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Abstract Finite element method calculations were carried out to determine extinction spectra and the electromagnetic (EM) contributions to surface-enhanced Raman spectroscopy (SERS) for 90-nm Au nanoparticle dimers modeled after experimental nanotags. The calculations revealed that the EM properties depend significantly on the junction region, specifically the distance between the nanoparticles for spacings of less than 1 nm. For extinction spectra, spacings below 1 nm lead to maxima that are strongly redshifted from the 600-nm plasmon maximum associated with an isolated nanoparticle. This result agrees qualitatively well with experimental transmission electron microscopy images and localized surface plasmon resonance spectra that are also presented. The calculations further revealed that spacings below 0.5 nm, and especially a slight fusing of the nanoparticles to give tiny crevices, leads to EM enhancements of 1010 or greater. Assuming a uniform coating of SERS molecules around both nanoparticles, we determined that regardless of the separation, the highest EM fields always dominate the SERS signal. In addition, we
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determined that for small separations less than 3% of the molecules always contribute to greater than 90% of the signal. Keywords Finite element method . Surface-enhanced Raman spectroscopy . Electromagnetic field enhancement . Nanoparticle dimer



Introduction Surface-enhanced Raman spectroscopy (SERS) [1–3] is one of the most sensitive methods for obtaining vibrational spectra of molecules. The mechanism of SERS is primarily electromagnetic (EM) [4–7], where Raman scattering is enhanced by 105–106 by adsorbing molecules on a rough metal surface, typically Ag, but also Au and Cu. In some cases, even greater enhancements are possible which allows for the detection of individual molecules using singlemolecule SERS (SMSERS) [8, 9] (often in these cases resonant Raman scattering and chemical effects contribute to the large enhancements [6, 10]). The large EM enhancements arise from localized surface plasmon resonances (LSPRs) excited on the surface of the metal. Thisexcitation 2 is from the incident light at frequency 5 , ~ E ðwÞ , as well as light emitted by the oscillating dipole induced  in 0 the 2 molecule at the Stokes shifted frequency w0, ~ E ðw Þ . Kerker et al. [11] demonstrated EM  that 2  the 0 overall 2 ~  ~  , which is enhancement is proportional to E ð w Þ E w ð Þ 4  4 approximately ~ EðwÞ (hereon denoted as ~ E  ) if the width of the LSPR resonance is large compared to the difference in 5 and w0 (as is often the case). SERS finds many applications, one being the detection of biomolecules using Ag or Au nanoparticles as SERS
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nanotags [12]. The nanotags are made by coating the nanoparticles with label molecules which have a known SERS spectrum, encapsulating them in a protective shell (e.g., SiO2), and functionalizing the surface to bind to a target analyte. SERS nanotags are interesting from a theoretical standpoint because their structure is simple, making it possible to address important fundamental questions about SERS, such as what structures generate the highest maximum and average EM enhancements. The first question is important for SMSERS, whereas the latter is important for the detection of low concentrations of molecules. To help answer such questions, computational electrodynamics methods, such as the discrete dipole approximation (DDA) [13, 14], the finite-difference timedomain (FDTD) method [15, 16], and the finite element method (FEM) [17] are often employed. Most attention has been focused on maximizing EM enhancements, where values greater than 108 have been calculated for single nanoparticles [18] and 1010 for coupled nanoparticles [19– 21]. However, there have only been a few theoretical studies addressing another important question of how many molecules contribute to the SERS signal for a given structure [22]. Herein, we use FEM to study the EM contributions to SERS, focusing on nanotags composed of 90-nm-diameter Au nanoparticle dimers with a 20-nm SiO2 protective shell. This work expands on previous theoretical studies of strongly coupled nanowires [23] and spheres [21, 23–26]. We first study the extinction spectra, where we find that separations of less than 1 nm produce plasmon resonances that are strongly red-shifted from the 600 nm LSPR maximum associated with a Au monomer. Experimental transmission electron microscopy (TEM) images and correlated LSPR images—LSPR spectra are presented that confirm this behavior. We then use FEM to study EM enhancements for a variety of nanoparticle separations, including the possibility of touching or coalesced (partially fused) nanoparticles. From these results, we determine the conditions for SMSERS, and when many molecules are present what fraction contributes to the SERS signal for various molecular diameters and nanoparticle separations. An important feature of the present study is that by using FEM we are able to calculate EM enhancements with much greater accuracy than is obtainable using DDA or FDTD. The latter methods suffer from staircasing errors, and also make serious approximations to the EM fields at metal/dielectric interfaces. As a result, the EM enhancements obtained in past studies have often been subject to several order-of-magnitude uncertainties. Of course, even the FEM calculations are subject to errors associated with the use of a local dielectric constant; however, within this limitation, the present calculations provide fully converged results.
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Materials and methods Experimental SERS nanotags composed of aggregated 90nm-diameter gold spheres coated with 50-nm SiO2 were used as received from Oxonica Materials, Inc. TEM measurements were performed on Cu TEM grids coated with a 50-nm thick film of formvar and a 2–3 nm layer of amorphous C (Ted Pella). The nanotags were deposited on the TEM grid by drop-casting a 10-µL aqueous solution. TEM images were obtained on a JEOL JEM-2100F Fast TEM operating at 200 kV. LSPR spectra of individual nanotags were measured on an inverted microscope (Nikon TE300) using white-light illumination through a dry darkfield condenser (Nikon, numerical aperture (NA) = 0.7– 0.95). Scattering from the sample was collected through an oil-immersion objective equipped with a variable NA iris set to NA=0.5 (Nikon, Plan Fluor, 100X, oil, iris) onto a 1/ 3-m monochromator containing a low-dispersion grating blazed at 500 nm (150 groove/mm), and detected by a LN2cooled CCD camera (Princeton Instruments Spec-10 400BR). Individual diffraction-limited spots were centered on the entrance slit of the spectrograph and LSPR spectra were collected from l=400 to 900 nm with a typical acquisition time of 3 s. Finite element method (FEM) FEM has been described in detail elsewhere [17]. Calculations were performed using an open-source FEM code, JFEM2D [27], to solve the frequency-domain scalar wave equation in 2D, 1 2 r Hz þ k02 mr Hz ¼ 0 "r



ð1Þ



where Hz is the unknown z-component of the magnetic field, εr and μr are relative permittivity and permeability values, respectively, and k0 ¼ 2p=l is the incident wavevector magnitude. After solving Eq. 1, the in-plane components of ~ E were inferred from ~ iw"~ E ¼ r  H:



ð2Þ



For all calculations, circular-shaped computational domains with a 300 nm radius were used with the scattering object (Au nanoparticle dimer) modeled at the origin. NETGEN was used for domain discretization using triangular elements [28]. Within each element, Hz was approximated using linear nodal basis functions, Hze ¼



3 X



Nje fej



ð3Þ



j¼1



where fej is the value of Hz at node j and Nje is a linear function defined only within the element e, which
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decreases linearly from 1 at node j to 0 at the face opposite to node j, Nje ¼ aej þ bej x þ cej y



ð4Þ



where aej , bej , and cej are coefficients that depend on the geometry of e [17]. To simulate an open-region, the Sommerfield radiation condition was enforced on the exterior of the computational domain,   ~ þ ik0r^  H ~ ¼0 lim r r  H ð5Þ r!1



pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ where r ¼ x2 þ y2 . Cross sections were calculated using the following integral expressions [29], Z k0 s abs ¼  2 d 2 r"i ðrÞ~ E ðr Þ  ~ E * ðrÞ ð6Þ ~  E0 (



s ext



) Z k0 ~ðrÞ  E ~  ðr Þ ¼ Im  2 d2 r½"ðrÞ  1E 0 ~ E0 



s scatt ¼ s ext  s abs



ð7Þ



ð8Þ



where "i ðrÞ is the imaginary part of the relative permittivity, ~ E0 ðrÞ is the incident electric field, and * denotes complex conjugation. Fig. 1 a TEM image of SiO2-coated Au nanoparticles showing the sample is predominately aggregates, (inset) fused nanoparticle dimer, b Rayleigh scattering from the nanoparticles deposited on glass, c–d corresponding LSPR spectra for particles 1 and 2 in b, respectively



Permittivity values of Au were calculated using a Drude plus 2 Lorentz pole dielectric model [30] fit to the empirically determined dielectric data of Lynch and Hunter [31] over the wavelengths important to this study (l=300–800 nm; we note that the empirical data could have been used directly; however, the difference between the two is negligible).



Results and discussion TEM images of the SERS nanotags were obtained in order to determine realistic system parameters for the model nanoparticle dimer structure. Figure 1a demonstrates that the sample is predominately composed of aggregated particles containing approximately two to five nanoparticles, each with an average diameter of 90 nm and protective SiO2 shell with width of 50 nm. The inset in Fig. 1(a) shows a representative dimer structure where the nanoparticles are fused. The existence of dimers, where the interparticle distance is close to or less than zero highlights the need for robust computational methods to determine the effect of sub-nanometer features on EM properties (e.g., extinction spectra and EM enhancements). A representative image of Rayleigh scattering from the sample is presented in Fig. 1(b), with corresponding LSPR spectra of two individual particles shown in Figs. 1(c) and (d). The LSPR spectra of these individual diffraction-limited spots
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λ = 785 nm d



½ dm



Au



SiO2 Fig. 2 Schematic diagram of Au cylinder dimer system modeled using FEM. The  dotted 4  line indicates the region where probability distributions, P ~ E  , were calculated



demonstrates that particles in the sample give rise to varied scattering spectra, consistent with a distribution of nanoparticle geometries and aggregations. In particular, the spectrum containing a single main peak is indicative of an individual nanoparticle, where a single dipole resonance is expected [32]. The other LSPR spectrum contains multiple peaks to the red of 500 nm, suggesting that the particle is a group of aggregated or very closely spaced nanoparticles (for aggregated nanoparticles there is a red-shift of the main dipole resonance relative to the monomer result near 600 nm, and peaks corresponding to higher-order multipole resonances, related to different distributions of polarization charge, are often observed [23]). Although the LSPR spectra can be used to infer nanoparticle structure, correlated high resolution-TEM (HR-TEM) and single-particle LSPR measurements are required to draw definitive conclusions [33]. Therefore, in order to determine how nanoparticle structure impacts the EM properties of specific nanostructures, such correlated HR-TEM and LSPR measurements are currently underway. For our FEM calculations, we used the structural information from experiment and focused on a simple dimer structure with the nanoparticles arranged head to head, Fig. 1(a) inset. The structure was simplified by treating it as a 2D (nanowire) system. The use of a 2D rather than 3D model makes it possible to converge the EM field calculations with greater accuracy, which is important for the very small (less than 1 nm) separations that we consider. This simplification should not strongly influence
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the plasmon resonance spectrum (although, a slight blueshift may occur because 2D resonances are often blueshifted compared to 3D). A schematic diagram of the system under consideration is shown in Fig. 2: two 90-nm diameter infinite Au cylinders, each with a 20-nm thick SiO2 shell (which behaves similarly to a 50-nm shell), are separated by a distance d and illuminated using light polarized along the dimer axis. Figure 3 presents extinction spectra for spacings of d=5 to −10 nm (negative distances correspond to fused nanoparticles). The d=5 nm separation spectrum is fairly close to what is found for a Au monomer, a single strong resonance near 600 nm. This result agrees qualitatively well with the experimental LSPR spectrum in Fig. 1(c), confirming the assumption that it corresponds to a relatively isolated nanoparticle. When d is reduced to 1 nm, the dipole resonance red-shifts to around 700 nm, and higher-order multipole resonances begin to appear near 600 nm, giving results that are similar to Fig. 1d. These results are consistent with those found by Kottman and Martin for coupled Ag nanowires [23]. The red-shifting increases as d decreases; and curiously, the fused structure with d=−1 nm is quite similar to that with d=0.25 nm. For d values below −1 nm, the dipole resonance blue-shifts, eventually falling below 700 nm for d=−10 nm, consistent with the structure becomes less prolate. Figure 4 presents the maximum EM enhancements  4 (taken to be ~ E ), regardless of the position (although,
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Fig. 3 Extinction cross sections for nanoparticle separations of d=5 to −10 nm
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  4  Fig. 4 Maximum EM enhancements ~ E  for nanoparticle separations of d=5 to −10 nm



below we show that this always occurs at the same spot), for the d under consideration. Broader peaks are seen than in Fig. 3, along with a sharp rise in EM enhancement as d is decreased. In particular, significant changes are observed as d is decreased from 1 to 0.5 to 0.25 nm, where the maximum EM enhancement increases by 3 orders of magnitude, from approximately 108 to 109 to 1010. Notice that d=0.5 nm separation is needed to get EM enhancements above 108, a value considered necessary to give SMSERS. For all separations, the EM enhancement peaks occur near the multipole resonances in the extinction spectra, Fig. 3. In addition, the dipolar resonance (most red) was always found to be the most intense, consistent with results previously demonstrated by Hao and Schatz [19]. Furthermore, regardless of the wavelength, the maximum EM enhancement was always located at the junction region (along the dipolar axis). Considering that the higher-order multipole resonances are not oriented along this axis, it is surprising that even in these cases this is where the maximum EM enhancements were found (in these situations it is possible that hybrid high-order multipole–dipole resonances can occur [34]). However, this effect is understandable considering that the nanoparticle dimer acts as an antenna, concen 4 trating EM fields at the junction. Figure 5a shows ~ E at l=785 nm for d=0.25 nm, demonstrating the extent of the localization of the EM enhancement (approximately 4×0.25 nm). As soon as the nanoparticles fuse (d 
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