advantageous to construct plasmonic structures with a tunable dielectric constant of a substrate [32,33,34]. Further, in 2D nanostructures, the localized hot spots at the substrate interface are not accessible, and this poses challenges in applications of SERS towards molecular sensing with high detection efficiency.



Therefore, to isolate the EM fields and prevent their dissipation into a bulk substrate, 3D nanostructures consisting of 2D disks supported by a low-diameter post offer an improved solution. This approach can amplify EM fields by several orders of magnitude and improve bulk refractive index sensitivity [35,36,37], enabling the detection of analyte molecules down to the level of a single or a few molecules [30,38,39,40,41]. SERS enhancement is directly proportional to the quadrant of local EM field intensity [42,43]; thus, achieving an enhancement factor of 1012 is feasibly attainable [44]. To date, tailoring the LSPR has relied primarily on varying the nanostructure shape and nanopost height [39,40,45,46]. No investigations were reported on engineering the nanopost/nanopillar interface diameter to obtain intense EM fields. The capacity of an LSPR to respond to changes in the dielectric surroundings makes it a prospective instrument for augmenting the strengths of EM fields. To accurately assess its impact, it is essential to measure the relationship between the nanostructure and the post/pillar beneath it.



Hence, the research efforts of this work have focused on engineering the nanostructure interface to decouple the EM field interaction with the nanopost in order to enhance the LSPR. An Au nanodisc on a Si pillar structure is investigated, where the Si pillar diameter is optimized to improve the electric field enhancements. LSPR tunability is observed under the decreasing Si pillar diameter, owing to the lowering of the effective dielectric constant at the interface. Our studies demonstrate that engineering the interface offers extra design versatility in tailoring the LSPR beyond the commonly applied modifications of size and/or shape of nanostructures as well as of surrounding or supporting dielectric medium [26,47,48]. As this technique is viable irrespective of the particle form, it paves the way for numerous nanostructures to be used across a broad spectrum of plasmonic applications.




2. Materials and Methods


Firstly, patterns of short-range ordered Cr/Au bilayered nanodiscs, each with a thickness of approximately 20 nm, were created using hole-mask colloidal lithography on a p-type Si (001) substrate. A comprehensive description of the fabrication process is available in [49]. Subsequently, a standard reactive ion etching of Si was executed using sulfur hexafluoride (SF6) and octafluorocyclobutane (C4F8) at a base pressure of 1 mTorr. The process parameters—temperature and power—were maintained at 293 K and 100 W, respectively. By adjusting the flow rates of SF6 and C4F8 during the etching process, a variety of silicon pillar morphologies were produced. Once the silicon nanopillars reached the desired height, the chromium metal was removed with a commercial etchant, leaving the approximately 20 nm thick Au nanodisc supported by the Si post. All scanning electron microscopy (SEM) images of the produced nanostructures were obtained using a Zeiss 1540 XB machine.



Optical properties and electric field distributions have been computed using the CST Microwave Studio, a tool that utilizes the finite integration technique (FIT). This approach entails solving Maxwell’s equations in their integral form by segmenting the entire simulation domain into smaller units and resolving them individually. A tetrahedral mesh was employed in the simulations; it was particularly suitable for investigating curved surfaces. The FIT method enabled calculations in both near and far fields, thus, effectively determining parameters like electric field distribution or extinction spectra. The optical constants for Au were obtained from [50].



Reflectivity spectra of the samples in the visible and near-infrared regions were measured using a PerkinElmer Lambda 1050 spectrometer equipped with a 150 mm integrating sphere. The incident light (with a minimum angle of incidence of 8°) was unpolarized; reflection measurements were performed in the optical range of 500–1600 nm with a spectral resolution of 3 nm. A labsphere spectralon reflectance standard was used for normalization.



A stock solution of p-aminothiophenol, p-MA, (from Sigma-Aldrich) with a concentration of 1 × 10−3 M was prepared by dissolving a suitable quantity of the solid p-MA analyte into 20 mL of ethanol. Subsequently, p-MA at 1 μM concentration was prepared through further dilution. For SERS measurements, molecules were deposited onto the substrate using a chemisorption process. The samples were immersed for 20 min, then rinsed with ethanol to eliminate excess molecules not covalently bound to the metallic surface, and finally purged with nitrogen gas.



SERS spectra of p-MA were obtained using a Renishaw inVia micro-Raman spectrometer equipped with a 150 × LEICA HCX PL APO objective (with a numerical aperture of 0.95) and laser excitations at 633 nm. The laser spot size at the sample was 1 μm. A thermo-electrically cooled charge-coupled device served as a detector. The instrument was calibrated in reference to the first-order silicon peak at 520 cm−1, and all spectra were obtained in a backscattering geometry at room temperature. The spectra were baseline-corrected using a third-order polynomial through the Wire 3.4 software.




3. Results and Discussion


A schematic presentation of the formed pin-shaped nanostructures is shown in Figure 1. The diameter of the Au nanodisc is 160 nm, and the Si pillar diameter varies between 160 nm and 20 nm, while the height is kept constant at 150 nm for all produced structures. Table 1 presents the fabrication parameters used to shape the Si nanopillar supporting the Au disc. Sample S1 corresponds to the Au nanodisc formed on bulk Si. The samples with engineered posts are numbered from S2 to S5, indicating a decrease in the Si post (pillar) diameter. The corresponding SEM images are shown in Figure 2, where normal-incidence and tilted-view panels clearly show the pin-shaped nanostructures with various morphologies.



Figure 3 shows the reflectivity spectra of the nanostructures. For a 2D Au nanodisc formed on bulk Si (sample S1), the LSPR is located around a wavelength of 1145 nm, attributed to the high dielectric constant of silicon. In addition, a transition around 1100 nm is observed due to the indirect bandgap of the monocrystalline Si substrate [51]. When the Au nanodisc is elevated from the substrate by a Si pillar of 150 nm height, with a diameter identical to the Au disc (sample S2), the LSPR experiences a blue shift to 840 nm. This band overlaps with the reflection minima at lower wavelengths caused by Mie resonances originated by the silicon pillar [52,53,54], thus, leading to a decrease of reflection in a broad interval between approximately 600–1100 nm (spectrum S2 in Figure 3). By decreasing the silicon pillar diameter to 130 nm, while maintaining the nanostructure height at 150 nm, a further blueshift of the LSPR position to 760 nm is observed (sample S3). By decreasing the Si pillar diameter to 80 and 20 nm, while keeping the height at 150 nm (samples S4 and S5), the LSPR is shifted to 705 and 665 nm, respectively. Thus, upon decreasing the Si pillar diameter, a gradual blue shift of LSPR accompanied by a reduction of full width at half maximum (FWHM) of the band is observed.



To identify the origins of the LSPR modes and the reason for the observed blue shift, we conducted numerical simulations using the CST-FIT method. The spectra of the calculated extinction efficiency of the nanostructures, normalized to that of S5, are shown in Figure 4. Extinction efficiency is the ratio between the extinction cross section and the projected area of the nanostructure. The 2D Au nanodisc allocated on bulk Si exhibits LSPR at the wavelength of 1140 nm, providing a good agreement with the measured spectrum (see spectrum S1 in Figure 3). After raising the Au disc with a 150 nm pillar above the Si surface, the LSPR shifts to 1100 nm (spectrum S2 in Figure 4), while the band position was found to be around 840 nm in the measured spectrum (see Figure 3). This discrepancy could be related to deviations in the shapes of real 3D nanostructures from the ideal cylindrical morphology used in the simulations. It could also be that some produced pillars are etched to a diameter a bit smaller than 160 nm used in the simulations. However, a significant reduction of FWHM is observed, indicating a high Q-factored LSPR mode. After reducing the Si pillar diameter to 130, 80, and 20 nm, the calculated wavelengths of LSPRs closely match the experimentally observed ones (compare spectra S3, S4, and S5 in Figure 3 and Figure 4). The observed blue shift and band narrowing is caused by the decrease in effective dielectric constant at the metal-dielectric interface, resulting from the removal of silicon beneath the Au disc. Moreover, a significant improvement in extinction efficiency is observed for 3D pin structures with the smallest diameter of 20 nm when compared to 2D nanodiscs.



The electric field distributions originated by LSPR of the nanostructures in the x-z plane are shown in Figure 5, where E and E0 are the actual and initial electric fields. The respective enhancement factors (EF) of the samples are provided in Figure 6. The EF represents the maximum field localized at the hottest points of the hot spots. Electric field distributions clearly show a strong intensity increase at the edges of the nanodisc and indicate that these modes correspond to a dipolar LSPR. However, for the 2D nanostructure shown in Figure 5a, the hot spots at the interface with Si produce the field dissipating into the high-index substrate. Therefore, EF of such a plasmonic structure is not very high, 18 (see Figure 6). The 3D nanostructure with a 160 nm Si pillar diameter (Figure 5b) shows only a slight increase in EF to around 20 (Figure 6). This can be attributed to the lack of silicon removal beneath the Au nanodisc and a noticeable spatial overlap of the electric field produced by the nanodisc with the substrate. As the diameter of the Si pillar is gradually diminished to 130, 80, and 20 nm, the electric field enhancement, respectively, increases to 30, 40, and 57 (see Figure 6). The highest field enhancement was observed for an Si pillar with the smallest experimentally obtained contact area (20 nm diameter, 3D pin structure). In this case (Figure 5e), the field is confined to the edges of the nanodisc and does not interact with the high-index substrate, demonstrating successful decoupling of the hot spots from the substrate. Moreover, this strong field confined around the disc would highly affect the molecules which can be allocated in close vicinity (even beneath the disc) in the detection experiments. A further decrease of pillar diameter can lead to higher EF, but large-area production of 3D pin-shaped nanostructures with very thin posts would be a technological challenge affecting reproducibility.



Earlier publications have shown that the field enhancement can be increased by varying the nanostructure shape (cube, bowtie, or doughnut) while locating the structure on a pillar and elevating it from the bulk substrate [39,40,45,46]. Controlling the pillar height allowed to tune the plasmon resonance parameters and field enhancement. In this work, we suggest a novel approach, where the resonance conditions can be tuned by carving the substrate material beneath the 2D metallic nanostructure, thus, decreasing the interface area between the plasmonic structure and supporting pillar (changing the morphology into 3D). In this way, the resonance-induced EM field is decoupled from the substrate and the physical hot-spot interaction volume is increased. Varying the pillar diameter provides one more degree of freedom (additionally to change of pillar height) to tune the plasmon resonance conditions and the field enhancement factor.



The impact of decoupling the EM fields from the substrate on the sensing efficiency of the produced nanostructures is investigated experimentally using SERS. The SERS spectra of p-MA molecules chemisorbed from a solution with 1 μM concentration on S1-S5 samples are shown in Figure 7a. Raman modes typical for p-MA, centered at 1077, 1143, 1183, 1310, 1390, 1434, and 1577 cm−1, are discernible. The assignment of these modes to particular molecular vibrations can be found elsewhere [55,56,57]. An increase of intensity for all the above-mentioned modes is clearly observed with the Si pillar diameter decrease. Figure 7b illustrates this increase for one of the most prominent bands at 1434 cm−1. A 50× rise in SERS signal intensity is found for the pin-shaped structure with the smallest pillar diameter (sample S5) compared to the 2D discs formed on bulk Si (sample S1). The observed tendency is in good agreement with the electric field enhancement predicted by the simulations (Figure 6). Apart from the electric field enhancement due to a pin-shaped structure, the wavelength of LSPR for S5 is in line with the laser excitation wavelength; thereby, a high SERS signal intensity is obtained. The SERS EF of the 3D pin-shaped structures is calculated using the following expression, described elsewhere [58,59]:


  E F =      I  S E R S      I  R a m a n     ×    A  R a m a n      A  S E R S     ×    P  R a m a n      P  S E R S     ×    t  S E R S      t  R a m a n        



(1)




where I, A, P, and t are the peak intensity, the area of the Au nanodiscs, the laser power, and the accumulation time, respectively. The subscripts Raman and SERS stand for measurements taken on planar Au metal film and 3D structures, respectively. For SERS EF calculations, the incident power and accumulation time for both Raman and SERS measurements were kept constant. By considering 1μm laser illumination spot size, ARaman and ASERS were found to be 7.9 × 10−13 m2 and 3.9 × 10−16 m2, respectively, giving an ARaman/ASERS ratio of over 2000. The 3D pin-shaped structure provides an average SERS EF of 2 × 106 obtained by evaluating the peak at 1434 cm−1.




4. Conclusions


In summary, we have investigated the substrate-mediated plasmonic response of Au nanodiscs. This study provided insight into the interaction of electric field produced in plasmon resonance with the dielectric substrate, shedding light on spectral shifts of LSPR and field enhancements. The 2D nanostructures formed on bulk dielectrics typically exhibit relatively low EM field enhancement due to strong field dissipation into the substrate. We have developed and experimentally verified an ability to tailor the LSPR of Au nanodiscs by fabricating pin-shaped nanostructures and engineering diameters of Si pillars supporting the discs. Decreasing the pillar diameter while keeping the same height and nanodisc size resulted in a higher hot-spot intensity. The simulations supported the observed LSPR spectral changes and the strong near-field enhancements. The nanodiscs supported by Si pillars of 20 nm in diameter demonstrated 3 times higher field enhancement compared to the similar nanodisc arrays on a bulk Si.



The plasmonic efficiency of the manufactured 3D pin-shaped nanostructures was tested in SERS measurements using p-MA as an analyte molecule. The 3D pin structures exhibited a SERS enhancement factor in the order of 106. On the one hand, the substrate-mediated LSPR enables strong hot spots, and on the other hand, the 3D geometry provides easier coupling of tested molecules to the plasmonic structures, thus, ensuring high enhancement factors of sensing. We anticipate that this work offers a promising platform for tuning the plasmon modes and amplifying the EM fields by decreasing the substrate influence, which is useful in many applications.
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Figure 1. Schematics of the 3D Au/Si nanopin-shaped structures. 
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Figure 2. SEM images of (a–d) top-view and (e–h) 54° tilted-view of the manufactured nanostructures for various gas flow rates of SF6/C4F8 as provided in Table 1. 
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Figure 3. Measured reflectivity spectra of produced nanostructures (samples S1–S5). 
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Figure 4. Calculated extinction efficiency of the nanostructures equivalent to samples S1–S5. The extinction efficiency is normalized to that of S5. 
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Figure 5. Electric (E) field distribution in the x–z plane of (a–e) the nanostructures equivalent to samples S1–S5, respectively. The incident light is polarized along the x-direction. 
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Figure 6. Calculated electric field enhancement for the structures equivalent to samples S1–S5. 
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Figure 7. (a) SERS spectra of p-MA molecules (schematic structure is shown in inset) chemisorbed at 1 μM concentration on S1–S5 samples. (b) change of spectral line intensity at 1434 cm−1 for samples S1–S5. The excitation laser polarization was set along the x-axis, parallel to the substrate plane. For all SERS measurements, an incident laser power of 0.06 mW and an accumulation time of 10 s were used. The error bars illustrate the standard deviations of 10 measurements taken at random locations of each sample. The deviations are found to be less than 5%. 
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Table 1. Etching parameters and corresponding Si pillar (post) diameters.
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	Sample
	SF6/C4F8

(SCCM)
	Etching Time

(min)
	Si Pillar Diameter

(nm)





	S2
	3/40
	60
	160



	S3
	11/62
	13
	130



	S4
	14/62
	3.5
	80



	S5
	25/75
	2
	20
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